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I. INTRODUCTION 

The progress of safety activities at Argonne during FY-70 is described 

in this annual report. The material is presented by areas of phenomenology 

being investigated or by general technical areas of work. This introduc

tion shows the relation of these research efforts to potential reactor acci

dents of interest and serves to put in perspective the ANL safety program 

as it relates to the development needs of the liquid metal fast breeder 

reactor (LMFBR). 

The Liquid Metal Fast Breeder Reactor Program Plan (Volume I) lists 

safety as the first of the four major technical requirements for initial 

commercial feasibility of LMFBRs. It states that the goals of the safety 

plan are: 

(a) To enable the designer to demonstrate that the probability of any 

major accident is very small and that minor accidents and mishaps 

cannot escalate into a major occurrence. 

(b) To demonstrate that the containment design and site selection will 

be adequate to protect public .health and safety. 

The LMFBR Safety Program at Argonne is concerned with both of these 

goals. The program is guided by the projected Information needs of the 

LMFBR designers and operators. These needs are developed from analysis of 

possible malfunctions of specific designs, experience in the design of 

early fast reactors, close touch with current safety problems by operation 

of EBR-II and by frequent communication with those engaged in reactor de

sign and development, and by participation in safety development work for 

near-term AEC reactors. 

The LMFBR activities at Argonne reported in this annual report are: 

1) Accident Analysis and Safety Evaluation 



2) Reactor Control and Stability 

3) Coolant Dynamics 

4) Core Structural Safety 

5) Fuel Element Failure Propagation 

6) Fuel Dynamics Studies in TREAT 

7) Materials Behavior and Energy Transfer 

8) Fast Reactor Safety Test Facility Study 

9) Fuel-Coolant Interactions 

10) Postaccident Heat Removal 

11) lOOO-MWe Safety Studies 

12) Reactor System and Containment Structural Dynamic Response 

13) Thermal-plume Dispersion Studies 

14) Plant Dynamics and Control Analysis 

15) lOOO-MWe Plant Study Evaluation 

Figure 1 shows schematically these LMFBR safety activities. The needs for 

safety research stem from the considerations of accidents. In fiscal-year 

1970, the Laboratory conducted an extensive review of possible accidents, 

possible approaches to cope with these accidents, uncertainties associated 

with each approach, and design-related safety issues. This effort focused 

first on safety issues of importance to near-term reactors (FFTF and demon

stration plants) and will be extended to safety Issues peculiar to the 

larger target plants. The results of this accident delineation effort are 

reported under the Fast Reactor Safety Test Facility Study. 

ANL programs address five major categories of LMFBR safety problems as 

described by the accident delineation study: single-assembly accidents, 

whole-core loss-of-flow accidents, whole-core power excursions, containment 

and energy release, and postaccident heat removal. 
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Fig. 1. ANL Safety Program 

Sing le-assembly Acc iden ts 

Conceivably, local perturbations such as coolant blockage or random 

fuel-pin failure could lead to propagation of damage within a fuel assembly. 

An understanding of these potential propagation processes is needed so that 

reactor and fuel-assembly design parameters can be chosen to assure that 

damage is minimized and localized. The key uncertainties associated with 

single-assembly accidents Include: 

1) Effects of fission-gas release on failure of a single pin 

2) Behavior of failed fuel 

3) Behavior of small blockages 

4) Effects of release of small amounts of molten fuel 

5) Sodium expulsion and reentry 

6) Work-energy release from molten-fuel coolant interactions 

7) Ability of the duct to contain this energy release and to resist 

meltthrough 



The study of the effects of fission-gas release from a failed element 

is conducted in the Fuel Element Failure Propagation program. Fission-gas 

release due to a fuel-pin rupture can potentially result in fuel failure 

propagation through three mechanisms: (1) gas blanketing of adjacent 

pins, (2) flow reduction due to Increased (two-phase flow) friction losses 

affecting a limited number of coolant subchannels, and (3) mechanical 

loading of fuel pins and hexagonal duct due to pressure-pulse generation. 

These effects are being investigated out-of-pile in both water and sodium 

loops. Preliminary results with water have Indicated that a gas jet is not 

likely to produce failure in an adjacent pin at the point of impingement 

because effective spray cooling of the adjacent pin occurs. Additional 

tests and analysis of other potential modes of propagation by gas release 

are continuing. In-pile tests to study the behavior of fuel after failure 

are being planned in the Fuel Element Failure Propagation program. 

The behavior of small blockages, large enough to cause localized boil

ing, will be studied out-of-pile In the Coolant Dynamics program. The pur

pose of this program is to determine whether localized boiling is stable; 

i.e., that the boiling will not lead to flow stoppage or other adverse 

conditions within the assembly. If small blockages lead to stable localiz

ed boiling, then the probable effect of a blockage in the heated zone is 

localized fuel-pin failure and melting with the ultimate release of small 

amounts of molten fuel. Tests in TREAT in the Fuel Dynamics activity are 

planned to Investigate this effect and to determine if this is a potential 

mechanism for propagation, and, if it is, whether it is a rapid or slow, 

row-by-row process. These tests will be conducted with a few over-enriched 

pellets or a fuel blockage Installed within a seven-pin cluster in the 

Mark-II Loop. Using a flat power burst in TREAT, a molten fuel release 
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will be created and the tendency toward propagation will be observed. 

Later, tests of a similar type are planned in the Fuel Element Failure 

Propagation program with a sodium loop in a steady-state reactor where 

propagation effects that might develop over a longer period of time can 

be observed. 

If propagation of a local blockage occurs, or if the fuel assembly 

becomes completely blocked, boiling and general expulsion of the coolant 

from the assembly will occur. The phenomena of sodium expulsion and re

entry are studied in the Coolant Dynamics program using both metallic and 

nonmetallic fluids. These phenomena are also important in whole-core acci

dents, as discussed later. In addition, work under this activity In bub

ble growth and collapse has Indicated that pressure sensors might be used 

as detection systems in the event of fuel-assembly voiding. Considerable 

progress has been made in the understanding of sodium expulsion, and some 

early models describing the process are available. In the case of sodium 

reentry, the problems are more complex and a series of in-pile simulation 

tests are being planned. • 

If reactor scram does not occur after full fuel-assembly voiding, 

then fuel melting and a fuel-coolant interaction upon reentry might occur. 

The mechanisms of fuel-coolant interactions and the related work-energy 

release are being studied in the Fuel-Coolant Interactions program. In 

this program, tests in the laboratory and TREAT are underway to assess the 

effects of fuel-coolant interactions in reactor accident situations. Re

sults of early tests conducted in TREAT have indicated low conversions of 

thermal to mechanical energy. Further tests and supporting laboratory 

experiments are planned. 



Propagation of failure to adjacent ducts depends on the amount and 

character of energy release, and on the capability of the ducts to contain 

it. Analytical studies to establish the structural capability of assembly 

ducts are carried out under the Core Structural Safety activity. Experi

ments are being planned in the Reactor System and Containment Structural 

Dynamic Response activity to verify analytical results and to demonstrate 

duct capabilities. In-pile experiments to investigate the ability of as

sembly ducts to resist meltthrough are planned. Early experiments under 

the limiting conditions of the Mark-II loop and the TREAT reactor will be 

conducted in the Fuel Dynamics activity. These tests will be extended 

under the Fuel Element Failure Propagation program when the FEFP loop 

becomes available. 

Whole-core Accidents 

Coolant-pump failures, hypothetical pipe-rupture events, and reac

tivity Insertions are Important sources of potential whole-core accidents. 

The sequence of events following such initiating occurrences must be 

understood so the consequences of hypothetical, unprotected accidents can 

be established to test the adequacy of containment and consequence-

limiting safety features. 

Key uncertainties amenable to experimentation include: conditions 

for boiling initiation, failure thresholds, coherence of failure of ele

ments, coolant expulsion and reentry, and fuel movement. Boiling initia

tion and coolant expulsion and reentry are studied out-of-pile in the 

Coolant Dynamics activity. TREAT experiments in the Fuel Dynamics 

activity are directed at establishing failure thresholds, the motion of 

molten fuel during simulated loss-of-flow accidents, fuel motion and 

interactions with coolant leading to coolant voiding, and possibly some 
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information on the coherence of failure of elements, A series of TREAT 

tests in the Fuel-Coolant Interactions activity will simulate expulsion 

and reentry and the following course of events. The end product of the 

experimental studies of the behavior of coolant and molten fuel are data 

and models that can be used to predict reactivity changes during loss-of-

flow and reactivity accidents. 

Analytical models of the above processes are incorporated into safety 

codes in the Accident Analysis and Safety Evaluation activity. This ac

tivity covers the two broad areas of whole-core accident initiation and 

core disassembly analysis. The computed yield of a disassembly accident 

can be influenced strongly by the character of the preceding initiating 

events. For this reason, Argonne's SAS code efforts have been focused on 

development of realistic models of these events, including: neutron 

kinetics and heat transfer, coolant voiding through expulsion by fission-

product gases and by boiling, fuel-rod failure, fuel dynamics, coolant re

entry, fuel-coolant interactions, and associated reactivity feedback 

effects. The adequacy of proposed analytical models for the various 

processes is tested by comparison with related experiments. 

The analysis of low probability disassembly accidents typically used 

as a basis to test containment is done with the VENUS code. VENUS repre

sents a significant improvement over previous disassembly codes. It 

employs more correct hydrodynamics. In that the equation of continuity is 

satisfied during the core expansion process: not included in prior dis

assembly codes. Density variations in core materials are computed explic

itly, permitting a density-dependent equation of state to be used. The 

net effect is a capability to account for the influence of pressures 

generated by local compression of core materials, as well as the customary 



material vapor pressures. Typically, this gives increased pressures at a 

given energy density, more rapid core expansion, and reduced total energy 

yield. 

Material properties and equations of state for core materials at the 

high temperatures and pressures of interest in accident analysis are essen

tial input data for all accident analyses. In general, these data are not 

known with adequate accuracy. Experimental measurements and theoretical 

estimations of such information are done in the Materials Behavior and 

Energy Release activity. 

Containment and Energy Release 

One result of hypothetical whole-core accidents is a rapid generation 

of thermal energy. Containment design requirements depend on the predic

tion of the extent to which this thermal energy can be converted into 

mechanical work and the capability of core and plant structures to contain 

safely this work-energy release. The Fuel-Coolant Interactions activity 

Investigates the conversion of thermal to work energy that results from 

contact of molten core materials with coolant and the character of these 

events. 

Codes to analyze the structural response of the reactor vessel, ves

sel Internals, and appurtenances are developed in the Reactor System and 

Containment Structural Dynamic Response activity. the REXCO-H code treats 

the response of reactor components hydrodynamically and includes a repre

sentation of the reactor vessel by membrane stresses. An automatic rezon

ing technique to permit accurate computation for large expansions and low 

pressures has been incorporated Into the code. Further work to treat the 

response of geometrically complex In-vessel structures is underway. 

The input to REXCO Is the output data from VENUS, which is obtained 

directly from the preceding accident-analysis studies. Thus, the computed 
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pressure-volume characteristic of the reactor excursion is used rather 

than the equivalent of a chemical explosion, as frequently is used for 

such work. A program of testing REXCO code predictions against the results 

of scale-model explosion tests is underway. Results to date show good 

agreement for Intensity and time of arrival of pressure pulses at various 

points in the system. 

Results obtained in these activities will have an important effect on 

LMFBR design features, including the reactor vessel, the vessel cover, the 

cover restraint, the head cavity, and the secondary containment. 

Postaccident Heat Removal 

This safety category concerns the long-term containment of core 

debris resulting from hypothetical disruptive accidents. Key uncertainties 

include: the behavior of molten core material in sodium and the inter

actions of core debris with structure. The former problem is studied in 

the Fuel-Coolant Interactions activity, while the latter is part of the 

Postaccident Heat Removal activity. Overall analyses of the problem are 

carried out in the Postaccident Heat Removal activity. Results from these 

efforts will have an important bearing on the design of heat-removal and 

debris-containment systems and on the design of a lower cavity of an LMFBR. 



II. SAFETY R&D HIGHLIGHTS-FY 1970 

Accident Analysis ^n. S.fetv Evaluation. The basic programming for 

the multiple-channel accident-analysis code SAS2A was completed. Creation 

of the multiple-slug sodium-voiding module represents a major technical ad

vancement. This model Includes fisslon-product-gas escape as a possible 

sodlum-voiding-lnltiation mechanism. Its treatment of dryout of sodium 

films provides a solid technical base for the fuel-collapse model that is 

being developed. If the course of the accident leads toward rapid reactiv

ity addition and disassembly, SAS2A will switch to the VENUS reactor-

disassembly analysis code. 

The VENUS code was made available. It employs a two-dimensional 

hydrodynamics analysis of reactor displacements that lead to shutdown of 

the nuclear burst. This major improvement greatly increases the credibility 

of disassembly analysis, while often reducing computed yield. It also makes 

much better use of equation-of-state information. 

A totally new computer routine was defined to compute the mechanical 

stresses in Irradiated fuel that could lead to clad rupture. It will re

place the old DEFORM routine (In SASIA and SAS2A) which was appropriate 

primarily for unirradiated fuel. This new capability should extend to ir

radiated fuel an analytical ability that, with the old DEFORM routine, has 

been shown to work very well for unirradiated fuel In analysis of TREAT 

transients. 

Reactor Control and Stability. Progress was made on the initial de

velopment of (I) stability analysis methods and stability design criteria 

for spatially dependent reactor systems,and (2) spatial transfer-function 

techniques for determining the dynamic characteristics of reactor systems. 

The stability techniques investigated included: lyapunoVs method, the 
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comparison-function method, and the maximum principle. Necessary extensions 

and improvements were made to enhance practical application of these 

methods to realistic LMFBR systems. The development of methods to obtain 

spatially dependent transfer functions for realistic LMFBR systems and the 

study of the source-detector spatial effects were completed. The quasi-

llnearization technique was applied to the spatially dependent reactor 

systems. The analysis of the spatial transfer function for a typical LMFBR 

system was initiated. This work was terminated at the end of the reporting 

period as program emphasis shifted to investigation of the more immediate 

problems of core protection systems for the FFTF, demonstration plants, and 

lOOO-MWe LMFBRs. Two topical reports were issued on the work completed 

prior to termination. 

Coolant Dynamics. Preliminary experimental data pertaining to incip

ient superheat and expulsion were obtained with sodium and nonmetallic 

fluids. These data verified the pressure-temperature history model for 

predicting inception of boiling and the slug model concept for calculating 

voiding rates as related to single-subassfmbly and whole-core accidents. 

New data and models of void fraction, two-phase frictional pressure drop, 

and critical flow of forced-convection sodium were obtained so that stabil

ity analysis of the boiling process associated with single-subassembly acci

dents can be carried out. Experimental and analytical work indicate that 

the acoustical properties of two-phase mixtures can be used in detecting 

minute quantities of gas that might be entrained in the reactor coolant. 

In addition, theoretical work in bubble growth and collapse has shown that 

pressure sensors might be used as detection systems in the event of fuel-

assembly voiding. 
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^ ^ ^ ^ ^ ^ _ ^ ^ , , , ^ ^ . xt was found that the effect of pulse^shape^ 

on the maximum plastic distortion of core internal structures can 

Roth parameters are 
acterized by the Impulse and an effective pressure. 

defined In terms of simple integrals of the pressure-time history, 

. .,llv It also was found that spatial varia-
are easy to measure experimentally. It also w<i 

tion Of the pressure can be characterized by an effective load distribution 

parameter, also defined In terms of simple Integrals. Investigation of the 

dynamic plastic deformation of hexagonal fuel cans was initiated. 

Fuel Element Failure Propagation. Out-of-pile experiments examined 

the reduction In cooling capability on adjacent elements resulting from the 

release of fission gas from a failed fuel element. Gas-jet Impingement 

scoping tests with water In a single rectangular heated channel indicated 

a spray-cooling effect, which, if present In the pin geometry and with 

sodium as a coolant, would prevent failure of an adjacent pin at the point 

of impingement. Tests in sodium were initiated to examine the spray-

cooling effect and the effect of the flow transients produced by the 

released gas. 

Rapid gas release in an unheated 19-pln bundle was studied with water 

and a plexiglass system allowing motion pictures to be taken. Gas was re

leased from a 53-mll hole and a 62 x 125-mil slot (plenum pressure of 500 

and 1000 psla). Preliminary examination of the data indicates that the 

transients are short enough (100 msec) that overheating of pins did not oc

cur. The plexiglass system was not damaged by the tests. A more detailed 

analysis relating the results to reactor conditions was initiated. 

A small sodium test loop was constructed. Also, the design and fabri

cation of a 19-pln heated test section for water tests and a 91-pin test 

section for freon tests were initiated. 
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The preliminary design of an in-pile loop in ETR with the capability 

of testing a multipin (19) bundle of fuel pins in a sodium environment was 

completed. The design is a packaged-loop concept making use of an ALIP 

pump, a sodium-to-water-to-gas heat exchanger, and a bayonet test section 

with countercurrent sodium flow (i.e., sodium flows down an outside annulus 

and returns up the center test zone). A safety study for the loop and a 

study of the interfaces with reactor operation were conducted. A set of 

reference experiments characteristic of the types of tests to be performed 

in the loop was established to provide a basis for a review of the loop de

sign and to act as an initial step in establishing a joint ANL-HEDL plan 

for tests in support of FFIF. 

Fuel Dynamics Studies in TREAT. Transient testing of LMFBR oxide-fuel 

samples under flowing sodium conditions that simulate reactor flow channels 

began in TREAT using the new Mark-II loops. Data on transient failure 

thresholds and mechanisms were compared against code predictions to guide 

development of analysis techniques. Extensive oxide fragmentation and 

postfallure dispersal were found. Early experimental data on the conver

sion of thermal energy to work done by transient sodium vaporization (two 

tests on failure of single unirradiated pins and one test on failure of 

three irradiated pins) showed conversion efficiencies that are orders of 

magnitude lower than calculated in the thermodynamic limiting-case model 

for a fuel-coolant interaction. 

Materials Behavior and Energy Transfer. High-temperature physical-

property data (such as heat capacity, enthalpy, compressibility, vapor 

pressure, and speed of sound) were provided for materials used in LMFBRs. 

Properties were chosen for study on the basis of their importance in fast 

reactor safety analysis—ranging from steady-state and mild transients to 



core-meltdown situations. Enthalpy values of UO2 were measured to 3475°K, 

thus extending previously available data by over 200°K; excellent agreement 

was found in the region of overlap with other workers at lower temperatures. 

The apparatus used for the UO2 calorimetrlc studies was modified for use 

with mixed-oxide fuel materials. An analytical effort, which is coupled 

with the experimental program, is investigating a wide range of theoretical 

and semlempirical techniques for extending the utility of the data to 

temperatures that now are inaccessible experimentally. 

Fast Reactor Safety Test Facility Study. In a delineation of LMFBR 

accidents, potential sources of LMFBR accidents were listed and the likely 

effects of Initiating events were considered in detail. The effects were 

grouped to form a concise list of general accident categories, and general 

accidents were reviewed in specific terms, first for FFTF, then for a re

presentative demonstration plant, and finally for a representative lOOO-MWe 

target plant. Calculations with the SASIA code were made to substantiate 

the considerations of accident sequences. Work continues to define the in-

pile program required to resolve the uncertainties identified by the 

accident-delineation study. 

Studies were made to assess the capabilities to carry out the LMFBR 

safety program in existing and firmly planned reactor facilities. Capabil

ities of TREAT, SEFOR, PBF, and ETR, In terms of accommodations, energetic 

capabilities, operating limitations, and availability were defined in detail. 

The principal capabilities of TREAT are the large burst energy and the 

ability to maintain a high steady power for a short time; considerable addi

tional time at power can be obtained if a fast-neutron converter region is 

installed In the core. SEFOR has a limited capability for both transient 

and steady-state experiments. Modifications to the SEFOR reactor would be 
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required to achieve representative steady-state power in experimental pins; 

even then it is uncertain whether more than 19-element clusters could be 

employed in safety experiments. PBF, like TREAT, can provide a powerful 

transient burst. Unlike TREAT, PBF has significant steady-state operating 

capability, although it does not appear that representative steady-state 

power can be supplied to fuel-element clusters for more than a short time, 

ETR has steady-state capability adequate for generating representative 

operating power in fuel-element clusters. FFTF, EBR-II, and GETR are also 

being studied. Future work is concentrating on matching experimental needs 

and facility capabilities so as to complete recommendations for the optimum 

application of test-reactor facilities to the LMFBR Safety Program. 

Fuel-Coolant Interactions. Power-excursion meltdown tests were per

formed in TREAT on fuel bundles containing five fuel pins and four dummy 

pins in a sodium-filled piston-loaded autoclave. Incoherent pin failures 

and pressure pulses occurred with thermal-to-mechanical energy conversion 

ratios of the order of lO""*. Removal of the helium bond gas (1 atm) in the 

fuel pins increased the energy conversion ratio to the order of 10"^. In 

laboratory experiments on the fragmentation of molten UO2 upon contact with 

sodium, dropping gram quantities of molten UO2 into sodium produced exten

sive fragmentation of the UO2 with a mass-mean particle diameter of about 

250 microns. A rate-limited model of molten fuel-coolant interactions was 

developed. This model calculates pressure-time histories from the disper

sal of molten UO2 into sodium under either an acoustic or an inertial con

straint. The UO2 thermal resistance is included in the model; UO2 particle 

size or heat-transfer surface area (as a function of time), any film ther

mal resistance or cut-off, and the compliance of a preexisting nonconden-

sable gas volume can be included as parameters. The computer-code 

representation of this model is available. 



Postaccident Heat Removal. Models and equations were developed for 

flsslon-product-decay heat transfer from fuel debris in various configura

tions (individual pieces in sodium, porous piles in sodium, settled beds 

of particles in sodium, pools of molten fuel on grid plates, support plates, 

vessel heads, or concrete or ceramic materials, and fuel in blocked subas

semblies). These equations enable the calculation of heat-removal rates 

from the fuel debris in various configurations. This, in turn, enables 

prediction of thermally stable configurations, meltthrough or penetration 

rates of structural members, and the conditions under which the fuel debris 

can be contained in the reactor vessel and. failing this, the secondary 

containment vessel. 

lOOO-MWe Safety Studies. The Babcock & Wilcox Co. Analysis and Safety 

System (A^S^) Design Study was continued under ANL management, based on the 

reference commercial-plant design developed by B&W during its earlier 

lOOO-MWe LMFBR Follow-on Study. A survey of possible malfunctions and 

safety problems was completed, and a preliminary selection was made of can

didate safety systems for design later in the program. An adjunct study 

was initiated to determine the effects that radiation-induced metal swelling 

(a phenomenon not accommodated In B&W's reference core design) could have 

on the results of the safety study. 

Subcontracts were negotiated with General Electric Co. for a probabil

istic safety analysis study, with Westinghouse Advanced Reactors Division 

for a combined study of safety, primary-system design, and dynamics analysis 

and control, and with Atomics International for an emergency reactivity 

shutdown system study; the development of work plans by the subcontractors 

was begun. However, this entire program was terminated by AEC in October 

1970 for budgetary reasons. 
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Reactor System and Containment Structural Dynamic Response, To extend 

the usefulness of the REXCO code system to longer times (for the response 

of primary-system components to excursions originating at the core), rezon

ing techniques were developed and Incorporated into the program. Parametric 

studies on the FFTF primary system were performed. 

Transformation from the Lagrangian to a Eulerian coordinate system was 

developed to treat excessive mixing in the primary system during the later 

stages of the excursion, and to estimate the inventory of sodium spillage 

into the secondary containment. 

Comparison of the excursion codes being developed with existing experi

ments was initiated with satisfying results. The intent was to prove the 

validity of these codes and their eventual application to the design and 

safety analysis of LMFBR plants. 

The overall codes were made operational. Study of the importance of 

inserting heat transfer into the codes was initiated. Consideration was 

given to adapting these codes to molten-core excursions. 

Thermal-plume Dispersion Studies. St̂ idy began of the thermal effects 

produced by the discharge of waste heat into the Great Lakes. An early 

result was a state-of-the-art report on physical scale modeling of thermal 

plumes. Similar reports are also being prepared on experimental field data 

and analytical modeling. Numerical solutions of fundamental equations for 

thermal-plume dispersion are being developed. 

Plant Dynamics and Control Analysis. Study began of the control sys

tems proposed for the LMFBR plant designs in the Demonstration and lOOO-MWe 

plant design studies. The lOOO-MWe LMFBR designs were reviewed and the 

work scopes of the follow-on dynamics simulation studies were formulated. 

Information on individual-component dynamics was compiled and a simplified 

plant model was prepared for simulation on a hybrid computer. 



Nuclear Safety Research and Development-UIFBR Safety 

III. ACCIDENT ANALYSIS AND SAFETY EVALUATION* 

(G. J, Fischer) 

Overall scope. Analytical studies are conducted that lead to under

standing and resolution of the principal safety problems of the liquid-

metal-cooled fast breeder reactor. Emphasis is on support for near-term 

reactor plants. 

Computer codes and routines are being developed to reduce uncertain

ties of safety analyses. These contribute to the LMFBR licensing process 

because of greater credibility of results, which often have smaller yields 

through reduction of pessimism in models, while increasing public confi

dence and protection. Plant-availability Improvement and plant-design-

compromise reductions are related benefits. 

Studies are made to: (1) improve understanding of plant concepts for 

safety, while testing new methods, (2) make sensitivity and parametric 

surveys to evaluate basic data, models, and design concepts, (3) analyze 

potential and completed safety experiments to check analytical methods and 

to aid in experiment design. 

This activity cooperates closely with the Coolant Dynamics, Fuel-

Coolant Interactions, Reactor System and Containment Structural Dynamic 

Response, and Materials Behavior and Energy transfer work. Fuels model

ing Is performed in cooperation with the Oxide Fuel Studies at the 

Laboratory. Cooperative work also is accomplished with the study of 

stainless steel swelling in the Core Materials Applications study at the 

Laboratory. The SASIB code will employ a two-dimensional kinetics rou

tine being developed in the General Fast Reactor Physics work at the 

Laboratory, 

*For references for this chapter, see p, 65. 



43 

Code for Initiating Accident 

(F. E. Dunn) 

Scope, Computer codes are being developed for understanding core-

related safety in the liquid-metal-cooled fast breeder reactor. The 

emphasis in code development is on simplicity, meanlngfulness of mathe

matical models, pertinence of new information to be gained, reduction of 

computer time costs, and usefulness and availability of the codes to 

users. Case studies are performed to evaluate safety aspects of fast 

breeder designs, to test the effectiveness of code developments, and to 

define the safety problem areas that most need new code development. 

Sensitivity studies are performed to evaluate the significance of data 

uncertainties. 

Summary. SASIA was used extensively at Westinghouse and at Argonne 

for FFTF safety analysis. The computational scheme used for the two-

phase voiding calculations was improved to reduce computing time by about 

a factor of three. A slug-ejection coolant-voiding routing was created 

to provide an even more economical alternative to the two-phase-flow 

voiding routine, as well as to provide a voiding model that is more ap

propriate for some types of accidents. The characteristics of the new 

codes, SASIB and SAS2A, and the priorities for their creation, were care

fully defined. The development of the new codes started with the creation 

of a multiple-channel capability. 

Incorporation of a slug-ejection coolant-voiding model into the 

SASIA code. A refined slug-ejection coolant model was created in collab

oration with the Coolant Dynamics program. A preliminary version of a 

slug-ejection routine was coded and incorporated into SASIA for testing. 



The new slug model is a modified version of the voiding mo 

* . ,•„ rhe new model is the 
oped earlier.1 One of the main modifications in the 

1 lations in SASIA. 
direct coupling with the fuel-pin heat-transfer caicui 

Another modification is the provision for initial coolant 

,. nf flow-coastdown accidents, 
boiling starts, permitting the treatment of flow coa 

as well as the flow-blockage accidents considered by coastdown accidents, 

as well as the flow-blockage accidents considered by Cronenberg.^ 

The new slug-ejection routine starts from steady-state conditions 

and calculates the coolant temperature profile, mass flowrate, and pres

sure profile, as functions of time. A vapor bubble forms at the first 

axial node where the coolant temperature exceeds the saturation temperature 

plus a user-specified amount of superheat. 

After a vapor bubble is formed, it is assumed to fill the whole 

cross section of the coolant channel except for a liquid film on the 

cladding. The routine simultaneously solves the energy, momentum, and 

continuity equations for the vapor temperature and the motion of the 

liquid-vapor Interfaces and the liquid slugs. Saturation conditions are 

assumed for the vapor. 

In addition to heat flow from the cladding and structure to the 

vapor, the routine considers the heat flow through the liquid-vapor 

Interfaces at the ends of the vapor regions. In the initial stages of 

boiling, the vaporization from the liquid-vapor interfaces is the main 

source of the vapor that drives the expansion of the voided region, 

A liquid film of user-supplied thickness is left on the cladding and 

structure as voiding occurs. Then the rate of vaporization or condensation 

on the films at an axial position determines the rate of change of 
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the film thicknesses at that point. Film dryout at a point is predicted 

when the film thickness becomes less than a user-specified value. After 

film dryout at a point, there is no further heat transfer at that point 

from the cladding or structure to the vapor until the surface is rewetted 

by a reentering liquid slug. 

After boiling starts, coolant-temperature calculations in the liquid 

slugs continue. Also, the saturation-temperature profile is recalculated 

as the coolant pressure changes. These coolant-temperature calculations 

in the liquid slugs provide an indication of whether a single-vapor-slug 

voiding model is appropriate for the case being considered. The liquid 

temperature calculations indicate whether a second vapor bubble might form 

within a liquid slug, or whether a liquid-vapor interface might break up 

into a two-phase flow pattern due to superheating of the liquid. 

Some preliminary tests have been made using the slug ejection routine 

for a flow-coastdown accident in an FFTF-type of core. A superheat of 

70°C was assumed before boiling started. The results indicate that a 

single-vapor-bubble-type model is not adequate for this case. After a 

vapor bubble had formed at the top of the core, and It had only partly 

voided the core, the coolant temperature exceeded 70°C of superheat at 

points closer to the center of the core in the lower liquid slug. This 

indicates the need for either a multiple-bubble slug-ejection model or a 

two-phase flow model. 

Work has started on a new multiple-bubble slug-ejection routine to 

treat cases where a single-vapor-bubble model is not adequate. The new 

routine will use a single vapor bubble when boiling starts; but as the 

voiding progresses, an additional vapor bubble will be started at any 

point in the coolant liquid where the temperature exceeds the superheat 



criterion. The new multiple-bubble routine should have a considerably 

greater range of applicability than a single-bubble routine. 

Upgrading funcM'nns of the SASIA code. Based on the experience 

gained in extensive use of SASIA during the year, modifications were 

made to the code to reduce the computation time and to allow greater 

flexibility for the user. 

The numerical procedures used in the two-phase-flow coolant-voiding 

routine were improved to provide greater numerical stability and to allow 

the use of longer time steps. The use of longer time steps reduces the 

computation time for a problem. Another modification to the coolant 

routine was to Include heat flow from the coolant to the structure in the 

coolant-temperature calculations. One new option in the coolant routine 

is to allow the user to specify an arbitrary variation of coolant mass 

flowrate with time until boiling starts. 

A new capability was added for automatically producing computer plots 

of the SASIA results. 

Creation of the first version of SAS2A with multiple-channel capa

bility. A preliminary multiple-channel version of the present SASIA code 

was produced to serve as the initial version of the SAS2A code. The 

multiple-channel capability provides an explicit treatment of spatial 

variations across a reactor and the effects of the spatial variations on 

accident behavior. 

Because of the modular structure of the SASIA code, it was possible 

to produce a multiple-channel version by using a multiple-channel driver 

routine to link the computational modules from the single-channel version. 

The new slug-ejection coolant routine was used In the multiple-channel 

code, since the slug-ejection routine was written to be compatible with 
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a multiple-channel treatment. The two-phase-flow coolant-voiding routine 

is the only major SASIA computational module that is not immediately 

usable in a multiple-channel treatment, A modified version of the two-

phase-flow routine will probably be added to SAS2A in the future. 

Incorporation of spatially dependent (two-dimensional) kinetics into 

the SASIB code package. The use of two-dimensional space-dependent 

kinetics in SASIB was planned. The coupling between the spatially de

pendent kinetics routines and the heat-transfer, coolant-dynamics, and 

fuel-motion routines was specified. 

Creation of SASIB code. The main features of the second-generation 

accident-analysis code SASIB were determined. New capabilities will be 

Included in the areas of spatially dependent kinetics, the accident be

havior of fuels, coolant voiding, and two-dimensional hydrodynamics with 

new equations of state for the disassembly accident. 

Future program. The first version of the second-generation accident-

analysis code, SASIB, will be developed. Also, an upgraded version of 

SASIA, called SAS2A will be produced to pro^vide a rapid means for testing 

new capabilities intended for SASIB, and to make the new capabilities 

quickly available to users. Both codes will account for spatial behavior 

and noncoherence of accident behavior by explicitly calculating events at 

a number of positions (channels) in the core simultaneously. These new 

codes will also contain explicit treatments of the whole primary-coolant 

loop, SASIB will use space-dependent (two-dimensional r-z geometry) 

kinetics, new routines for treating the accident behavior of fuels (see 

"Analysis of Fuel Behavior," p. 48), and new routines for the analysis 

of disassembly accidents (see "Analysis of Disassembly Accident, 

including Computer-Code Development and Sensitivity Studies,") Future 



developments on coolant voiding will include a treatment of fission-gas 

release from failed fuel pins, a fuel-coolant interaction routine, and 

improvement of the multiple-bubble slug-ejection coolant-boiling routine 

and the two-phase-flow coolant-boiling routine. 

Analysis of Fuel Behavior 

(A, Watanabe and A, M. Judd) 

Scope. Simple mathematical models are being developed to represent 

the behavior of LMFBR mixed-oxide fuel during reactor accidents. These 

will be in the form of modules of the SAS code, to ensure their ready 

availability for work on FFTF, demonstration plants, etc. The models 

will be based on experimental data where possible, and will be upgraded 

as new data or improved analytical models become available from other 

activities at ANL or other laboratories. 

For these purposes, three aspects of the fuel behavior will be con

sidered: (1) behavior while the fuel pins retain their integrity (i,e,, 

up to the point of gross cladding failure) , (2) explosive thermal inter

action between molten fuel and liquid coolant ("vapor explosions"), and 

(3) motion of the fuel after the pins have lost their integrity, when 

the fuel moves under the Influence of coolant and fisslon-product-gas 

flow and gravity (this is often known as "slumping"). 

Provision will be made (particularly by sensitivity studies) for 

recommending in-plle (and out-of-pile) experiments to remove the major 

uncertainties about fuel behavior, and also to analyze existing 

experimental results and make use of them. 

Summary, Development of an Improved SAS module to analyze the be

havior of fuel up to the point of cladding failure was started. Study 

of the motion of fuel after gross failure was initiated. TREAT 



49 

experiments were analyzed, and recommendations were made for future TREAT 

experiments. 

The revision of the fuel deformation module in SASIA. The current 

DEFORM module in the SASIA code is adequate for fresh unirradiated fuel 

pins. However, it is inappropriate for highly irradiated fuel pins near 

the end of their lives, so a revision is being made. 

In the old model, it is assumed that the fuel always behaves elas-

tically and that the cladding behaves first elastically, then perfectly 

plastically. The fuel and the cladding are initially stress and strain 

free and tne fuel geometry is either a hollow annulus or a solid cylinder. 

No provisions are made for Internal pressures due to fission-product gases. 

The major revisions over the previous model are: (1) distinct metal

lurgical regions in the fuel are treated, each with its own material prop

erties; in particular, the plastic stress-strain relations in both the 

fuel and the cladding are assumed to be given by general work-hardening 

laws that are also temperature-dependent, (2) the behavior of fission-

product gases in the fuel matrix, the central cavity, and the plenum 

(assumed to be connected to the gap) Is considered, (3) an option is 

provided to treat the columnar-grain region as a strengthless material 

that possesses only a bulk modulus but no shear modulus, (4) several 

different cladding-failure criteria are to be provided, based on data 

obtained from burst-tube experiments, and (5) the initial conditions 

required to start the transient are to be fed from a suitable steady-

state lifetime code. 

The major assumptions used in the model are: (a) the plane strain 

approximation is used and the stress-strain equations are treated quasl-

statically, (b) the long-term effects, such as swelling or creep, are 



negligible during the short transient, (c) each fuel and cladding region 

is treated as isotropic and homogeneous; in particular, the presence of 

cracks in the unrestructured region is ignored, (d) both the fuel and 

the cladding are incompressible, because the elastic regime covers a frac

tion of the total deformations, (e) the fuel and the cladding, when they 

are in contact, slip freely over each other; this restriction will be 

removed as soon as acceptable computational speed is obtained, and 

(f) melting of the fuel is restricted to start either from the inner 

cavity wall or from the centerline of the fuel; vaporization of fuel is 

ignored. 

The mathematical formulation closely follows that of Landau et al,,^ 

except tor the modification of the work-hardening yield surface. For a 

cylinder with inner and outer radii, a and b, the stress and strain rates 

are given by 

£̂  = F̂ /3AG + HW + U (As ) (1) 

0 = (F^ + 3F^)/3A -I- 4G{M(^,) - <,} -I- G{As - L(As) - As -H M (As ) } (2) 

' - * (3) 

r^e = 3r2N(,(,) + abK(As) + 7Ta2b2(p^ - P )/AG /A^ 
b a v**̂  

s = 2G(e - As) 
(5) 

®7 = 2G(E - £ - As ) 
(6) 

Where a and . are the mean stress and s t ra in , s and e are the s t ress and 

strain parameters, s^ is the deviatorlc axial s t r e s s , e is the axial 

" - i n . F, is the axial force, F̂  I3 .(a^P^ - .2 , „ , , ^ , ^.^^^^^^ ^^^ 



pressures, G is the shear modulus, A is the cross-sectional area, iji is 

the thermal expansion, and the flow parameter A is given by 
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A = 3/4{se -I- 3s (E^- e)}/Y2 - 1/2 G-1{EY-' Y / 3 E + TY"! Y/3T}, 

unless the yield function f, defined below, is zero and A is positive. 

Otherwise A is zero. The yield surface is expressed by 

f = (0)2 - [Y(r,T)]2 

where 'a and E" and equivalent stress and strain. The quadratures, K, L̂ , 

M and N̂  are defined, for a continuous function X(r), by 

/•b 

K(X) = 2Tiab A-

L(X) = 2TT A-1 {a2 

dr r"' X(r) 

dr -I- b2 dr} r-lx(r) 

M(X) = 2TT A-

N(X) = X(r) - 2Tt A-1 r-2{b 

dr rX(r) 

1 ^-2fK2 dr -I- a2 dr} rX(r) 

The system of equations (Eqs. 1-6) is solved iteratively for the fuel 

and the cladding. When the two bodies come into contact, the contact 

pressure supersedes the gap pressure as the interface condition. 

The cavity pressure is calculated accounting for the fission-product 

gases, strengthless fuel region, molten fuel, and the gas bubbles in the 

fuel matrix. 



The program, TSDEF, has been programmed and is nearing its final 

correction stage. Preliminary iteration speed is estimated to be 0,12 

sec per time step per axial segment for each axial iteration over 15 

radial mesh points. 

Analysis of Disassembly Accident. inr-T,din. Computer-code_^eveloHnent 

and Sensitivity Studies, 

(R, B, Nicholson and J, F, Jackson) 

Scope. An Improved capability Is being developed for calculating 

LMFBR disassembly accidents. Emphasis is on evaluating and improving the 

VENUS computer program. Improvements are being made in the equation of 

state, in the treatment of heat transfer to the coolant and structure 

(particularly to evaluate the postburst energy partition), and to use 

small weak explosion pressures. To examine postburst damage, VENUS is 

being linked with the REXCO-H code, which was developed In the Reactor 

System and Containment Structural Dynamic Response study. 

The development of a SASIB module is an important project because it 

combines two-dimensional space-time kinetics, hydrodynamics, and equations 

of state. A module Is being developed to analyze weak-pressure aniso

tropic disassembly. 

To exploit and test the capabilities of VENUS, various disassembly 

calculations will be performed, including an analysis of the KIWI-TNT 

reactor explosion test. 

Sensitivity studies are being made, with emphasis on determining 

the Influence of uncertainties in the equation of state on a total energy 

release in the disassembly accident. This work is being coordinated 

closely with related theoretical and experimental studies on equation of 

state being conducted in the Materials Behavior and Energy Transfer study 
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to provide guidelines for them, including specifying improvements that 

are most needed, as well as evaluating the consequences of new data or 

methods. Disassembly calculations are also being made in support of the 

FFTF and other related LMFBR safety activities. 

Summary, The VENUS computer code was refined and improved. It was 

thoroughly tested, debugged, and examined for time and spacemesh stability 

conditions. Several equation-of-state options were added. The code was 

made available with ANL assistance for use on FFTF and demonstration-plant 

studies, A program of sensitivity studies was initiated and partially 

completed, 

VENUS code development. The recently developed LMFBR disassembly 

code VENUS,^ has been applied to a broad range of excursions on FFTF 

reactor models. As a result, various deficiencies in the program have 

been Isolated and corrected. A considerable amount of experience has 

also been gained in the proper application of the code to different 

transient situations. 

VENUS offers increased accuracy over p.revious disassembly codes, 

mainly because it calculates the movement of the core material by a direct 

finite-difference solution of a set of two-dimensional (r.z) hydrodynamics 

equations. Then changes in the fuel density associated with the disassembly 

motion are explicitly calculated. This allows a density-dependent equation 

of state (EOS) to be used. To exploit this increased sophistication, con

siderable effort has gone into developing as accurate an EOS as possible, 

based on available data. A brief discussion of this EOS is given in the 

next section, along with recent refinements in its evolution. 

The results of some disassembly calculations that give insight into 

the proper application of VENUS are presented under "Time-step requirements 



and pressure oscillations." This includes a discussion of time-step 

and mesh-interval requirements and their relationship to the numerical 

stability of the pressure calculations. Some of the factors that influence 

the production of pressure oscillations during disassembly are also 

discussed. 

In the final section, some limitations of VENUS with respect to mild 

disassembly excursions are considered. Refinements to the code that at

tempt to overcome these difficulties are discussed, 

Ê quâ ion_of̂  £ta^t£. Although several EOSs have been provided in 

VENUS, the following one is considered to be the most accurate (there is 

a possibility that the Implicit heat capacity is somewhat too low), The 

temperature-energy relationship is given by 

I MAX (T^, T^), for V <̂  0,6 (7) 

MAX [T^, MIN (T2, Tj)], for V^ > 0,6 (g) 

where 

T = fuel temperature in °K 

T-ĵ  = 273 -I- 2287 U 

T^ = (4272.5-1003 V + 1699V 2)(u-0.237 - 1.882V ) 
r r r 

T3 = [4272.5-1003-(0.6) + 1699-(0.6)2].[u-0,237-1.882 • (0,6) ] 

Vj. = P̂ /p = reduced specific volume of fuel 

Pj. = critical fuel density 

P = fuel density 

U = Internal energy of the fuel (kj/gm) 

The pressure-energy relationship is: 

MAX(P^. p p , for V ^ 1 

(9) 

(10) 

(11) 

(12) 

(13) 
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where 

P = fuel pressure in dynes/cm^ 

?^ = exp(69,979 - -^^|^ - 4,34 In T) (U) 

P, = 1.554 X 10l2 (u - 3.59 -I- 0.119V + li^I^ ) 
^ 1 r a 

V 3 
r 

• exp(-9.67V -I- 4.445V 2) (15) 

Pj = 10l°(U^ - 3.2213 - 0.173V^)(1.9V - 0.704) (16) 

H. = heat of fusion of fusion of the fuel in kJ/gm 

A fictitious internal energy, U, is determined at the i-th time step 

in the calculation as follows: 

U -f V ^ '̂  U-
o / .• 1 

1=1 

U - H^ -I- \ ^ A U. = U, 
o f ^ 1 1 

for U < U (17) 

for U < U < U -I- H^ (18) 
m m f 

for U > U -I- H, (19) 
m m t 

i=l 

where 

T - 273 
U = -2 
o 2287 (20) 

T = initial temperature in "K 
o 

U = the internal energy required to raise the temperature of 
m 

the fuel to its melting temperature in kJ/gm 

AU = change in internal energy in the i-th time step 

If the initial temperature is above the melting temperature, the 

Internal energy, U, is just given by Eq. 17 and the U.| in Eqs. 15 and 16 

is replaced by U. 



Before the fuel has expanded to fill all the space available to it, 

the pressure is given by the vapor-pressure expression in Eq. 14. The 

density-dependent one-phase pressure relationships in Eqs. 15 and 16 are 

used after all the available space is filled. These analytical expres

sions are fits to the corresponding states calculations of Menzies.'* 

They differ significantly from Menzies' analytical expressions because 

of the Inclusion of several refinements to the formulations. 

One of the most important refinements was accounting for the energy 

required to melt the fuel (heat of fusion). Although this was ignored in 

Menzies' original calculations, it can have a significant effect on the 

total energy release in a disassembly calculation. It is accounted for 

through the calculation of the internal energy as outlined in Eqs. 17-19. 

The density-dependent temperature and pressure expressions were also 

revised to give an improved fit to Menzies' data. His data cover the 

range of reduced specific volumes form 0.4 to 1.0. Later, the expressions 

were revised further to give a better extrapolation to reduced volumes 

larger than 1.0. This was found to eliminate some obviously nonsensical 

results for calculations carried out to relatively large core expansions. 

The fuel density, p, and therefore the reduced specific volume, V , 

are calculated on the basis of the total volume available to the fuel for 

expansion. The presence of sodium and stainless steel is assumed to 

Influence the pressure only because these materials occupy space that is 

thereby unavailable for fuel expansion. Because the one-phase pressure 

is on extremely sensitive function of the fuel density, it is important 

to account for the compressibility of the sodium when determining the 

fuel density. The difficulty in doing this lies in the fact that the 

density then becomes pressure dependent. Because the pressure is, in 
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turn, density dependent, the resulting set of coupled equations are 

transcendental. 

Considerable effort has gone into developing s suitable iteration 

scheme to solve these equations. Because this calculation must be carried 

out at each mesh position for each time step, it is important that it be 

as efficient as possible. Initial attempts to iterate were frustrated by 

the extreme sensitivity of the one-phase pressure to the fuel density. 

In successive iterations, the pressure was often found to oscillate between 

extremely high one-phase pressure (>1000 atm) and relatively low two-

phase vapoi pressure (<50 atm). 

After considerable experimentation with various transient calculations, 

a pressure iteration scheme that appears suitable has been developed. The 

basic approach is to restrict the pressure change between successive iter

ations to various amounts, depending on the pressure differences being 

obtained. The resulting technique gives sufficiently converged results 

within a few iterations (on the average). It has been found to Increase 

only the computer time requirements by abouf 20% over formulations that 

ignore compressibility. 

Time-s^e£ £e£uiT£ment^s_and_pre£Sur£ £S£il^l£ti_oris. Pressure oscil

lations in both space and time have been observed when applying VENUS to 

various excursion calculations.^ Initially, it was not clear whether 

these oscillations were the result of physical phenomena or numerical 

instabilities. Although a time-step control scheme is included in VENUS, 

its ability to properly control the time step had not been demonstrated. 

For these reasons, as well as to check out VENUS further and gain 

experience with its operation, a series of excursions on a simplified 

FFTF-type reactor model were studied. The main objectives were to 



determine the time-step requirements of the code, to study their rela

tionship to the stability of the pressure calculation, and to isolate other 

factors that influence the production of pressure oscillations during the 

calculation. 

The reactor model and initial conditions were chosen to comform to 

those used in some early FFTF disassembly work. These were rapid prompt-

critical excursions initiated from high initial power, temperature, and 

reactivity conditions by a $100/sec ramp insertion. The sodium coolant 

was assumed to be present during the disassembly. The main simplifications 

were in considering a one-region core with smooth power and reactivity 

worth distributions. A uniform initial temperature distribution was also 

used in the nominal model. The time-step size requirements were investi

gated for various equations of state, spatial mesh spacings, power 

distributions, and initial temperature profiles. 

The results of this study showed that pressure waves could be set up 

when a high-pressure one-phase condition exists in a given mesh cell, 

while an adjacent cell remains in a low pressure two-phase condition for 

a relatively long time. This allows the boundary of the high-pressure 

cell to accelerate virtually unrestrained until a one-phase condition is 

finally reached in the adjacent cell. The motion of the boundary continues 

until sufficient pressure develops in the cell being compressed for a long 

enough time to arrest the inertia of the expanding cell. In the meantime, 

the density in the expanding cell can decrease to the point where a low-

pressure two-phase condition ensues. Thus, pressure oscillations can be 

set up. It should be noted that the pressure changes are largely a result 

of compression and expansion, as opposed to the changes in internal energy 

that occur during a given time step. 
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Some of the factors that can influence the formations of pressure 

oscillations become clear in light of the above. First, the severity 

of the one-phase pressure relationship in the EOS can have a strong 

Influence. Severity in the sense of strong density dependence is espe

cially important. In general, the density dependence increases greatly 

as the density itself increases. Thus, configurations in which there is 

little room for fuel expansion, as in cases where the sodium is present, 

are more vulnerable to oscillations. 

This situation is aided considerably by accounting for the compres

sibility of the sodium. For example, no pressure oscillations were ob

served in the nominal problem with time steps of 25 ysec or smaller when 

the EOS described in the previous section was used. Further, converged 

pressure results were obtained for time steps of 10 usee or less. Here, 

"converged" means that further decreasing the step size does not alter 

the results more than some acceptable amount. When the same transient was 

calculated using an EOS that did not account for the compressibility of 

the sodium, the pressure results would not eonverge even for time steps 

as small as a fraction of a microsecond. 

Those factors that cause adjacent mesh cells to develop different 

pressures would also be expected to influence the production of pressure 

oscillations. Two examples of this are steep spatial gradients in the 

power and initial temperature distributions. Pressure waves were gener

ally observed near the outer regions of the core where the power gradient 

was largest in the model being considered. When another power distribution 

was used that was more centrally peaked, pressure waves occurred nearer 

the center of the core. Using a centrally peaked initial temperature 

distribution was found to have a similar effect. 
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The influence of using different space-mesh interval sizes was also 

stigated, calculations with mesh spacings of 2.5 and 10 cm carried 

nt in addition to the 5-cm mesh used in the nominal model. Smaller time-

step sizes were required for equivalent convergence as the mesh spacing 

was decreased, as expected. The results were qualitatively similar to 

those using the 5-cm mesh; however, the relationship between time-step 

sizes and mesh spacing is discussed in more detail later. 

Pressure oscillations have also been observed in the reflector 

regions during some transients. The formulation used in VENUS to cal

culate the pressure in blanket regions assumes that such pressure arises 

solely from the compression of the blanket materials. This compression 

is caused by the expanding core moving the inner boundary of the blanket. 

After a preset amount of distortion has occurred in a given blanket mesh 

cell, the pressure is determined using an average compressibility for the 

materials present. 

When there is no void space in the blanket, a slight distortion of 

the spatial mesh can result in a very large pressure change. This can 

give rise to pressure instabilities that propagate throughout the blanket. 

It is intuitively clear that the At required for stability should be 

related to the spatial mesh interval and the speed of sound. For pres

sures to propagate smoothly through the space mesh, the time step must be 

somewhat smaller than the time required for s sound wave to traverse the 

distance between adjacent mesh points. For example, when using a 2-cm 

blanket mesh Interval, the traverse time was estimated to be about 10 ysec 

for the FFTF reflector. With a 10-psec time step, large pressure spikes 

were developed in the reflector region. Decreasing the time step to 

below a few microseconds, however, was found to eliminate them completely. 
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By increasing the blanket mesh intervals to 5 cm, no pressure waves 

were observed for step sizes up to at least 10 ysec. The pressure waves 

can also be eliminated by artificially decreasing the velocity of sound 

by making the blanket more compressible. 

For a comparable mesh spacing, it appears that the blanket EOS has 

roughly the same time-step size requirements as the EOS described earlier. 

Time steps of about 10 ysec or less will provide good pressure convergence 

for a 5-cm mesh. 

As a final point, it could be noted that VENUS provides an option 

whereby no pressure is generated in the blanket until a preset amount of 

distortion has occurred. This is included in an attempt to account for 

any void space that initially might be present in the blanket. If the 

amount of void space is quite large, say 5 to 10%, the effect is to just 

remove the blanket from the calculation until the first mesh cell in the 

blanket has been compressed by this amount. If the mesh is large this 

is late in the excursion. Thus, for sensible calculations containing 

void in the blanket, we must use small mesh,spacing. Also, with large 

spacing, when pressures finally do start to build up, the effect is to 

worsen the pressure stability problem in the blanket, as the outer 

boundary of the core has been allowed to accelerate unrestrained through

out the initial time period. The net result is that if calculations are 

done with void space in the blanket the time-step size must be smaller. 

In conclusion, we have found that the pressure calculations in VENUS 

can be very sensitive to the time-step size, especially whenever high one-

phase pressures are encountered. We have also shown that the time-step size 

requirements to ensure stability of the pressure calculations are sensitive 

to several other factors, such as the EOS, the power and initial temperature 

distributions, the amount of space availabe for fuel expansion, and the 

spatial mesh spacing. 



The time-step control scheme in VENUS does not appear adequate in 

terms of guaranteeing converged pressure results. In some instances 

where the pressure results were found to be not converged, the scheme 

was attempting to increase the step size, instead of decreasing it. Thus, 

considerable care must be used in time-step size selection. 

It should be noted that the power and energy-release results are 

much less sensitive to the time-step size. For example, comparing the 

same transient as calculated with different step sizes, one often finds 

considerable differences in the detailed space-time history of the pres

sure, although the energy release continues to agree to within less than 

1%, Therefore, the size of the time step required depends to an extent 

on the purpose of the calculation. 

In general, we have found that reasonably well converged one-phase 

pressure results can be obtained with time steps of about 10 ysec, as 

long as the compressibility of the sodium is accounted for. When the 

fuel is in the two-phase domain throughout the core^ considerably larger 

time steps can be successfully taken (say 50 to 100 ysec). 

Although many of the pressure oscillations that were observed in 

the early applications of the code have been eliminated through proper 

time-step sizes and refinements to the EOS, it appears that some pres

sure waves might have a legitimate basis in some of the factors discussed 

earlier. At least, certain oscillations have persisted to the point 

where it became economically unfeasible to decrease further the time-step 

and space-mesh sizes. 

Application to_mild excursions. Some rather mild disassembly 

excursions were calculated as part of an FFIF safety study. The 
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maximum pressures during these transients remained below about 30 atm 

throughout the entire disassembly process. The power bursts were turned 

over and held down by Doppler feedback for a sufficient time to complete 

the disassembly, even though the pressures were relatively small. 

In a situation such as this, two of the basic assumptions made in 

the formulation of codes such as VENUS become questionable. The first as

sumption is that the mixture of core materials can be treated as a homo

geneous isotropic medium subject to the equations of hydrodynamics. The 

second assumption is that heat transfer can be ignored and, consequently, 

an EOS characteristic of the fuel material can be used to determine the 

pressure. 

In rather severe accidents, the pressures usually get well above 

the residual structural strength of the core components and the periods 

involved are sufficiently short that heat transfer can be safely neglected. 

However, these conditions might not be met adequately in many transients 

of interest. 

As a first step in evaluating the potential influence of structural 

restraints in low-yield excursion, VENUS was modified to suppress the 

buildup of pressure in each mesh cell until some threshold pressure is 

reached. This threshold is chosen to correspond roughly to the estimated 

structural restraint in the core at the beginning of the disassembly 

calculation. 

As an example, a 10-atm threshold was used on a transient in which 

the maximum pressure had only reached about 16 atm when applying VENUS 

in the usual manner. The pressure went up to 50 atm and the energy 

release increased by 15% when using the threshold modification. Although 

the increase in the energy release is not large, it is nonetheless 

significant. 



As a further refinement, the code was modified to suppress the 

radial motion of each mesh point until the pressure difference of the 

mesh cells on either side of it (radially) exceeds a preset threshold. 

This is still an oversimplification in the sense that coherency effects 

are ignored. However, it should provide a more accurate representation 

of the expected structural restraints than the simple pressure threshold 

described above. 

This was applied to a mild FFTF flow-coastdown accident in which 

the pressure had risen originally to a maximum of 35 atm. When a 

5-atm threshold was used, the total energy release Increased by 12%, 

Next, the radial motion was suppressed completely throughout the 

entire disassembly by putting in an extremely high threshold. This was 

found only to Increase the energy release by 15% over the original. 

There appeared to be two main reasons why the energy release was 

not very sensitive to restraining the radial motion in this case. The 

most important was the fact that the transient was turned over primarily 

by Doppler feedback. The disassembly feedback becomes dominant only on 

the back side of the power burst, after most of the energy has been re

leased. The second factor is that restraining the radial motion just 

results in accelerating the motion in the axial direction, thereby 

partially offsetting the effect of the restraint. 

It is seen that the consideration of structural restraints can be 

significant in mild excursions. Although not dramatic in the above 

examples, there might be other transients where the effect is larger. 

An improved formulation for taking structural restraints into account is 

being considered. The scope of this effort Includes other possible 

sources of anisotropic disassembly motion as well. 
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The problem of accounting for heat transfer from the fuel during dis

assembly is also being investigated. Potentially, this effect could in

fluence a long-period transient by removing energy from the fuel, as well 

as producing additional disassembly pressure through the heating of non-

fuel core constituents. 
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IV. REACTOR CONTROL AND STABILITY* 

(W. C. Lipinski) 

Overall scope. The technology of safety-related instrumentation 

and stability for future large LMFBR systems has been developed. This 

includes (1) stability analysis methods and stability design criteria 

for spatially dependent reactor systems, and (2) spatial transfer-function 

techniques for determining the dynamic characteristics of reactor sys

tems. This work was terminated at the end of the reporting period as 

program emphasis shifted to investigation of the more immediate problems 

of core protection systems for the FFTF, demonstration plants, and lOOO-MWe 

LMFBRs. 

Reactor Stability and Stability Design Criteria for 

Spatially Dependent Systems (C. Hsu) 

Scope. Stability analysis methods and spatially dependent reactor-

simulation techniques were being developed to (1) analyze the stability of 

spatially dependent reactor systems using Lyapunov's and related methods. 

(2) develop sufficiency conditions for stability to provide guidelines in 

reactor design (for example, an upper bound for the combined reactivity 

feedback from Doppler. void, and fuel-expansion effects). (3) refine the 

design guidelines to account for typical operational and physical limits 

imposed on actual systems (for example, temperature and stress limits), 

and (4) simulate spatially dependent reactor systems for test and verifi

cation of the developed methods. Special emphasis was placed on the 

reference LMFBR core design concepts in the lOOO-MWe Follow-on Studies. 

Summary. The development of analytical techniques to obtain stabil

ity criteria for linear and/or nonlinear spatially dependent LMFBR systems 

was completed. The techniques investigated included: Lyapunov's method. 

*For references for this chapter, see p. 72, 



the spectrum-analysis method, the comparison-function method, and the 

maximum-principle approach. Necessary extensions and Improvements were 

made to enhance practical application of these methods to realistic W F B R 

systems. Numerical computational tools were also developed that made it 

possible to analyze reactor system stability in detail by: (1) estimating 

the system eigenvalues and eigenfunctions, and (2) solving nonlinear sys

tem steady-state and time-dependent equations, A terminal report 

summarizes the technical progress.^ 

Spatial stability analysis with linear model. The stability of line

ar spatially dependent LMFBR systems was analytically Investigated by us

ing: Lyapunov's method, spectrum analysis, comparison functions, and the 

maximum principle. The conclusion from this study is that, among all the 

methods investigated, the spectrum analysis is best suited for the study 

of linear reactor-system stability. Computational capability was devel

oped for this method to analyze practical reactor systems. 

A study of linear homogeneous LMFBR system stability also has been 

made using the root-loci method.2 The objectives of this study were: (1) 

to determine the linear stability at operating conditions for an LMFBR 

system being studied, and (2) to determine the sensitivity of the stability 

condition (system relative stability) with respect to the variation of 

system feedback parameters. 

Spatial stability analysis with nonlinear model. Necessary exten

sions and improvements were made to apply these methods to realistic LMFBR 

systems that are inherently nonlinear. 

Based on the progress made to date and careful comparison of the vari

ous methods, the conclusions for applying these methods to nonlinear reactor 

systems are: (1) the theoretical development of methods for analyzing 

nonlinear reactor stability has reached a mature state; with the proper 



69 

development of computational capability, they can be applied effectively 

to practical reactor problems,^ and (2) among the various methods studied, 

the spectrum-analysis method is believed to be most practical for detailed 

study of nonlinear reactor-system stability; however, for qualitative 

stability analysis, all the methods are equally effective. 

For the reasons cited above, numerical computational tools were de

veloped that made it possible to analyze reactor system stability in de

tail by: (1) estimating the system eigenvalues and eigenfunctions, and 

(2) solving the nonlinear system steady-state and time-dependent equations. 

A terminal report summarizes the work.** 

Future program. Work terminated at the end of the report period. 

Transfer-function Techniques to Measure Large Fast Reactor Stability 

(L. J. Habegger) 

Scope. Theoretical and experimental techniques were being developed 

to: (1) define the concept of spatially dependent transfer functions, (2) 

determine and evaluate the spatial effect of possible source-detector con

figurations, (3) devise feasible experimental measurement techniques, and 

(4) simulate and verify the experimental techniques. The definition and 

interpretation of spatially dependent transfer functions were considered 

for an LMFBR reference design developed in the lOOO-MWe Follow-on Studies. 

Summary. The development of computational methods to obtain spatial

ly dependent transfer functions for realistic LMFBR systems and the study 

of the source-detector spatial effects were completed. The quasilineari-

zation technique was applied to the spatially dependent reactor systems. 

Four important numerical programs were developed to obtain: (1) the non

linear steady-state coupled neutronic-thermohydraulic system solutions, 

(2) the space-time nonlinear reactor system solutions, (3) parameter 

identification in space-time reactor systems, and (4) the eigenvalue and 



eigenfunction reactor system solutions. The analysis of the spatial 

transfer function for a typical WFBR system was initiated. 

^^^^^^^.^^^^^^^^^^^^i^^ffect^^ The source-detector spatial ef

fects were investigated with numerical examples. The model and method 

used are presented in the following sections. Five different types of 

input locations and configurations were simulated to obtain the spatial 

output responses. The computed spatial output can be analyzed for the 

various locations and configurations of the detector. From these analy

ses, significant spatial effects were observed. Typical spatial effects 

noted for the dlstrlbuted-parameter model were both at high frequencies 

(due to neutron diffusion time) and at low frequencies (due to the thermo-

hydraulic transit time). More detailed results are discussed in the 

terminal report,^ 

Computer programs for solution of spatially dependent systems. A 

computer code was written for solving one-dimensional nonlinear space-

time equations. The forms of equations to which the code Is applicable 

represent models of power reactors that Include coupling of space-de

pendent reactor power densities with various nonlinear feedbacks, such as 

feedbacks from fuel and coolant temperatures. The intended applications 

of the code to the current LMFBR control and stability program are two

fold: (1) in the analysis of transfer-function techniques to measure 

large fast reactor stability, the code is used in conjunction with Galer-

kin's method^ for computing space-dependent transfer functions for vari

ous source-detector configurations (Galerkln's procedure is limited to 

linear systems), and (2) the code can be used for the verification of 

theoretical stability domains derived for nonlinear reactor systems.7 

Analysis of spatial transfer function of typical lOOO-MWe LMFBR sys-

tems, Galerkln's computational procedure was used to obtain spatially 
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dependent transfer functions for a large lOOO-MWe LMFBR, The model for 

this system contains two energy groups, one delayed group, and two temper

ature feedbacks, and is multiregioned. The transfer functions were com

puted for zero power and for 20, 100, and 200% power with adjustments in 

power levels. These computer transfer functions are the simulation of 

measurements performed on a realistic reactor system. The objective is 

to determine the validity of gain and phase margins used to analyze the 

stability of the reactor system. 

The results of this study can be summarized as: 

(1) With the assumption that the input is located in the center of 

the reactor, the difference in the location of the output neutron-flux 

measurement resulted in a phase-margin discrepancy as much as 17° be

tween the reflector and the core. However, the effect of the difference 

on the stability extrapolation depends on the specific reactor design. 

(2) The computation of the gain margin required transfer-function 

measurements at high frequency. As a result, the gain margin from both 

the theoretical computations and experimental measurements is unreliable 

because (a) space dependence becomes more significant as frequency in

creases, and (b) the needed experimental accuracy is more difficult to 

obtain as frequency increases. 

(3) In addition, the assumption used in the conventional point model 

for stability extrapolation is not always applicable in the spatially de

pendent calculations. For a point model, it is assumed that only the feed

back function depends on the power level. That is, only the feedback trans

fer function changes with the power level. This is not so in the spatially 

dependent case because the temperature profile is also changing at various 

power levels, thus resulting in a change both in the forward transfer 



functions and the feedback transfer function. The spatial effect due to 

this change was studied to determine the correct Interpretation of sta

bility extrapolation in actual measurements of spatially dependent reactor 

systems. 

Future program. Work terminated at the end of the report period. 
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V. COOLANT DYNAMICS* 

(H. K. Fauske) 

The course of single-assembly, whole-core, and hypothetical accidents 

is largely affected by the coolant behavior, so the transient behavior of 

sodium under accident conditions is being studied experimentally and 

analytically. In the studies, mathematical models are being developed 

for incorporation into practical codes for analysis of Initiating and 

hypothetical accidents. The Coolant Dynamics activity is a long-term 

development program reflecting overall anticipated LMFBR safety needs. 

Sodium-superheat analyses and out-of-pile experiments involve sta

tionary as well as flowing systems in single- and multiple-pin geometries. 

Sodium-expulsion and -reentry out-of-pile experiments involve static- and 

forced convection tests in single- and multiple-pin geometries. Analyses 

and experiments of liquid-vapor dynamics concern bubble growth, bubble 

collapse, liquid-film thickness and breakup, evaporation and condensation 

rates, void fraction, pressure drop, velocity of sound, pressure-wave 

propagation, and critical flow. Tests are being conducted with suitable 

nonmetallic fluids to simulate sodium behavior in single- and multiple-pin 

geometries. Realistic mathematical models will be obtained by combining 

information from all these studies. 

Sodium Superheat 

(R. E. Holtz and R. M. Singer) 

Incipient superheat determines to a great extent the rate of expul

sion and the choice of voiding models (flow patterns) used in accident 

evaluation, so analysis and experiments concerning incipient sodium 

superheat are employing static and flowing sodium so that methods can 

*For references for this chapter, see p. 110. 



be developed for predicting sodium superheat and the inception of boiling. 

Reactor accident situations, such as flow blockage, coastdown, or moderate 

power transients, are simulated. The studies include investigation of 

the effects of reactor environment (e.g., "old" sodium, oxide, gas 

bubbles, etc.) on the incipient-boiling conditions. 

It has been well established in the past several years that nonflow-

ing sodium must be superheated substantially above its saturation 

temperature in order to cause it to boil.'"^ However, there has been 

much controversy concerning the limiting values of the superheat and 

the role of many parameters on the incipient boiling conditions. For 

example, it has been proposed or demonstrated that the following para

meters all are of importance in determining the incipient superheat:^" 

(1) pressure-temperature history, (2) pressure, (3) heat flux, (4) liquid 

purity, (5) dissolved gas content, (6) surface conditions, (7) nuclear 

radiation, (8) heating method, (9) length of time of operation, and 

(10) liquid velocity, and perhaps others. Additionally, in some cases 

(most noticeably in regard to the heat flux), the available data indicate 

conflicting results as to the roles of these parameters. Therefore, the 

primary thrust of our efforts in this area has been to understand the 

underlying physical phenomena that determine the incipient-boiling 

conditions so that a suitable nucleatlon model could be developed. In 

so doing, it was determined that several of the proposed parameters were 

Interrelated or redundant. 

For a liquid to nucleate (boil) from a preexisting vapor- and/or 

gas-filled cavity on a solid surface, the pressure within the vapor 

Phase must exceed the liquid pressure and the surface-tension force. 

This criterion can be stated mathematically as 
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2o(T ) cos [9 (T )] 

Thus, the incipient-boiling wall temperature T can be determined if 

the following quantities are known: the vapor pressure-temperature 

behavior of the fluid P (T), the inert-gas partial pressure in the cav

ity at the instant of nucleatlon P , the liquid pressure at the solid 

G 

surface P , the surface tension of the liquid-vapor interface a, the 

liquid-vapor-solid contact angle 9 , and the size of the surface cavity 

R. 

A theoretical model has been developed'^ that claims that the 

maximum size of an active surface cavity is determined by the conditions 

experienced by an experimental apparatus prior to incipient boiling. 

This model allows the calculation of R in Eq. 1 if the most severe 

cavity deactivation conditions are specified; i.e., the preboiling 

conditions at which the deepest penetration of liquid into surface 

cavities occurs. Thus, if the primed quantities denote these extreme 

conditions, R is simply computed as 

2a(T;) cos [9 (T-)] 
R L r L (2) 

L̂ - ^V^^L) - ^G 

This concept was examined experimentally by carefully controlling 

the extreme deactivation conditions, P', T' and P' and conducting pool 

incipient-boiling experiments. In these tests, certain deactivation 

conditions were established, and then the variation of the incipient-

boiling wall superheat, AT , with saturation temperature was measured. 

The results from a typical series of tests in which the inert gas 

pressure at nucleatlon, P , was minimized are suimnarized in Fig, 2, 
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Fig. 2. Effect of Pressure-temperature History on Incipient-boiling 
Superheat. Solid lines are theoretical. Average surface rough
ness was 60 X 10''* rm; the blanket gas was argon; height of 
sodium above the heater was 76 mm. 

Although there is some scatter in the data, it is evident that there is 

considerable agreement between the measurements and the predictions of 

Eqs, 1 and 2, Some of the scatter might be attributed to the necessity 

of assuming a unity value of the ratio of the cosines of the contact 

angles, 9 and 9 , because of a lack of knowledge of their values. 
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The implications of the validity of this model are manifold. For 

example, the reported effects of surface conditions and length of time 

of operation are readily explained by variations in the deactivation 

conditions. These also were experimentally examined, the former by 

conducting tests on two distinctly differing surfaces. One surface 

was highly polished and another roughened by sandblasting so that the 

nominal surface roughnesses were about 0.2 and 6.0 ym. When these two 

surfaces were independently subjected to identical extreme deactivation 

conditions, the resulting incipient-boiling superheats were also iden

tical (within the experimental scatter). Additionally, there was no 

general variation of the superheat with time that could not be attributed 

to changes in the deactivation conditions or the inert-gas pressure at 

nucleatlon. The details of these experiments and the results are 

reported in Ref. 12, 

In the experiments, the inert-gas partial pressure in the cavities 

was minimized to Independently study the validity of the pressure-

temperature history nucleatlon model. HowevSr, it is clear from Eq, 1 

that the gas pressure, P , can be an Important parameter affecting the 
G 

incipient boiling conditions. The gas pressure will vary during a 

heating transient as the gas dissolves into the liquid; thus an analysis 

of the combined heat and mass transfer occurring during such a transient 

is necessary to determine the value of P at nucleatlon. This was done in 

Ref. 11, and it was determined that P can vary markedly not only during 

heating transients but also during boiling and cooling. One of the 

primary results of this analysis was the identification of the heat flux 

effect being caused by inert-gas pressure variations. The analysis 

predicted that the wall incipient superheat would decrease as the heat 

flux was increased, if only the heat flux was varied. 
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However, it seemed quite likely that in most experiments, the cav

ity gas pressure was varying in an uncontrolled manner. This would make 

it possible for reported variations in the superheat to be misinterpreted. 

To examine this possibility, several series of incipient-boiling tests 

were conducted in which care was taken to vary only the heat flux, but 

to allow the cavity gas pressure to vary naturally. In such a sequence 

of tests, the cavity gas pressure would continually decrease to some 

level; thus, if the heat flux was successively increased or decreased, 

the superheat would always tend to increase. This in fact is what was 

observed, as is summarized in Fig. 3. These results clearly indlcat;e 

the Importance of the dlssolved-gas transport and explain the past 

confusion on the effect of the heat flux. 

No troitn: 

O 64 hr 

^° '00 150 200 250 300 4 0 0 
Wall HtGt FIUK, q^, w/cn.2 

Fig. 3, Variation of Incipient-boiling Wall Superheat with either Increas-
vng (upper curves) or Decreasing (lower curves) Heat FlZ Cover 
gas was argon; surface finish was approx. 10 ^m; T war829°C the 
^n^t^all^qu^d temperature T was 4S2°C, T' was 5%2°C (TT ) ' 
calculated from Eqs. 1 and 2%s 9?°C, L w^s 94 n L r }^ltheo 
8.4 cm, P- was 1.36 bar, and P^ was O.l^bZ ' ^ "«^ 
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Finally, this model of liquid-metal nucleatlon was applied to a 

realistic LMFBR accident: a single-subassembly blockage with continued 

heating.^^ It was found that, in this type of accident, boiling would 

always begin near the center of the enriched core, and incipient super

heat would be in the range 50 to 100°C, The actual value of the super

heat was found to depend strongly on the preaccident conditions in 

the core (i,e., flow velocity,pressure gradient, heat flux, etc.), as 

indicated in Fig. 4, Additionally, it was demonstrated that, due to 

the large axial temperature gradient existing during such an accident, 
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it was quite unlikely that randomly located failures In fuel cladding 

would cause boiling to occur at a net zero liquid superheat. 

Future program. These studies, both theoretical and experimental, 

will be continued. Primary emphasis is on the effect of liquid velocity 

on the superheat and on the prediction and measurement of the incipient 

superheat during realistic reactor accident conditions. 

Sodium Expulsion and Reentry 

(R, M. Singer and R, E, Holtz) 

An understanding of expulsion and reentry behavior Is required to 

evaluate reactivity effects, fuel slumping, fuel failure, interactions of 

molten fuel and cladding with coolant, and core disruption. Thus vipor 

growth rates, expulsion velocities, reentry phenomena, and pressure gener

ation In sodium during simulated reactor accidents are being investigated 

experimentally. Tests are conducted with sodium in single- and multlple-

pln systems. The expulsion and reentry dynamics following flow blockages 

and flow coastdown are being studied. 

During the past year, the conditions occurring after a sudden flow 

blockage with continued heating have been Investigated in static-sodium 

expulsion tests. Measurements of incipient-boiling superheat, rate of 

voiding, expulsion and reentry pressure pulses, and flow patterns have 

been made. The role of the axial and radial temperature gradient, gas-

blanket pressure, heat flux, and saturation temperature on these phenomena 

were examined, with special emphasis on a determination of the range of 

validity of the single-slug ejection mechanism. 

Analysis of the measurements of the liquid-column displacement 

and the transient location of the liquid-vapor interface indicated that 

the flow pattern during expulsion is that of a single vapor slug when 



81 

the incipient-boiling bulk liquid superheat is greater than about 10 to 

15°C, However, the presence of an asymmetric radial temperature profile 

(normal to the heating surface) caused the vapor slug to only partially 

fill the channel cross section for superheats less than about 50°C, 

Under these conditions, relatively thick liquid films remained in the 

heated section, materially aiding the system's heat-removal capabilities, 

thus markedly reducing the possibility of the failure of the heated wall. 

It is expected that such conditions of an asymmetric radial temperature 

profile exist near the outer pins in a fuel subassembly and thus aid in 

the maintenance of an intact subassembly wall, even though the central 

fuel pins might have melted. 

From these measurements, it was found that an important parameter 

in determining whether the entire channel cross section is voided 

(except for a very thin liquid film on the heated walls) is the incipient-

boiling superheat. An indication of the extent of voiding is the void 

fraction, and the variation of this quantity with the superheat is 

shown in Fig, 5, It is clearly Illustrated tjiat, in the presence of 

Fig. S. 
Effect of Incipient-boiling Superheat 
on the Nominal Void Fraction in the Two-
phase Region during Expulsion. Height 
of liquid column ci>ove the top of the 
heater L was 94 cm, length of the heat
ed section L. was 7.4 am, saturation 
temperature T was 8S4°C, and the wall 
heat flux q ^as 67.1 H/cm'^. 

0 50 100 150 
Incipient-boiling Superheat, AT.̂  , *C 



an asymmetric radial temperature gradient, relatively large superheats are 

required to void the channel. In fact, only about 30 to 50% of the chan

nel cross section was voided when the superheat was about 50°C, 

In the case of an approximately radially symmetric temperature pro

file and/or a large incipient superheat, the flow pattern was that of a 

single vapor slug that essentially filled the entire channel cross section. 

The Initial growth of this vapor slug was limited by liquid inertia, but 

due to the axial temperature gradient existing in the liquid (as would be 

present in a blocked-flow accident in an LMFBR) the slug quickly grew into 

cooler regions and eventually collapsed, allowing the liquid to reenter 

the heated zone. Thus, the maximum growth rate and displacement as well 

as the reentry were affected markedly by local thermal conditions. A sum

mary of the transient column displacements illustrating the expulsion and 

reentry for various superheats is illustrated in Fig, 6; additional details 

are given in Ref, 14, 

125 

0.2 0-3 0 4 0.5 0 6 
Time after Boiling Inception, sec 

0.7 

Fig. 6. Effect of Incipient Bulk Liquid Suverheot ^T ..v, +i, m 
Sodium-column Displacement. T was sTsor J f. ^'^'^f^^nt 
Lg was 94 cm, and Ly^ ^as 7.0 cC ' '^w "^« ^^-^ ^/om^. 
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The pressure pulse that occurred during the Initial vapor growth 

(expulsion) compared quite well to that predicted from the vapor pressure 

corresponding to the incipient wall superheat. Typical results from one 

series of tests are summarized in Fig, 7, where the measurements in general 

0.3 

Vapor pressure 
corresponding to 
wall superheat 

0 25 50 75 
Incipient-boiling Superheat, AT^ ,̂ 'C 

100 

Fig. 7. Variation of Initial Pressure Rise in Liquid with Incipient Super
heat. T was 6S1°C, q was 71.4 W/cm^, L. was 94.0 am, and L, 

, , s ' ^w ' 0 h 

was 5.1 am. 

do not deviate from the predictions by more than the experimental accuracy 

of about +0.1 bar. The pressures occurring'at reentry (vapor collapse) 

exhibited considerably more scatter, but seemed to correlate reasonably 

well with the liquid subcooling. This correlation was based on a theoreti

cal analysis of the impact occurring after vapor collapse and discussed in 

Ref. 14. Additionally, these measurements agreed quite well with the only 

other available data,^ which is indicated in Fig. 8. 

Future program. The expulsion and reentry dynamics occurring during 

other types of simulated reactor accidents (e.g., flow coastdown) will be 

studied in the Fuel Element Failure Propagation loop, whose design is 

being modified to carry out these tests. These future tests will provide 

a check of the results obtained in the static expulsion experiments, and 



Fig. 8. 

0 50 100 150 200 250 300 350 
Liquid Subcooling, "C 

Variation of "Sodium-hammer" Pressure Pulses following Vapor Col
lapse with Liquid Subcooling. T Was 680 to 870°C, q^ was 52.5 
to 122.1 V/cm>-, L was 94 cm, L^was 4.9 to 8.3 cm, and AF^ was 
10 to 195°C. 

also will examine more general classes of reactor accidents. In addition, 

in-pile tests to simulate reentry conditions are being planned, 

Liquid-Vapor Dynamics 

(H, K, Fauske, M, A. Grolmes, and R. E, Henry) 

Analysis and experiments of bubble growth, bubble collapse, transient 

evaporation and condensation rates, liquid-film thickness in the slug-flow 

regime, liquid-film instability and breakup, slip ratio in two-phase-flow-

pressure drop, velocity of sound, pressure-wave propagation, and critical 

flow are being performed. All these phenomena might affect the events fol

lowing Incipient boiling in a coolant channel, depending on the resulting 

flow regime(s). and therefore must be studied separately to understand 

them. 

Critical flow, void fraction, and two-phase pressure drop. Much new 

data for the critical flow rates, liquid volume fraction, pressure gradi

ents, and the extent of equilibrium in flashing sodium flow have been 
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obtained in the Sodium Flashing Facility shown in Fig. 9.15-18 j„ ĵ̂ ĵ g j ^ . 

cility, sodium can be heated to various temperature levels at approximately 

atmospheric pressures and discharged through a test section into a blowdown 

vessel. The flashing of the liquid sodivmi was achieved by decreasing the 

system pressure below the saturation pressure. Measurements of flow rate 

and void fraction, as well as detailed axial pressure and temperature 

profiles, were obtained for both subsonic and critical-flow conditions. 

Pressure 
control 
system 

Fig. 9. Sodium Flashing Facility. ANL Neg. No. 900-6. 

In the study of sodium liquid-vapor pressure drops, the average 

liquid-volume fraction at a conduit cross section is an Important variable. 

While numerous liquid-fraction data and correlations are available for non-

metallic fluids, very few data exist for liquid metals. An electromagnetic 

flowmeter was used to measure the average liquid velocity in the two-phase 

region. Two-phase liquid-fraction data were obtained for sodium over a 



temperature range of 1200 to 1500°F, vapor weight fraction of 0 to 3%. and 

flow rates of 0.4 x 10^ lb/hr-ft2. 

Figure 10 shows the measured liquid-volume fraction (1 - a) as a func

tion of the Lockhart-Martlnelli flow modulus. X^^ = [(1 - x)/x] • 

(p /p )''-5 (y /y ) " • ' . where a is the void fraction, x is the vapor weight 
g ^ *• g 

fraction, P is the density, V is the viscosity, and the subscripts I and g 

refer to the liquid and vapor phase, respectively. The measurements, which 

cover a large range in the modulus, demonstrate good agreement with the 

Lockhart-Martlnelli correlation, which is based on low-pressure air-water 

data. The values of the vapor quality (x) used in calculating the flow 

modulus were obtained from measured temperature profiles. 

Fig. 10. 
Comparison between Measured Sodium 
Liquid Volume Fraction (data 
points) and the Lockhart-
Martinelli Correlation (curve). 
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The extent of equilibrium In steady flashing sodium flow was ascer

tained from simultaneous temperature and pressure measurements as shown in 

Fig. 11. On the basis of these, as well as the liquid-volume fraction mea

surements, thermodynamic equilibrium can be assumed for steady flashing in 

the annular, annular-dispersed flow regimes. However, data have also been 

obtained that Indicate the extent of incipient liquid superheat before 

flashing in flowing sodium. 

Figure 12 illustrates sustained liquid superheat up to 79°F at con

stant system velocity of 5 ft/sec TKo =„o^„_ 
y i. J tc/sec. The system pressure is reduced stepwise 

until the inception of flash!: 
ng Is indicated by a rapid self pressurizatio 
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Comparison of Measured 
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approaching P . Steady flashing flow follows. Similar incipient super

heats were observed with velocities approaching 20 ft/sec. 

Fig. 12. 
Illustration of Incipient 
Superheat and Pressure 
Generation followed by 
Steady Flashing in Foroed-
aonvection Sodium Flow. 
A round test section was 
used in the 0.136-in.-ID 
Sodium Flashing Facility. 
ANL Neg. No. 113-3291, 
Rev. 1. 

The so-called boiling hysteresis effect observed with nonmetallic 

fluids was observed here. While significant superheating was sustained 

when the system pressure was decreased from an initial highly subcooled 

state, negligible superheating was sustained when flashing was ceased as 

a result of increasing the system pressure. 

Although numerous experimental data and correlations exist for pres

sure drop in nonmetallic two-phase flows, very little Information is avail

able for liquid metals,^^ In particular, detailed data of pressure drop in 

steady flashing sodium flow are lacking. For the data obtained in the 



Sodium Flashing Facility, choked flow occurred at the end of the test sec

tions, so the pressure-drop data shown are for flow regimes in which both 

momentum and frictional losses are important. 

For steady two-phase compressible flow in a horizontal constant-area 

duct, the overall momentum and continuity equations are 

1. }ZK ^ ILi^y dP s 

and 

dz" j Vg "̂  V^ I dz ' •'w A (3^ 

^M^g'~v~r° • ''' 
where z is distance, u Is velocity, V is specific volume. P is pressure. 

T^ is wall shear, S is channel perimeter, A is flow area, and the 

subscripts i and g are liquid and vapor, respectively. 

Equations 3 and 4 lead to the expression for the pressure gradient: 

dP - ̂ w ̂ ^^ 
dz 1 - G (dv/dP) ' (5) 

where 

cm (I - a)u 

'̂  "̂  VgX ^ Vj(l - X) 

X^V (1 - x;2v 

v = a. ^ I 

and X is quality and G is mass flowrate Tho 
"̂ J-owrate, The momentum losses can be 

evaluated using the Lockhart-Martlnelli void fm.^^ 
ineiii void fractions in agreement with 
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measured liquid-volume fraction. The use of equilibrium qualities is 

justified by simultaneous measurements of pressure and temperature profiles. 

A model for the friction pressure drop was employed that proposes 

that the increased shear force in two-phase flow is due to the increased 

liquid velocity; the model has been found by numerous investigators to 

be approximately valid for nonmetallic fluids. At low qualities, the 

ratio of the two-phase wall shear stress to that of liquid alone is 

therefore 1/(1 - a)2, so that 

\ k ' (1 - a)2D <̂ ) 

where the friction factor C. = 0.079 R ''•25_ ĵ̂ g Reynolds number 

R = P U„D/y„, and D is diameter, e an i 

A comparison of the calculated pressure profiles with measured 

profiles is shown in Fig. 13. The same good agreement has been demon

strated for flow of nonmetallic fluids in the annular, annular-dispersed 

flow regime. It is important to note that the flowrates used in the 

above calculations are in good agreement with measured critical-flow 

data for flashing sodium. It is consistent with the above equations 

that the critical flowrate is given by G = (- dv/dp)~"'^ evaluated at 

the duct exit with the use of equilibrium quality and Lockhart-Martlnelli 

void fraction. Numerous other equilibrium models have been proposed 

and these differ primarily in the void-fraction relationship used. 

Examples are the homogeneous-flow model, a = [1 + (p /p ) (1 - x)/x]~"'^, 
g >^ 

and the slip-flow model, a = [1 + (p /p )''-^ (1 - x)/x]~'''^, as well as 
g ^ 

the Lockhart-Martlnelli model in which the void fraction is a function 

of the parameter X . 



Fig. 13. 
Typical Pressure Profiles 
for Flashing Sodium, and 
Comparison with Calculated 
Values (curves). ANL Neg. 
No. 900-911, Rev. 1. 
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Calculated values based on these three different methods for assessing 

the void fraction are compared with the sodium data in Fig. 14. Substantial 

agreement is noted between predicted values (based on the Lockhart-Martlnelli 

void-fraction model) and the experiments, but the homogeneous-equilibrium 

model fails completely. 

Fig. 14. 
Measured Critical Flowrate 
of Sodium and Comparison 
with Several Models. 
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Attention to experimental details and previous experience were 

carefully considered in these studies. 

Previous experimental investigations of two-phase steam-water critical 

flows showed that an abrupt expansion immediately downstream of the choking 
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plane significantly affects the two-dimensional pressure distribution in 

the region immediately upstream of the throat.^^ Such a distortion of the 

local pressure distribution means that a wall pressure tap located in the 

throat vicinity will record a value that is not representative of the cen

terline pressure where the critical conditions occur. Therefore, data 

taken under these circumstances will be misleading in terms of model inter

pretation, and in the case of simultaneous temperature-pressure measure

ments, can yield two-phase superheat data that are not representative of 

the bulk flow conditions. The adiabatic steam-water results showed that a 

test section with small angle of divergence downstream of the throat mini

mizes the two-dimensional effects described above. To determine if these 

geometrical factors are important in low-pressure compressible flow of 

two-phase sodium, two test sections were used in the Sodium Flashing Facil

ity. Both test sections were circular constant-area ducts with downstream 

geometries as shown in Fig. 15. 

Fig. IS. 
Comparison of the Critical Para
meters for Different Downstream 
Geometries. Stagnation tempera-
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Figure 15 compares the critical flowrates for the two geometries on 

the basis of the measured throat pressures for a stagnation temperature of 

1500°F. The critical flowrate is independent of downstream geometry, hence 

the differences displayed in Fig. 15 result from comparing the flowrates 



on the basis of the measured throat pressures. Because the 14° divergent 

geometry minimizes the two-dimensional effects, the throat pressures of TS 

II are more representative of the bulk flow behavior. 

The same measurements taken on TS I would lead to conclusions directly 

opposite to those deduced from TS II. Hence the need and usefulness of 

such detailed measurements in outlining the mechanism of metallic two-phase 

flows is demonstrated. 

The detailed results of TS II have shown that two-phase critical flow 

of sodium (annular flow regime) can be closely represented by equilibrium 

models'^ (Fig. 14). 

On the basis of data obtained in the Sodium Flashing Facility, valuable 

conclusions can be drawn in regard to the similarity between the hydrodynamlc 

behavior of sodium and nonmetallic fluids. No major differences are found 

if similar flow regimes are considered. Models developed for predicting 

void fraction, pressure drops, and critical flow of nonmetallic fluids can 

be used to predict metallic systems. As a result, valuable information 

concerning the two-phase behavior of liquid metals can be gained by the 

study of suitable nonmetallic fluids. 

In view of the data obtained in the Sodium Flashing Facility and the 

successful Interpretation of these data, no further experiments are 

scheduled in this facility. 

Sonic velocity and pressure-wave propagation. No data exist for the 

velocity of pressure-wave propagation in one-component metallic two-phase 

systems. However, recent data^S.^O and analyses of the propagation veloc

ity in nonmetallic mixtures indicate that extensive experimental verifica

tion is not required to describe the pressure-wave propagation in metallic 

two-phase media. Experiments have demonstrated clearly the dependence of 
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the propagation velocity on the mixture flow pattern, and analysis taking 

into account flow patterns indicate the following expressions for: 

bubbly flow, a-̂ p = P̂ p (a v^/a^ + (1 - a)v^/al} 

slug flow, â  = a a„ |aa„ -I- (1 - a)a |" 
tp g S.I Z ' gl 

a2 = [ap^ + (1 - a)p ] - [ap̂ /̂â  + (1 - a)p /a2]-' annular or 
droplet 
flow. 

where a is propagation velocity in media and the subscript tp is two 

phase. These equations are compared with experimental data for one-

component as well as two-component nonmetallic mixtures in Figs, 16 and 

17, Because the above equations are not dependent on rate processes 

such as heat, mass, and viscous momentum transfer, the good agreement 

with data would indicate that these equations are quite general and 

equally valid for metallic systems as well. As a further check, the 

analysis of pressure-pulse propagation has been extended to include the 

effects of mass and momentum transfer between the phases. The deviation 

of the bubble flow data at higher void fractions [Fig, 16 (top)] and 

the small difference between compression and rarefaction waves in the 

stratified and droplet flow regime [Fig, 16 (bottom)] can be accounted 

for by including the effects of these rate processes,21 Thus these 

small effects can also be accounted for in metallic two-phase systems. 

With this basic understanding of pressure-wave propagation in 

equilibrium two-phase mixtures with well-defined flow patterns, studies 

are in progress to determine pressure-pulse propagation in one-component 

two-phase media with nonuniform flow patterns under conditions of bulk 
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Comparison between Predicted 
(curves) and Measured (data 
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nonequilibrium such as local boiling. These conditions will be selected to 

correspond to conditions that might arise in potential LMFBR abnormal 

operation. 

Techniques for flow-regime and gas detection. Techniques are needed 

to detect and identify various flow regimes in two-phase flows. It is also 

becoming increasingly important in reactor safety research to be able to 

detect the presence of minute quantities of inert gas in the coolant. This 

information is important to the problem of sodium superheat and the early 
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Fig. 17. 
Comparison between Predicted 
(curves) and Measured (data 
points) Pressure-wave Propaga
tion Velocities in Air-Water 
Mixtures. 

Bubbly flow 

0 0 20 0 40 0 60 0 8 0 10 

Void Froctton, a 

detection of fuel-pin failure. The acoustical properties of two-phase 

mixtures might have direct application to these problems. 

As a result of ongoing research pertaining to pressure-wave propagation 

and sonic velocity in two-phase mixtures,^^'2" a technique has been devised 

that appears promising for use in identifying the major two-phase flow re

gimes in any particular apparatus.' This technique is based on the fact 

that the system compressibility is extremely sensitive to the distribution 

of the gaseous phase. This is illustrated in Fig. 18, where the character

istic propagation velocity is shown as a function of void fraction with ap

proximate flow-regime bounds indicated. The analytical predictions have 

been shown to be in good agreement with experimental data Including two- as 

well as one-component mixtures. The large difference in propagation 
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Fig. 18. 
Comparison of Analytically 
Predicted (curves) and Ex
perimental Data for Pressure-
propagation Velocity in Two-
phase Flow Regimes. 
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velocity with flow regime is readily apparent and suggests that only modest 

experimental accuracy is required to identify regions of discrete flow 

regimes. 

Small quantities of gas in the coolant are likely to be in the form 

of bubbles. For this flow regime (Eq. 7) and typical LMFBR conditions, the 

sonic velocity is shown as a function of gas concentration in Fig. 19. 
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Fig. 19. 
Propagation Velocity in a Homo
geneous Two-phase Sodium-Argon 
System at 1200°F and 14.7 psia 
as a Function of Mass or Volume 
Fraction. ANL Neg. No. 900-52? 
Rev. 1. ' 
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It is clear that this velocity is very sensitive to low gas con

centrations. A technique based on this principle is suggested for 

determining the first appearance of trace amounts of gas in liquid-

sodium systems (in-pile as well as out-of-pile) or for continuously 

monitoring the level of gas entrainment. 

Sodium bubble growth and collapse. The dynamics of bubble growth 

and collapse have long been recognized to play an Important role in many 

two-phase flow applications such as boiling, flashing of liquids, and 

cavitation. More recently, however, it has become clear that the 

dynamics of bubble growth and collapse can play an important role in 

fast reactor safety analysis pertaining to the possible voiding of the 

liquid metal coolant and early detection of the accident.23 As a first 

step toward a better understanding of sodium bubble growth, collapse, 

and pressure-pulse generation, the problem of a single vapor bubble in 

an infinite sea of liquid has been analyzed. A complete system of 

equations involving a minimum of simplifying assumptions has been 

specified and solved numerically. 2"* > 25 This "system of equations not 

only takes into account the effects of surface tension, inertia of the 

liquid, and heat conduction of the liquid, but also the effects of non-

equilibrium at the liquid-vapor interface, and provides for complete 

coupling of the heat-conduction and liquid-inertia equations. The 

equations are also not limited by the assumption of saturated vapor 

within the bubble. 

Typical analytical results for sodium are shown in Figs. 20-22. 

The growth behavior of a sodium bubble is shown in Fig. 20. The initial 

radius R is taken as the critical radius corresponding to the assumed 

initial superheat. The possible effects of nonequilibrium at the vapor-
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Fig. 20. The Growth Behavior of a Sodium Vapor Bubble in Highly Superheat
ed Sodium at Atmospheric Pressure. R is bubble radius, 7?. is 
initial bubble radius, sodium liquid pressure P was 1 atm, super
heat AT was 151.5°K, and initial bubble radius was 10''* cm. 

Fig. 21. 
Pressure of the Vapor P in a 
Collapsing Sodium Bubble as a 
Function of its Dimensionless 
Radius R/R for a Range of 
Subcoolings AT^ and Initial 
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Fig. 22. 
Pressure Distribution in the 
Liquid for a Typical Case. The 
initial bubble radius R was 3 
cm, r is distance from center 
of bubble, subcooling tiT was 
100°K, and initial pressure P 
was 1 atm. 
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liquid interface are shown by variations in the coefficient for con

densation or evaporation, C, It is apparent that, for the sodium case 

considered, if nonequilibrium effects are negligible the early growth 

behavior is very close to the Raylelgh solution that considers only the 

inertia of the surrounding liquid, Nonequilibrium effects would diminish 

the early growth rate. It is also apparent that the sodium bubble reaches 

an extremely large size before the growth rate approaches the asymptotic 

solution in which the growth is governed by heat conduction into the 

surrounding liquid. 

Numerical solutions for the collapse of sodium bubbles are 

shown in Fig. 21, illustrating the separate effects of liquid subcooling 

and initial bubble size. The generation of large pressures as the 



bubbles collapse is clearly demonstrated. It is important to note that, 

after a given time, for sufficiently high subcoolings or small bubble sizes 

the vapor reaches its critical state. Figure 22 demonstrates the pressure-

time behavior at various locations In the liquid. However, the assessment 

of the potential damage from such pressure pulses must Include the dynamic 

response of the surrounding structure. These collapse pressures also sug

gest that pressure sensors might be used as detection systems in the event 

of accident situations. 

Continued work in this area will emphasize experiments pertaining to 

bubble growth with high liquid superheat and bubble collapse during large 

liquid subcooling. These experiments will employ, primarily, nonmetallic 

fluids. 

Sodium Simulations 

(M, A, Grolmes and H, K, Fauske) 

Expulsion and reentry tests are conducted with nonmetallic fluids to 

obtain detailed local transient measurements that are needed to develop 

voiding models. The transient flow regimes in initially static and in 

initially flowing systems (with single and multiple pins) are studied ex

perimentally to determine the details of expulsion and reentry. The experi

ments with nonmetallic fluids closely complement tests with sodium (p. 106); 

more Information is obtained from combinations of tests than could be 

obtained with sodium alone. 

In recent years, simulation, or experimental modeling, of boiling heat 

transfer and two-phase flow has become well established in nuclear reactor 

technology. The Incentives for modeling are both technical and economic. 

Experimentation on a smaller scale at reduced operating temperatures, 

pressures, and power levels are obvious advantages. 
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Simulation studies of liquid-metal two-phase flow using nonmetallic 

fluids are also playing an important part in the LMFBR program, in 

which the advantages are not only a reduction in operating temperature 

and the experimental ease of handling a nonmetallic fluid, but, in this 

study especially, the direct visual observation of the phenomena in 

complex geometries. Particular attention is given to hydrodynamlc sim

ulation and identification of appropriate flow regimes for use in develop

ing analytical models describing the rate of void growth and collapse 

within the coolant channel,27 

An excellent indication of the need for identification of realistic 

flow regimes during rapid subassembly voiding can be found In the full 

range of flow patterns assumed in various published models, such as 

bubbly, annular, and single and multiple slug. 

In the case of liquid metals, it would appear that at least the 

effects of high thermal dlffuslvities, the well-known superheating 

characteristics, and large liquld-to-vapor density ratios should be 

considered. » 

To obtain similarity of density ratio with liquid metals (LM) at 

atmosphere pressure, common nonmetallic fluids (NM) must be compared at 

subatmospherlc pressures. 

The ability of the alkali liquid metals to sustain large superheats 

prior to nucleatlon is a result of their intense wettability and 

physiochemlcal Interaction with the heating surface as well as their 

thermophysical properties. From the well-known formula expressing the 

excess vapor pressure in a cavity required for nucleatlon, the following 

criterion can be considered to contribute to the similarity of liquid 

metal and nonmetallic fluid in the absence of entrained gas: 



where a is surface tension, T ^ is saturation temperature, h, is latent 
sat ^B 

heat, p is density, and the subscript v denotes vapor. 

When this dimensional-property group is considered at the same 

ratio of liquid to vapor density it is found that Freon-11 appears to 

model sodium more closely than either water or methyl alcohol. 

The large thermal dlffuslvities of liquid metals will result in 

rather shallow temperature gradients in the narrow coolant channel prior 

to nucleatlon and rapid vapor growth limnedlately following nucleatlon. 

This situation can be simulated with nonmetallic fluids If a method of 

rapid or slow depressurization is employed to superheat the fluid with 

no radial temperature gradients. The rapid vapor growth associated with 

liquid metals gives rise to local pressurlzatlon tending to deactivate 

other potential nucleatlon sites and, therefore, favor the growth of a 

single bubble. On the other hand, a fluid of low thermal conductivity 

might experience considerably slower vapor growth and, consequently, 

little or no pressurlzatlon might occur, resulting perhaps in the 

nucleatlon of many bubbles. 

Therefore, the simulation of the early vapor growth rate appears 

necessary to model correctly the flow pattern in a superheated liquid 

metal. By considering the equation of motion of a liquid column of 

height L^ In a confined channel of equivalent diameter D (the motion 

of the column being due to a growing bubble), together with the well-

known Plesset-Zwick equation for bubble growth rate (asymptotic conduction 
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solution), the following criterion appears to assure a similar 

initial vapor growth rate: 

°^^(^sat-^o>/ /l°o^(^at-^oV " ' 
LM/ NM 

where Ja is the Jacob number, a is thermal diffusivlty, P is pressure, 

and the subscript I denotes liquid. 

Thus, while maintaining llquid-to-vapor density ratio, superheat, 

and geometric similarity. Table I Illustrates to what degree nonmetallic 

fluids compare with sodium. As a result of the previous characteristics 

cited, together with the excellent vapor growth simulation illustrated 

in Table I, Freon-11 was used as the principal simulant in the experimental 

studies. 

TABLE I. Illustration of Vapor Growth Rate Simulation 

Na/NM 

Na/Freon-11 -x-l 

Na/H20 -v-aO 

Na/CHgOH '\-14 

Freon-113 is equally suitable. 

Several stages of a single-channel (20 iran ID) expulsion event are 

shown in Fig. 23 that illustrate two markedly different modes of coolant 

ejection after sudden depressurization. The photographs are taken 

directly from Individual motion picture frames of the same event. At 



3 msec 8 msec 18 msec 

80 msec 170 msec 360 msec 

Fig. 23. Single-channel Expulsion Event Illustrating Rapid Bubble Growth, 
Slug Ejection, and Two-phase Flashing for Methyl Alcohol at 
122°F, Depressurized to 0.4 psia. ANL Neg. No. 112-3242A 
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3 msec, a single vapor bubble has grown from a wall nucleatlon site to 

a size slightly larger than 1/4 in. At 5 and 10 msec later (8 and 

18 msec), a liquid wall film is evident (with distortion from curvature 

of glass) as the vapor expands. The rapid initial bubble growth to the 

channel diameter proceeds to complete ejection of the upper liquid slug 

into the reservior. The remaining lower liquid column is again depres

surlzed, and, rather than additional bubble nucleatlon, a two-phase 

flashing action is initiated at the free interface. A dispersed two-

phase mixture is expelled from a well-defined liquid two-phase interface 

that propagates downward into the liquid column. Three stages of this 

expulsion process, which proceeds to the base of the column, are shown 

at 80, 170, and 360 msec. 

It is evident from the times indicated that this mode of ejection 

proceeds at a much slower rate than does the slug-type vapor expansion. 

In this Instance, the upper slug ejection proceeds at a velocity in excess 

of 10 ft/sec; the two-phase Interface propagates at approximately 1 ft/sec. 

Both modes of coolant expulsion have been interpreted from liquid-metal 

data in the absence of direct observation. 

Although this second mode of expulsion would appear to have import

ant consequences as far as the later stages concerning cooling action 

and coolant reentry in a blocked subassembly, the slug mode of ejection 

following the rapid growth of a single bubble is important because it 

initiates the expulsion event and was found in all Freon-11 tests from 

2 mm ID up to 50 iran ID where a suitable nucleatlon site was present on 

the channel wall. In no event was nucleatlon within the bulk of the 

fluid observed, and it was evident that a liquid film was always adhering 

to the test-section wall during the vapor expansion. 



This persistent single-bubble-type ejection in Freon-11 tests is in 

good agreement with interpretations of sodium and potassium experiments. 

To verify the general applicability of current single-channel analyti

cal models. It is necessary to demonstrate that single-bubble slug-type 

ejection is realistic in more complex geometries. This has been shown to 

be the case in both a 7- and a 19-pln assembly,28 in these assemblies, 

the vapor bubble was observed to grow and occupy the total cross section 

within approximately one channel diameter. No appreciable resistance to 

radial expansion was observed due to the pins. 

Experiments have also been perfoinned in which an Initial axial-

temperature variation is imposed on the fluid. This is to achieve simula

tion of the subcooling in the upper plenum of a reactor with reference to 

the overheating within a blocked subassembly. Analytical models are being 

developed and Improved on the basis of these simulation experiments. Future 

studies will be directed to both expulsion and reentry in single- and 

multiple-pin geometries. 

Mathematical Models of Voiding and Reentry 

(H, K, Fauske) 

The experimental and theoretical results obtained in the other parts 

of the Coolant Dynamics program are being Incorporated into a realistic 

model of sodium expulsion and reentry that will provide a firm basis for 

predicting voiding rate, reentry dynamics, pressure generation, and initial 

conditions for fuel-coolant interaction for various types of LMFBR 

accidents. 

An expulsion model that satisfies all conservation conditions has 

been developed to predict the expulsion and reentry behavior of sodium 

coolant upon overheating of a reactor channel,29 it is assumed that a 
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vapor slug forms over the entire channel cross section, which then pushes 

the liquid out. Experimental evidence (see p. 100) indicates that this 

physical picture would be descriptive of severe reactor accidents, such as 

blockage and pump failure. Parametric studies were made of the effects of 

the wall film thickness, of the liquid superheat at inception of boiling, 

point of bubble initiation, and magnitude and shape of the wall heat flux, 

as well as heat capacity, on the expulsion behavior. Reentry problems 

associated with blanket and plenum cooling were also studied. 

The vapor is assumed to be in equilibrium with the surrounding liquid 

interfaces at all times. The heat conduction equation is solved in the 

end liquid regions and also in the liquid film adhering to the wall in the 

vapor zone. This allows expulsion and reentry to be calculated in both 

the presence and absence of wall film. 

Fig. 24. 
Voided Channel Height vs Ex
pulsion Time, Illustrating Ef
fect of Liquid Wall Film. 
Superheat was 20°C and power 
density was high. 
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Figures 24 and 25 indicate the strong effect of the presence of wall 

film. With a dry wall, the voiding rate is much slower and the pressure 

quickly drops nearly to the external pressure. Furthermore, energy stor

age in the wall film is significant for thicknesses >0,005 cm. The reduc

tion in film thickness is negligible during expulsion, so that film dryout 

is not likely to occur during the initial expulsion phase if the wall is 
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Fig. 25. 
Vapor Pressure within Bubble vs 
Expulsion Time, Illustrating 
Effect of Wall Film on Pressure 
History. Superheat was 20"C 
and power density was high. 

well wetted. Moreover, reentry of a liquid slug will not occur until the 

wall film has been largely evaporated. Finally, the superheat at which 

boiling is initiated governs the early voiding behavior, while for reason

able values of the wall heat flux (reactor conditions) the evaporation 

rate from the wall film dominates the expulsion rate during the later 

stages. The strong effect of heat capacity on the pressure buildup and 

the associated voiding rate has been demonstrated for typical flow-blockage 

accidents, as is indicated in Figs, 26 and 27, This version of the slug 

model. Including several bubbles, is being incorporated into the SAS acci

dent-analysis code, making provisions for calculating flow-blockage, flow-

coastdown, and power-excursion accidents. 

Fig. 26. 
Voided Channel Height vs 
Expulsion Time, Illustrating 
Effect of Heat Capacity of 
Fuel Pin on the Rate of Ex
pulsion. Superheat was 20°C. 

0.04 0.08 
Expulsion Time, sec 

0.16 



109 

> 5 

Constant tieat flux at wall 

Constant heat generation in fuel pin 
(transient heat flux at wall) 

_L 

Fig. 27. 
Vapor Pressure vs Expulsion 
Time, Illustrating Effect of 
Heat Capacity of Fuel Pin on 
Pressure History within Vapor 
Bubble. Superheat was 20°C. 
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The slug model has been generalized to permit direct comparison with 

nonmetallic fluids (p, 100), This has resulted in an analysis of the slug-

type expulsion based on first principles » (no empirical constants). 

The energy balance for the vapor space is written assuming a uniform sta

tionary film existing on the walls. The temperature gradient at the upper 

and lower liquid slugs and the gradient at tfie film-vapor interface are 

evaluated in a similar manner, assuming the existence of a thin thermal-

boundary layer within the film, whose thickness as a function of exposure 

time and position along the vapor space was taken into account. Excellent 

agreement with experimental data has been demonstrated. Including both 

voiding rate and pressure variation (Fig, 28), Development of improved 

methods for describing liquid-film thickness, breakup, and condensation 

rates are in progress to evaluate reentry and chugging behavior. 



Fig. 28. 
Voided Channel Height vs Time 
for Slug Expulsion of Freon-113 
at Constant Plenum Pressure. 
Superheat was 109°F. 

Expulsion Time, msec 
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Nuclear Safety Research and Development—LMFBR Safety 

VI, CORE STRUCTURAL SAFETY* 

(C, K, Youngdahl) 

Overall scope. The responses of cylindrical shell structures 

(particularly with circular and hexagonal cross sections) to both in

ternal and external impulsive loads, and the influence of the struc

tural response (as feedback) on the course of the pressure-time func

tion, are investigated by mathematical analyses of elasticity and 

plasticity. The information applies to core-region structural com

ponents such as fuel cladding, fuel-element subassemblies, and control-

rod shrouds or guides. 

Summary. The analysis of the dynamic plastic response of a cir

cular cylindrical shell to an axially varying load was concluded and 

equivalence parameters were proposed. Strain-hardening effects were 

estimated. The study of dynamic plastic response of a hexagonal 

shell was continued. 

Dynamic Plasticity Analysis of Circular Shells* 

The dynamic rigid-plastic analysis of a circular-cylindrical 

shell acted on by an axisymmetric load with an arbitrary axial and 

time variation over a fixed axial region was concluded. A set of 

three equivalence parameters was proposed. The first indicates the 

force of the loading, the second is an axial load-shape factor, and 

the third is a time load-shape factor. The use of the equivalence 

parameters will provide a means of correlating analytical and exper

imental results of LMFBR safety studies. The parameters were found 

to be applicable also to other reactor structural-component 

configurations.2•^ 

*For references for this chapter, see p. 120. 



To determine the localized plastic deformation of a pipe or tube 

produced by a dynamic loading that exceeds the yield load only briefly, 

it is important to know the effect of the spatial and temporal shapes 

of the pressure pulse on the final deformation. This is particularly 

true in computer or laboratory simulations of reactor accidents, where 

it is impossible or impractical to reproduce the actual loading 

conditions. 

It had been hypothesized"* previously that the final deformation 

for any load shape was essentially dependent only on the impulse and 

peak load. However, this was shown to be reasonable only for loadings 

greatly in excess of the yield load;^>^>^ the errors for loadings 

that produce only small plastic deformations are quite large. Initially 

it was found ' that the final plastic deformation of a long tube 

loaded by a dynamic concentrated ring load with arbitrary time his

tory is well correlated by two parameters—the Impulse and the ef

fective load. Both parameters are defined in terms of simple integrals 

of the load-time shape. It then was found that a third parameter can 

be added to account for the effect of the axial variation of a pres

sure pulse on the dynamic plastic deformation of a long tube or pipe. 

Consider a long circular cylindrical shell made of a rigid per

fectly plastic material (Fig. 29). The shell is loaded axisymmetrlcal-

ly by a dynamic pressure P(z,t) applied over an axial region |z| < L. 

It will be assumed that the pressure is symmetric about z = 0 and can 

be written as the product of spatial and temporal shape functions, 

i.e., 

P(z,t) = *Cz)l'(t) . Q) 
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H L_L—*j Pig- 29. 
t Circular Cylindrical Shell Loaded 

^{ ""^^^\^'{''l'-^ (\ ^^ ^ ^''^{ by an Axially Varying Pressure. 

± 
^m:, ANL Neg. No. 113-S606. 

rzzzz^^^zzzA 
The partial differential equations governing the dynamic plastic defor

mation can be integrated in closed form with respect to z. resulting in 

sets of coupled nonlinear differential equations in time.^>® These are 

solved on a computer for combinations of various assumed load shapes i 

and T, 

The results for U (t,), the final plastic deformation at z = 0, are 

o f '^ 
well correlated by 

U„(tJ = I f(V , * ) o r e e 
(2) 

where I is the impulse [the integral of P(z,t) over z and t] and T and 

* are effective values of 4" and * defined by. 

r 'f l' / ^(t)dt I 

2 / ^(t - t )4'(t)dt 

(3) 

\f y*(z)dz| 

2 J ^zt(z)dz 
o 



The time t is when the yield load f is first exceeded. The time t^ 

is when the deformation stops; it can be found from 

/ 
n t ) d t ^ "fy ( t j - t y ) . (4) 

The axial positions ± z are where plastic hinges first form and are 

known from the yield load analysis. The half-length L of the loaded 

region is replaced by an effective half-length L^ defined by 

^e 2* 
(5) 

If Y and * are both rectangular, the problem can be solved in 

closed form,'"^ so that the function f in Eq. 2 is known. The quan

tities ¥ , $ , and L given In Eqs. 3 and 5 specify a rectangular 

distribution equivalent to arbitrarily prescribed 4'(t) and *(z) , as 

shown in Fig. 30. 

Some typical results are shown in Figs. 31 and 32; R. H, and p are 

the tube radius, thickness, and surface density, respectively, and 

H 
^ o = ^ y R' (6) 

Fig. SO. 
Load Shape i(Z) and Pulse Shape 'i(t). 
ANL Neg. No. 113-3501. 
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Fig. 31. Maximum Plastic Deformation as a Function of ¥ and * for 
Various Pulse Shapes. ANL Neg. No. 113-3498. ""^ ^ 

Fig. 32. Maximum Plastic Deformation as a Function of L and L for Various 
Load Shapes. ANL Neg. No. 113-3495. ^ 

where a is the yield stress of the tube material. The nondimensional 

quantity i() is defined in terms of y by 

2L* 

o 

where i is the average value of 
av 

by 

(7) 

The load shape family * defined 



Y Y 
, 0 < Z < L , 0 < Y (8) 

= 0. Z > L, 

and shown in Fig. 33 was used in the computations, because it com

passes a variety of physically reasonable axial load distributions. 

The pulse shapes ^(t) that were used to obtain the results shown in 

Figs. 31 and 32 were exponential decay, rectangular, and triangular. In 

Fig. 31,the maximum plastic deformation divided by the square of the 

impulse is plotted as a function of the peak value of the pulse and 

of the effective value for a fixed axial distribution (y = 1 in Eq. 8),. 

a fixed region of load application, and various pulse shapes. In 

Fig, 32, the results' are plotted for various axial load shapes as 

a function of the actual length of the loaded region and the effective 

length. Results for other combinations of pulse shape T, load shape 

i and load region half-length L are very similar to those shown here. 

It is apparent from the figures that the use of the proposed equiva

lence parameters eliminates the effect of pulse and load shape on the 

maximum plastic deformation of a tube. 
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Fig. 33. 
Load Shape Family * (Z). ANL Neg. No. 113-3499. 
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Because the three parameters I, f , and $ depend only on inte

grals of the loading, they are insensitive to small perturbations 

in pulse shape. This is encouraging for experimental applications 

because details of the pulse shape and, in particular, its peak value 

are difficult to reproduce and measure accurately. 

Work was initiated on predicting the dynamic plastic deformation 

produced by realistic loading histories such as can be obtained from 

the Coolant Dynamics and Fuel-Coolant Interactions studies in order 

to provide a preliminary estimate of the potential significance of 

feedback effects. 

The dynamic rigid-plastic analysis was compared with crude models 

for ring deformation that include strain hardening. The ranges of 

strain-hardening coefficients and loading conditions for which strain-

hardening effects are important were estimated. 

Hexagonal-shell Analysis 

The study of the dynamic plastic deformation of a hexagonal shell 

produced by axisymmetric Internal loads was continued at a reduced 

level because of funding limitations. 

Future Program 

The development of dynamic plasticity analysis of circular shells 

will continue, with particular emphasis on predicting the deformation 

produced by realistic loading histories as provided by other ANL pro

grams. The analysis of the dynamic plastic deformation of hexagonal 

shells produced by axisymmetric internal loads will continue and 

the defoirmatlon produced by some realistic loading histories will 

be determined. 
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Nuclear Safety Research and Development—LMFBR Safety 

VII. FUEL ELEMENT FAILURE PROPAGATION* 

(J, F. Schumar, B, D, LaMar, R. 0. Ivins) 

Overall scope. The propagation of fuel-element failures is of 

serious concern to both the safety of an LMFBR and its operation. Rapid 

pin-to-pin propagation could potentially lead to cascading failure of a 

magnitude that threatens the integrity of a subassembly. Potential 

failure of a subassembly leads to concern of damage to the surrounding 

assemblies. The Implication to safety is serious if the time for 

failure propagation is shorter than the time required for detection and 

reactor shutdown. The concern in the operation of an LMFBR Is related 

to the importance of being able to continue operating a reactor safely 

with a number, as yet undetermined, of failed fuel elements. 

This program is addressed to resolution of these problems. It in

cludes out-of-pile simulations of the phenomena involved in fuel-element 

failure propagation and in-pile tests simulating LMFBR conditions. 

Failure thresholds and mechanisms of propagation are being studied In 

these tests and will culminate in the development of calculational 

methods required for the safety evaluation of conceptual designs and 

for the preparation of safety analysis reports of proposed LMFBR plants 

and fast-reactor test facilities. The calculational methods also are 

needed for the development of the functional requirements for core pro

tective systems, safety instrumentation, containments, and consequence-

limiting safety systems. These methods provide the means to evaluate 

the expected performance of such systems. 

Out-of-pile experiments are conducted: (1) to study the phenome

nology of the modes of propagation, (2) to assist in the design and 

*For references for this chapter, see p. 229. 



performance of the in-pile tests, and (3) to provide information to aid 

in the analysis and interpretation of the in-pile test results. The 

analytical studies develop predictive mathematical descriptive models 

for failure propagation, and aid in planning and designing the out-of-pile 

and in-pile tests. 

The in-pile experiments are integral simulations of conditions ex

pected in an operating reactor when a well-characterized initiating 

fuel-element failure is induced. Planned tests, in flowing.sodium 

loops in a thermal test reactor, will provide engineering data for de

veloping predictive analytical descriptions of fuel-element failure 

propagation. 

The in-pile loops (FEFPLs) are designed to be major safety vehicles 

capable of performing a wide range of tests. It is planned to conduct 

the tests In the Engineering Test Reactor (ETR). The development of the 

loop Involves combined effort by ANL and Idaho Nuclear Corp. (INC). 

Out-of-pile Studies 

Scope, Experimental efforts concerned with providing information 

leading to a better understanding of the basic nature of failure propa

gation modes constitutes a continuing effort in this task. Experiments 

are planned using both an out-of-pile sodium test loop and test loops 

using nonmetallic fluids, as well as other small-scale experiments. In 

support of the in-pile tests, techniques to provide specific modes of 

failure (i.e., to initiate the in-pile failures on demand) are being 

developed and tested. 

Gas-jet impingement experiments in heated channel. The experiment 

described here is the first of several out-of-pile experiments directed 

toward the study of potential propagation of failure from one fuel pin 

to another in an LMFBR fuel subassembly. 
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During reactor operation, the fission process produces a number of 

fission gases in the fuel, with xenon being the most abundant. A por

tion of this gas remains in the fuel; the remainder diffuses out of the 

fuel and is retained by the cladding. Fission-gas plenums are designed 

into the fuel pins to limit the pressure buildup due to this fission-

gas production. Even so, the internal pressure might reach values as 

high as 1000 psi near the "end-of-life" of the fuel. This high-pres

sure gas represents a source of stored energy that could provide the 

driving force for propagation of failure once a break has occurred in 

the fuel-pin cladding. The release of stored fission gas has, in fsct, 

been the potential mode of failure propagation receiving the most 

attention to date. 

The present series of experiments were intended to scope the prob

lem of gas-jet impingement and to provide some preliminary insight into 

the heat-transfer mechanisms associated with it. The specific experi

mental objectives were: (1) obtain data relative to the temperature 

transients induced in a heated wall by the impingement of a high-veloc

ity gas jet. (2) deduce information about the heat-transfer phenomena 

occurring when the jet impinges on the surface (e.g., is the surface 

truly gas blanketed or does the gas jet entrain sufficient liquid to 

spray-cool the surface?), (3) obtain transient flow, pressure, and 

photographic data to characterize the hydrodynamlc phenomena associated 

with the gas release, and (4) investigate the effect of bypass flow 

around a channel subjected to a rapid gas release. 

The experiment was performed in a water-cooled electrically heated 

rectangular flow channel 0.050 x 0.578 x 18 in. The test section was 



designed to allow a fixed volume of gas to be discharged through an 

orifice and impinge on the opposite wall. Thermocouples measured the 

resulting wall-temperature transients. The test parameters were: 

coolant velocity of 10, 20, and 30 ft/sec, orifice diameter of 0.016, 

0,025, and 0,051 in,, plenum gas pressure of 500, 750, and 1000 psia, 

and surface heat flux of 0.5 x 10^ and 1.0 x 10^ Btu/hr-ft2. Tests 

were run with and without bypass flow around the channel. 

Additional data were obtained from an unheated Lucite channel with 

flow-channel dimensions Identical to the heated channel. Gas releases 

were initiated and high-speed motion pictures were obtained of the re

sulting gas jets and flow transients. Transient pressures and flowrates 

were recorded and compared with similar measurements from the heated 

section. 

Analysis of the photographic data shows the channel was completely 

voided only for gas releases from the 0,051-ln, orifice. Flow-recovery 

times varied from 0.14 sec (30 ft/sec and 500 psi) to 0.89 sec (10 

ft/sec and 1000 psi). The peak pressure pulses, measured 1 in, from 

the orifice, had a magnitude of about 100 psi for tests with the 1000-

psi plenum pressure. 

Gas releases from the 0.025-in, hole produced a small flow reversal 

with a rapid recovery. The gas jet holds a fairly stable liquid inter

face on the wall at a position about 0,5-in, upstream from the orifice. 

A typical flow pattern is shown in Fig. 34. The jet persisted for about 

2 sec. 

Tests with the 0,016-in, orifice produced very minor flow pertur

bations of the coolant, but, as with the 0,025-in, orifice, they also 

produced a stable liquid interface on the wall at a point upstream of 

the jet. The jet persisted 4 to 5 sec. 
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Fig. 34. 
Spray Pattern and Interface be
tween Gas Jet and Coolant. 

Data from the heated tests revealed that in every case the surface 

directly opposite the jet was cooled as a result of the improved heat 

transfer due to spray cooling. The heat'.-transfer coefficient at the 

point of impingement was best correlated with the gas flowrate. This 

is shown in Fig, 35, The effects of the coolant velocity and orifice 

diameter were less than the scatter of the data. Only for cases where 

the channel was blown completely dry did the wall temperature rise to 

values that exceeded its initial steady-state value; e.g., for a veloc

ity of 20 ft/sec, gas pressure of 1000 psi, and an orifice diameter of 

0.051 in., the wall temperature peaked at 130°F above the steady-state 

temperature 0.8 sec after the gas release was initiated. Figure 36 is a 

reproduction of the strip chart obtained for test conditions of 0.025-

in. orifice, 20-ft/sec coolant velocity, and 750-psi gas pressure. 
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Fig. 35. Heat-transfer Coefficient at Point of Gas-jet Impingement. Cool
ant velocity was 30 ft/sec and orifice diameter was 0.025 in. 
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While the wall directly opposite the jet was cooled, temperature 

measurements 0.75-in. upstream of the jet indicated the wall temperature 

increased curing every transient. This can be seen in Fig, 36, It Is 

postulated that this temperature transient was produced by the cool.mt 

flow transient because the observed temperature transients agreed well 

with calculated temperatures obtained by using the transient flow d.ata 

from the experiments. The flow transients observed in these tests .ire 

believed to be far more severe than would occur in an actual subassembly 

because of the very small flow area in the test section. As would be 

expected, the flow transients were far less severe for the experiments 

with no bypass flow. 

It was: concluded from this experiment that an impinging gas jet is 

not likely to produce failure in an adjacent fuel pin at the point of 

Impingement, but the flow transients produced by the gas release should 

be further studied as a potential mechanism for failure propagation. 

Additional tests need to be performed to study the effect of sodium as 

the coolant and the effect of a rod-bundle geometry. 

Rapid-gas-release experiments with 19-pln unheated test section. 

The object of this study is to investigate experimentally the coolant 

flow transients and the pressure pulses associated with rapid gas re

lease (total release time <'v50 msec) from a single pin. Two of the 
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effects of rapid gas release that might result in propagation of the 

failure to the neighboring pins are: (1) thermal insulation of the 

adjacent pins as a result of coolant transients that temporarily void 

the region, and (2) generation of pressure pulses. The sudden release 

of fission gas causes separation of the liquid column in the fuel sub

assembly in two parts in such a way that the lower liquid column expe

riences a rapid deceleration and the upper liquid column is rapidly ac

celerated. These rapid flow transients result in generation of pressure 

pulses of considerable intensity and width. 

The first mechanism could result in overheating of the cladding 

due to the poor heat transfer characteristics of the gas phase, whereas 

the second mechanism might result in rupture of the adjacent fuel pins 

due to excessive deflection caused by the pressure pulses traveling 

radially from the source point. In addition, the pressure pulses might 

also cause some deformation of the hexagonal can containing the fuel 

assembly. 

The present study has the following objeatives: (1) provide quan

titative data regarding hydraulic transients, (2) study the effect of 

variables such as gas plenum pressure, rates of coolant flow, and type 

and size of the cladding breach (holes, slots or rips), (3) observe in

tensity and half width of the pressure pulses, and (4) formulate an 

analytical model consistent with the experimental observations. 

The experiment was performed in a test section consisting of a 

triangular array of 19 pins enclosed in a plexiglas hexagonal channel. 

The center pin was made of stainless steel and had a hole of the se

lected size and at the location desired for the gas release. A pressure-

actuated piston-type valve opened the hole on demand and released 



the argon gas stored in the pin. The remaining 18 pins were made of 

clear plexiglas to allow observation of the resulting gas bubble. The 

dimensions of the pins were 1/4-ln. OD x 71.5-in. length and were 

wrapped with 0.05-in, OD spacer wire at 12-in, pitch. The whole pin 

bundle was supported at the bottom by a perforated plate (grid). 

The test section was mounted vertically in a forced-circulation 

water loop shown in Figs, 37 and 38, The discharge flow from the simu

lated fuel subassembly rose vertically about 10 ft to a tank (plenum) 

with a free surface open to the atmosphere. A bypass flow channel was 

connected in parallel with the simulated fuel subassembly. The range 

of parameters for the tests were: 0, 5, 10, 18, and 30 ft/sec coolant 

velocity, 500 and 1000 psia plenum-gas pressure, and a 0.063-in.-dia hole 

or a slot 0,062 in. x 0.125 in. The breach was in the center of the 

rod bundle. 

Results pertaining to a typical transient are given in Figs, 39-41 

for coolant velocity of 30 ft/sec and gas plenum pressure of 900 psia. 

Figure 39 indicates that the flow into the test section is rapidly re

duced to about half its value In about 35 msec and recovers its original 

value in about 115 msec, while the gas from the gas plenum is discharged 

almost completely in about 30 msec. The peak pressure pulse measured 

at the point of release and at the wall of the test section has a maxi

mum magnitude of about 100 psi above the local system pressure and a 

half width of 15 msec. The intensity of these pressure pulses falls 

off very quickly along the length of the test section; e.g,, the peak 

value measured in a typical transient is about 50 psi above the local 

system pressure just above the grid and about 15 psi below the grid. 

Figure 40 shows typical flow patterns at various time intervals; it is 
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Fig. 37. 19-pin Test Section Mounted Vertically in Forced-circulation 
Water Loop. ANL Neg. No. 113-2572. 
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Fig. 38. 
Water Test Loop. 
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clear that the ejected gas expands radially to occupy the entire cross 

section at the point of the release and then expands axially as a single 

bubble. Figure 41 shows the measured values of displacements of the 

upper and lower gas-liquid Interfaces, from which a maximum blanketing 

time of "̂ 35 msec can be deduced. 

The analysis of the data from the series of tests described above 

Indicates that flow reversal took place only at low coolant velocities 

( 0 - 5 ft/sec). The recovery time for the coolant flow was then some

what longer. The initial plenum pressure does not have a significant 

effect on the flow pattern. However, with orifice diameters smaller 

than 0.065 in., the bubble began to break up into smaller bubbles near 

the upper part of the test section. 

Detailed analysis of the data of these experiments is still underway. 

In particular, attention is being given to those aspects where 
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the experiments did not simulate very closely actual reactor conditions. 

These are: (1) in the experiment only a limited bypass flow was pro

vided because of the limited capacity of the available pumps; this led 

to some variations in the pressure drop across the test section during 

the flow transients, whereas under actual reactor conditions the 

pressure drop would be nearly constant, (2) the coolant expulsion pro

cess due to rapid gas release is predominantly controlled by the inertia 

of the liquid phase, so it is important that the lengths of the fluid 

columns upstream and downstream of the test section simulate adequately 

those encountered in actual reactor conditions (in the experiment a 

considerable fluid column was comprised between the branchpoint of the 

bypass and the inlet to the test section), and (3) the acoustic prop

erties of water are different from those of sodium, which has an effect 

on the magnitude of the pressure pulses generated. 

In the analytical effort an attempt is being made to account ade

quately for the above differences, so as to be able to predict with re

quired accuracy voiding rates and pressure puj.ses for actual reactor 

conditions. 

These experiments Indicate that flow transients induced by rapid 

gas release are of relatively short duration, so that it might be ex

pected that the coolant flow will be re-established prior to overheat

ing of the adjacent fuel pins. However, no definite conclusions can be 

drawn at this point in view of the above-mentioned differences between 

the experiments and the actual reactor conditions. Also as regards the 

possibility of failure propagation through mechanical loading of adja

cent pins due to pressure-pulse generation, no definite conclusions are 

possible at this point, amongst others because of the lack of data 



regarding the mechanical properties of cladding material at end-of-life 

conditions. Analysis in this latter area is also continuing. 

Pressure distribution in the coolant plenum during coolant expul

sion. The possibility of initiating fuel failure propagation by fis

sion-gas release depends to a large extent on the resulting flow 

transient. Consequently, it is important to account properly for the 

inertial effects of the coolant present in the inlet and exit plenums 

during an expulsion process due to rapid gas release. An analytical 

study of the effects of the presence of the plenum has application in 

the coolant-expulsion process due to sudden vaporization of superheated 

coolant in the reactor fuel assembly. 

When describing thermal and hydraulic transients in reactor coolant 

channels of fixed cross-sectional area, it often is adequate to use a 

one-dimensional formulation of the laws of conservation of mass, momen

tum and energy. When there are sudden and large changes in cross-sec

tional area of the coolant channel, such as at the exit plenum, the 

accelerated fluid at the location of area transition assumes a "jet" 

action in almost "stationary" fluid; this results In the exchange of the 

momentum between the incoming fluid and stationary fluid. As a conse

quence of the large transition in cross-sectional area at the inlet to 

the plenum, the resulting flow in the plenum can no longer be considered 

to be one-dimensional; a one-dimensional formulation of the conservation 

laws to describe the flow in the plenum Is not suitable. In some appli

cations, such as coolant expulsion due to rapid fission-gas release or 

due to the sudden vaporization of superheated coolant in the reactor 

fuel assembly, the transient times of the event are very short and the 

expulsion process is inertia dominated,-' Consequently it is proper to 

include the inertial contribution of the fluid in the plenim to the 
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expulsion process. Thus an Investigation was made to determine the 

significance of the above-mentioned inertial effects. 

Assuming the flow in the plenum to be incompressible, Irrotational, 

inviscid,and axisyiranetric, the governing equations2 are: 

Euler's equation, 

nf^f^-^if (1) 

and Laplace's equation in cylindrical coordinates (see Fig. 42) 

3r2 "" '"^ 3z2 
(2) 

where i))(r.z.t) is the velocity potential related to the velocity vector 

q(r.z,t) through the relation q = V<)). P(r,z,t) is the axisytranetric pres

sure at a point, p is the density of the fluid, g is the gravitational 

constant, r and z are coordinates of a point as shown in Fig. 42, and t 

is the time. The boundary conditions for Eq, 2 are 

(̂) ^ 

(11) 3z 
= u(r,t) 

z=0 

= U (t) for r < b 
o 

= 0 for r > b 

(̂ ^̂ ) I ! 



Fig. 42. 
Description of the Coordinate System. 

u„(t) 

where a is the radius of the plenum, b is the radius of the inlet sec

tion, and U (t) is the Influx velocity at the plenum inlet at any time t, 

^ o 

The choice of boundary conditions (1) and (il) is fairly obvious, and 

the boundary condition (111) Implies that at large enough heights, H, 

the flow is essentially a parallel flow. 

To determine the pressure distribution in the plenum as a function 

of time and space from Eq, 1, we must first solve Eq. 2 with boundary 

conditions (1), (11), and (ill). The solution^ to Eq, 2 is 

2U b 
Kr,z,t) = U_(t) 

n a2 J2(a 

•a z 
n 

(a a) 
n o n 

J (a r) . (3) 
o n 

In the above solution of Eq. 2, the first term represents a uniform 

flow; quite clearly, at large enough values of z, the second term becomes 

vanishingly small and the flow essentially becomes a uniform flow. 



Integrating Eq, 1 between z = z to z = H and subsequently substi

tuting for (fi and q(=V(ti) from Eq. 3, we obtain 
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where P is the pressure at the top of the plenum. In the above expres

sion, the second term represents the inertial contribution to the pres

sure in the plenum and the third term is the kinetic-energy equivalent 

of the pressure in the plenum. The pressure distribution as given by 

Eq. 4 when averaged over the inlet flow area at z - 0 becomes 

P^^(0,t) = pgH + 
I b2 A / a3j2(a a)J ' ^ ' \ ° a2/ 
^ n = l n n n 

| p ( ^ u ^ y ''̂ ""'̂  U b ) . j2(„ b) 
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X [ J ( a b ) J ( a b ) - J ( a b ) J (a b ) ] 
i m p " 0 ™ 1 n 

«h2 , ^ •!?(« b) 1 + 8b_ u2 'e^ _^L^^ U 
a"* 0Z-ta2j2(„ 3)J 
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where a is a positive root of the equation 

J, (a a) = 0 . 

The above average pressure is now in the proper form to be utilized 

as the plenum boundary condition for a rapid coolant expulsion process; an 

example of its application can be found in Ref. 1. In this application, 

if one were to consider that the flow in the plenum is one-dimensional, 

the pressure boundary condition at z = 0 is obtained by integrating a 

one-dimensional equivalent of Eq. 1 between the limits z = 0 to z = H 

and including in the resulting expression the pressure loss due to 

sudden expansion; the result is 

''ID(° '')=Pan - f U2 + pg„ 
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where K is the pressure loss coefficient for sudden expansion given by 

the relation 

a2 

Introducing the above expression into Eq. 6, we obtain after some alge

braic simplifications 

To bring out a comparison between the pressure boundary condition given 

by Eqs. 5 and that given by above expression, we next proceed to give 

an illustrative example. 

The temporal distributions of velocity and acceleration in the in

let section to be used in the computation of pressures from Eqs. 4, 5, 

and 7 are shown in Fig. 43. Figure 44 shows axisymmetric pressure dis

tribution as a function of radius of the plenum at z = 0 and at various 

time intervals. Typical behavior of these curves can easily be under

stood if we consider first the time interval, say at t = 0.0015 sec. 

where the maximiom of acceleration occurs (see Fig. 43); then, with refer

ence to Eq. 4, we can easily see that accelerating fluid in the "jet" 

makes a positive contribution to the plenum pressure. Next, let us 

consider the time interval between t = 0.02 and 0.03 sec; we find that in 
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Fig. 44. 
Axisymmetric Two-dimensional 
Pressure Distribution in the 
Plenum at z = 0. 
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this time interval acceleration is the least but fluid in the "jet" 

achieves a considerable velocity. Once again with reference to Eq. 4. 

we find that increased kinetic energy of the fluid in the "jet" has a 

negative contribution to the pressure distribution in the plenum; in ad

dition, we can state that, as r becomes greater than the radius of the 

inlet section, the fluid is relatively "stationary" and we notice a 

rapid recovery of the pressure. 
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A comparison between pressure as given by Eq. 5 and that given by 

Eq. 7 is shown in Fig. 45. This plot is indicative of a quantitative 

difference between the two pressure distributions in a typical 

coolant-expulsion process. 

Fig. 46. 
'• Comparison of the Spatially 

Averaged (over the inlet section) 
Pressure with the One-dimensional 
Pressure Distribution. 
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Design and fabrication of a small sodium test loop, A small sodium 

test loop was designed and fabricated to permit study of the fluid-flow 

and heat-transfer problems associated with possible fuel failure propa

gation, making use of electrically heated test sections. In addition, 

this loop will be used for the sodium experiments planned in ANL's 

Coolant Dynamics program which require a high degree of similitude 

with actual reactor geometries. 

The principal components of the main loop consist of a dump tank, 

an electromagnetic pump, a test section and a heat exchanger (see Fig. 

46). The loop's main piping is 1-in. Schedule-40, Type-304 stainless 

steel. The piping system is welded except for the test section, which 

is installed with Conoseal couplings to permit ready replacement. A 

linear velocity of 20 ft/sec in the main piping results in a flow in the 
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Fig. 46. Small Sodium Test Loop. 

test section of 29,8 gpm, or 204 Ib/mln at an inlet temperature of 800°F. 

The power connectors to the heaters are installed at the bottom of the 

test section to provide maximum sodium cooling to the connection zone. 

At a power input of about 15 kW/ft, the total heat input to the 

test section will be about 10^ Btu/hr. Using 0.3 Btu/lb-°F as the heat 

capacity of the sodium, the temperature rise in the sodium will be 275°F 

and the outlet temperature will be about 1075°F. The outlet sodium flows 

to the heat exchanger through a small gas-disengaging section. This sec

tion is designed to remove from the sodium any entrained gas that subse

quently might accumulate in the heat exchanger and obstruct the sodium 

flow. (It is intended that small quantities of gas will be Injected 

into the test section to simulate fission-gas release from a failed fuel 

element.) The air-cooled heat exchanger is designed to remove 10^ 
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Btu/hr from 204 Ib/min of sodium that enters at 1075°F and leaves at 

775°F. (There is a temperature rise of about 25°F in the electromag

netic pump before the recycled sodium enters the test section.) The 

coolant air enters at about 80°F, flows parallel to the tubes, and dis

charges at about 350°F. Using 0.25 Btu/lb-°F as the heat capacity of 

air leads to a coolant air flow requirement of 246 Ib/min or '̂ '3200 

ft^/min at the inlet end. 

The heat exchanger contains 24 horizontal tubes arranged in six 

parallel sets with four tubes in each set. The tubes are connected to 

manifolds at the inlet and outlet and each set contains three 180° re

turn bends. Since the direction of sodium flow in the tubes reverses 

at each 180° bend, the sodium and coolant air do not follow a true 

countercurrent flow pattern. At the air outlet end, the AT ranges from 

a maximum of i'725°F to a minimum of '̂ '425°F, and at the air inlet end the 

AT ranges from a maximum of '>.'920°F to a minimum of '̂ 770°F, An average 

AT of 700°F was used for heat-transfer calculations. The 24 tubes are 

l-in.-OD X 0.143-in.-wall Type-304 seamless stainless steel. Each 

tube has 20 longitudinal fins, 6 ft long, 1/2 in. high, and 0.035 in. 

thick. Overall fin efficiency was estimated to be 50%, giving an ef

fective heat-transfer surface of 1 ft^/ft of tube length. The tubes 

are arranged in a rectangular array on 3 x 3-in. centers (with a slight 

pitch toward the outlet end to facilitate draining). To increase the 

air velocity around the finned tubes, 15 dummy tubes, of 1.75-in. OD, 

are positioned in the void spaces between the finned tubes. The net 

free air flow area is 1.23 ft^, resulting in air velocity of 43 ft/sec 

at the inlet end. Under these conditions, an overall heat-transfer 

coefficient of 10 Btu/hr-ft2-°F can reasonably be expected. The 



heat-transfer surface required is: A = Q/HAT = 10^/(10 x 700) = 143 

ft2. The 24 finned tubes, each 6-ft long, provide the equivalent of 144 

ft2 of surface. If necessary. Increased heat-removal capability can be 

obtained by increasing the air-blower output. Coolant air is supplied 

to the heat exchanger by a centrifugal fan equipped with a 7.5-hp motor. 

It can deliver up to 4000 cfm against 4-in.-of-water static pressure. A 

motorized damper in the air duct to the heat-exchanger plenum will be 

controlled by the temperature of the sodium leaving the heat exchanger 

and will regulate the air flow. 

The main loop was designed with large-radius bends to achieve a 

low pressure drop, which was calculated to be 12.5 psi at rated flow. 

The pressure drop through the heat exchanger was calculated to be about 

3 psi. 

The loop is at present provided with an electromagnetic pump rated 

29 gal at 27-psl pressure drop so that 11.5 psi remains available for 

the pressure drop in the test section. The present ptomp is suitable 

for checking the performance of the loop, but provision is being made 

in the loop piping layout for later installation of larger pumps. 

Sodium flowrate through the main loop will be measured by magnetic flow

meters. 

A combination dump and charging tank, having a capacity of 25 gal, 

is Installed at the lowest point of the loop. The total sodium holdup 

in the entire loop system is about 15 gal. Approximately 20 gal of 

sodium will normally be charged to the tank to provide an excess heel 

in which impurities can settle out from the sodium. The tank is 

equipped with high- and low-level probes and a well for subsequent use 

of an induction-type level probe. The dump valve is a manually operated 



145 

1-in. IPS bellows-seal globe valve. The loop is normally operated with 

this valve open, the Na being held by a freeze plug that is electrically 

operated. A small surge tank of about 1-gal capacity is installed at 

the highest point in the system. This tank is equipped with a high-

level probe. In addition, both the dump tank and the surge tank are 

connected to an argon blanket system. To prevent plugging of the argon 

lines with condensed sodium, connections to the tanks are made through 

sodium vapor traps. 

The secondary loop system contains a sodium cold trap and plugging 

valve. The pipe lines are 3/8-in. IPS Schedule 40 and the valves are 

3/8-in. IPS manually operated bellows-seal globe valves. The cold trap 

is 24-in. high and 6 in. in diameter with a holdup capacity of about 3 

gal. A 4-in,-dia tube is located concentrically within the 6-in.-dla-

tube, providing an outer annulus through which the hot sodium flows 

downward and an inner tube through which the cold sodium flows upward. 

The two concentric zones thus provide for heat exchange between the in

let and outlet sodium. The outer tube is surrounded by a spiral air 

duct through which coolant air is blown from bottom to top. The cold 

trap is designed to operate at a flowrate of 0.5 gal/mln of sodium 

entering at 800°F and leaving at 650°F. A minimum sodium temperature 

of about 250°F is expected to be reached at the bottom of the trap when 

approximately 60 cfm of coolant air is flowing through the air duct. 

Both the annular sodium flow zone and the 4-in.-dia inner tube are 

packed with stainless-steel wool for collection of precipitated oxide. 

The parallel section of the secondary loop contains the plugging 

valve. The plugging valve itself is a modified globe valve in which 

small slots were machined in the valve-stem adapter to provide a set of 



fine orifices for collecting precipitated oxide. The system has an air-

cooled finned-tube heat exchanger for precooling the sodium stream and 

an E-M flowmeter for detecting the change in sodium flowrate at plugging 

temperature. 

The secondary-loop system does not have its own pump. Sodium flow 

through the secondary loop will be established by the pressure differ

ential in the primary sodium loop across the points of connection of the 

two loops. Valves are provided in the secondary loop so that, in addi

tion to measuring the plugging temperature of the sodium in the main 

loop, it will be possible to test the quality of the sodium passing 

through the cold trap. 

The entire loop system and tanks (except for the heat exchanger) 

is traced with heaters and covered with pipe Insulation. The individual 

tubes in the heat exchanger are not traced with heaters. Resistance-

heater elements are installed in the air duct in the exchanger and the 

entire air plenum is covered with block Insulation to permit preheating 

the heat exchanger as a unit. 

Design and fabrication of a 19-pin heated test section for use in 

water. The design of this test section was completed and fabrication 

was Initiated. Thermocouples will be installed to measure coolant 

temperatures and wall temperatures at various axial locations. 

As a consequence of FFTF-related commitments, requiring a prelim

inary evaluation of the overall fission-gas release problem by mid FY 

1971, the heated-pin experiment was moved up in priority. Experiments 

on the 19-pln heated test-section are expected to start in September 

1970. Primary emphasis will be on slow gas release. 

Design and fabrication of 91-pin test section. Design of this test 

section was completed and fabrication was initiated. However, in view 
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of the reassignment of priorities as a consequence of FFTF-related com

mitments, the fabrication was temporarily interrupted. It is tenta

tively foreseen that tests using a 91-pln test-section will be initiated 

in late FY 1971 in the Transient Flow Simulation Loop, which is to be used 

jointly with the Coolant Dynamics program. 

Design of externally heated test sections for study of gas-jet 

impingement in sodium. The design of two externally heated test sec

tions for the study of heat-transfer phenomena in the iiranedlate vicinity 

of the impingement area of a gas jet was initiated. Both test sections 

are planned to have only a limited heated area. The first test section 

will have a rectangular cross-sectional flow area; the second test sec

tion will have a convolute cross-sectional area and simulate five 

coolant subchannels with Internal bypass. The experiments with the 

first test section are planned to begin in the second quarter of FY 1971, 

Testing of heaters for simulation of fuel pins in sodium. A num

ber of heaters designed at ANL were tested. Problems were encountered, 

amongst others, with Insufficient cooling of the lead wires. In view 

of the recent successful operation of ORNL-designed heaters, it was 

decided to adopt the ORNL design for future experiments. 

Design of transient flow simulation loop, A preliminary sketch of 

the proposed Transient Flow Simulation Loop is shown in Fig, 47, This 

facility will be designed to provide up to 60 sec full flow through a 

91-pin full-axial-scale subassembly mockup. The facility will consist 

of a supply reservoir, a discharge reservoir, and flow controls for the 

supply reservoir and temperature and pressure controls for both supply 

and discharge reservoirs. Refrigeration equipment will maintain 
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subambient temperatures. A power supply capable of providing up to 100-kW 

DC power to the 91-pin section will be available. Existing instrumentation 

for this facility includes a magnetic-tape data-acquisition system compatible 

with the computer facilities of the FEFP Sodium Loop, This facility will 

be used jointly for the out-of-pile fuel element failure propagation 

studies with nonmetallic fluids as well as for the flow-transient expulsion 

and reentry studies and the local blockage studies. 

Attention is being given to using Freon as a coolant. The primary 

reason for this is the fact that Freon has a low specific heat, resulting 

in small requirements for the power supply (in fact, the power supply, to 

be used for the 19-pin heated test section in water, suffices for the 91-pin 

heated test section in Freon). and thus in a small probability for 
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destruction of the test section through burnout. Joint use of the 

Transient Flow Simulation Loop and the 91-pin test section with the Coolant 

Dynamics program results in better utilization of the equipment involved, 

as well as in substantial savings to both programs. 

In-pile Studies 

(J. Tessier) 

Scope. This work includes in-pile experiments using a recircu-

lating-sodium package loop simulating an LMFBR environment. It is con

templated: (1) to perform the experiments in an operating thermal test 

reactor. (2) to test initially a maximum of 19 pins simultaneously. 

(3) to employ primarily UO2 and mixed-oxide fuels and a sodium coolant, 

and (4) to test initially elements typical of the Fast Test Reactor 

(FTR) design. 

The initial in-pile tests are to establish limits for failure 

propagation and provide data in support of FFTF. These and subsequent 

tests will provide data for developing analytical models, obtain engi

neering data on the failure propagation of specific designs, find 

thresholds of propagation under normal reactor power or mild accident 

conditions, determine the "margin of safety" for continued operation 

with one or several failed elements, and study the rate and extent of 

failure propagation. 

When the preliminary tests are finished, more sophisticated tests 

can begin. The goal of these tests is to develop data for predictive 

models of failure propagation that will determine analytically the pos

sibility and consequences of fuel-element failures in a reactor. 

Ideally, any subassembly design would be described by this model; ini

tially, however, the analysis will be limited to specific fuels, 

claddings, and reactor operating parameters of a particular design. 



An important part of this task is the design, development, fabri

cation, and operation of both the package loops and the sample test 

trains. Idaho Nuclear Corp. (INC), under an ANL subcontract, is respon

sible for engineering design, component testing, and operation of the 

package loops. 

In-pile experiments using recirculating-sodium package loops are 

planned to be performed in a steady-state thermal reactor, possibly the 

ETR. Normal and near-normal LMFBR operating conditions will be inte

grally simulated and a well-characterized initiating fuel-element fail

ure will be Induced. Initial tests, with variations in experimental 

parameters, will be performed on oxide-fueled stainless-steel-clad fuel 

elements typical of the FTR design. Engineering data from these tests 

will be used to help develop a predictive mathematical description of 

fuel-element failure propagation and fuel failure propagation. These 

data: (1) determine the likelihood of fuel-element failure propagation 

and fuel failure propagation, (2) determine "thresholds for propagation" 

under normal and near-noirmal operating conditions, and (3) determine the 

margin of safety of continued operation with one or several failed 

elements. 

Design description of FEFPL, The Fuel Element Failure Propagation 

Loop (FEFPL) Is being designed to conduct experiments that lead to fuel-

element failure and interaction of fuel and coolant. It is envisioned 

that FEFPL will be operated In the Engineering Test Reactor (ETR) and 

occupy grid position J-13, a 6 x 6-in. core position, with G-7 as the 

backup position. Figure 48 illustrates the FEFPL inserted in the ETR. 

A complete description of the loop design, fabrication, stress 

analysis, testing, and applicable codes and standards for design. 
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Fig. 48. FEFP Loop within ETR. ANL Neg. No. 113-2820, Rev. 2. 
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procurement, fabrication, and inspection has been prepared for ANL by the 

Idaho Nuclear Corporation,'' The FEFPL has been designed as a general-

purpose irradiation test vehicle. Usable irradiation volume has been 

maximized within the constraints imposed by size of the ETR irradiation 

locations and the operating envelope (thermal, hydraulic, and containment 

limitations) of the loop, 

FEFP loop basic operating requirements include: (1) accommodate 

the irradiation of up to 19 fast breeder reactor fuel elements, gener

ating up to 20 kW/ft of element length over a 3-ft active section, 

(2) harden thermal-reactor neutron spectrum, consistent with the above 

specific power requirements, (3) operate the facility with liquid sodium 

as the primary coolant with temperatures of 800°F at the inlet and 

1300°F at the outlet, (4) control sodium temperature and flow in the fa

cility, (5) irradiate failed fuel elements and accommodate the effects of 

severe fuel-element ruptures, (6) provide adequate instrumentation for 

loop control and safety functions and for sample information, (7) handle 

previously irradiated fuel pins, (8) provide irradiation time on the order 

of several ETR cycles for each experiment, and (9) remove up to 1.5 MW 

of heat from the loop. Overall length of the loop is 25.75 ft, sodium 

capacity Is 17,8 gal (with 0,9 gal in core section), heat-removal capacity 

is 1.5 MW(th), and flow is 100 gpm at 100 psi. 

If a single containment system were employed for the FEFPL, a fail

ure of the containment from any source would bring the loop sodium cool

ant and the ETR cooling water into direct contact. To ensure protection 

of the ETR, the FEFPL, and the experiment, the FEFPL is doubly contained. 

All sodium is enclosed by the primary containment of the loop, which is 

completely enclosed within a secondary containment. The outer surface 
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of the secondary containment contacts ETR cooling water. A static-gas 

enviromnent is maintained between the primary and secondary containment. 

This gas space is continuously monitored for evidence of containment 

failure. Both primary and secondary containment must be inviolate for 

loop operation to proceed; if failure of either is detected, loop opera

tion must be terminated. Among the major components of the loop are the 

annular linear-induction pump, heat exchanger, and the in-reactor 

containment. 

Flow paths for the sodium and other cooling fluids are shown in 

Fig. 49. Sodium passes downward through the pump from the sodium 

Reservoir 

Tertiary 
Secondory gas „ „ , c„|„„, 
coolont inlet , „ „ ^ 

Pump Hoter 
coolont 

from ETR 

Annular linear 

induction pump 

Test section 

Primary vessel 

To stock 

Fig. 49. System Diagram for Fuel-element Failure-propagation Loop. 



reservoir at the top of the loop and enters the outer annulus of the re

entrant in-pile tube. It then flows downward between the outer surface of 

the flow divider and the inner surface of the primary containment. At the 

bottom of the in-pile tube, after having passed by both inner and outer 

surfaces of the neutron filter, the coolant flow reverses direction. 

Upward-flowing coolant then splits; most of it passes through the test-

element bundle, but a portion is diverted through a bypass path. The by

pass is provided to cool the inner surface of the flow divider, to mod

erate the temperature of the hot sodium leaving the test section, and to 

assure a coolant passage for continued loop operation in the event of 

flow blockage in the test-element bundle. Sodium then enters the heat 

exchanger. Two flow paths through the heat exchanger are possible; one 

is through an annulus between the flow tube and the heat-exchanger center 

tube, and the other is through the 24 heat-exchanger flow tubes. Sodium 

exiting the heat exchanger flows upward into the sodium reservoir and 

returns to the pump. 

Heat Exchanger. Some heat is lost to reactor water at the sur

face of the secondary containment of the FEFPL in-plle tube, but most of 

the heat rejection occurs in the heat exchanger. Heat sources in the 

FEFPL include those due to fission in the fuel elements, gamma absorption 

by loop structural materials, and eddy-current dissipation in pump coolant 

and structural materials. The heat exchanger is designed to dissipate 

"̂ -1,5 MW of heat to the reactor water at loop design operating conditions. 

Sodium will enter the heat exchanger at a maximum temperature of 1300°F 

and exit at approximately 650°F. Maximum flowrate will be 100 gpm at a 

pressure of less than 100 psig. 

The heat exchanger for the FEFPL consists primarily of 24 flow tubes 

and a center tube, primary and secondary tubesheets, and a cooling-water 
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shroud, as illustrated in Fig. 50. Because the heat exchanger is concen

tric with the vertical axis of the loop in-pile tube, the test train must 

pass through the heat exchanger during Its insertion into and removal from 

the loop. This is accomplished by moving the test train within the flow 

divider, A piston-ring seal is provided between the flow divider and the 

Center tube air supply 
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Small-tubes air supply 

Primary tubesheet 

Thermal shield 

Center-tube air supply 

Secondary tubesheet 

Primary tubesheet 

Fig, 50, Heat Exchanger, 



lower portion of the heat exchanger to separate the sodium flowing toward 

the test section from the heated sodium leaving the test section. The 

heated sodium coolant travels upward through the loop into the lower plenum 

chamber of the heat exchanger. The hlgh^temperature sodium coolant is 

distributed through the lower primary tubesheets into a series of 24 indivi

dual primary tubes that are symmetrically located on a diametral circle 

about the axial centerline of the heat exchanger. The flow region between 

the flow divider and the heat-exchanger center tube will be suitably 

orificed such that only a small amount of sodium will flow through it. 

Secondary containment for the heat exchanger consists of tubes that 

surround the individual primary flow tubes and the large center tube. 

Primary tubes provide for containment of sodium inside the flow tubes, 

secondary tubes provide a barrier to water outside the heat exchanger, 

and gas acts as a transfer medium between the primary and secondary con

tainment. Heat is rejected to the reactor water at the outer surface of 

the secondary containment, A controllable gas flowrate will be maintained 

in the 0,1-ln, annulus between primary and secondary containment tubes to 

promote heat transfer. Gas supplied from an external source will enter 

the heat exchanger between the top primary and secondary tubesheets and 

flow downward, exhausting between the lower primary and secondary tube-

sheets. By varying the gas flowrate, the effective overall heat-transfer 

coefficient can be changed sufficiently to allow for design, assembly, 

and operating uncertainties and to provide some degree of loop temperature 

control. Although the flowing gas stream will be heated significantly 

the bulk of the heat will be transferred to the reactor cooling water. 

The gas supply unit for the heat exchanger also serves as the source 

of gas that occupies the volume between the primary and secondary 
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containment in the remainder of the loop. This static gas region is 

separated from the gas-flow region in the heat exchanger by seal rings 

located outside the upper and lower primary tubesheets. Gas enters the 

static Intercontainment volume by leakage past the seal rings prior to loop 

power operation. 

Heat-exchanger gas serves a dual purpose; it acts as a heat-trans

fer medium while flowing and as a thermal barrier when stagnant. This 

latter insulating effect reduces heating requirements to keep the sodium 

molten when the reactor is shut down. Principal FEFPL heat sources during 

reactor down time are electrical heaters and the operating pump. Heating 

capacity greater than 8.5 kW is provided by 24 two-element heaters, one 

located within each primary tube in the heat exchanger. Each element is 

rated at 700 watts, but the heaters are arranged in a three-wire configu

ration and will operate at about 350 watts per element. If failure of 

one element occurs, the heater changes to single-element operation at 

700 watts. Heater power will be supplied from the ETR conraiercial-dlesel 

bus and converted to 100 V D.C. Thermocouple^ located in the heat-ex

changer region will provide operating data to the loop operator. The 

heating capability of 8,5 kW (minimum) complemented by heat generation in 

the pump is sufficient to maintain the sodium in a liquid state without 

any test-section power generation. 

During a reactor scram or rapid power setback, the heat exchanger 

might experience a rate of change in sodium temperature as great as 

500°F/sec, Therefore, thermal shields are provided on the air side of 

both the upper and lower primary tubesheets to moderate thermal shocks. 

Also, the outer surface of the secondary center flow tube is flame-

sprayed with an insulating nickel-aluminum prime coat and a zirconium-

oxide secondary coat. 



^od^ium_pum£. Flow in the FEFP loop will be maintained by an 

annular linear-induction pump (ALIP) that is designed to produce 100 gpm 

flowrate of 800°F sodium at 100 psi differential pressure. This pump 

uses the same basic core, coil, and containment configuration as smaller 

pumps in service in other in-plle experimental programs. Double contain

ment between the loop sodium and the reactor cooling water is provided in 

the pump. As shown in Fig, 51, both the primary and secondary containment 

are within the laminated-stator section of the pump. 

The pump consists of a solid Armco-iron core located within the pri

mary containment, and a laminated stator that contains the pump coils lo

cated outside the secondary containment. Three-phase electrical power 

to the pump coils produces a magnetic field that travels along the pump 

axis. Pumping action is produced by the interaction of the moving 

magnetic field and the resulting eddy currents developed in the sodium. 

A total of 63 colls are utilized in the stator of the pump for the 

FEFPL. The delta-connected stator coils are connected in a series-paral

lel arrangement such that the occurrence of an open circuit in any coil 

will cause only seven coils to go out of service. In this condition, the 

pump would continue to operate, but at reduced flow and efficiency. 

Power to the pump will be supplied from the three-phase 480-volt 

ETR failure-free supply, which is diesel-backed commercial power. About 

48 kW will be required to operate the pump at rated design conditions. 

This power will be distributed approximately as follows; 
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Resistance heating of the windings 
Hysteresis loss in laminations 
Eddy-current heating in outer pipe 
Eddy-current heating in inner pipe 
Resistance heating of sodium 
Core losses (eddy current and hysteresis) 
Hydraulic losses 
Output power 

Total 

8 kH 
1 
4 
3 
14 
12 
1 
5 

48 kW 

Pump mognet -

Pump coil 

Pump core -

Secondary contoinment, 

Pnmory contoinment -

Fig. 51. Annular Linear-induction Pump. 
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The expected pulping efficiency is approximately 10%, and.as can be 

seen from the above data, the pump produces a considerable amount o 

heating. Continued operation of the pump during periods of reactor shut

down or low-power operation will produce heat to supplement the 8.5 kW 

delivered by the resistance-heating units. 

Coil current will be approximately 40 amp at rated design conditions. 

Temperatures will be monitored by thermocouples mounted on four of the 

pump colls; coil temperatures will be maintained less than 500°F by re

actor cooling water flowing at approximately 10 gpm past the outer pump 

housing. 

Sodium flowrate is automatically controlled by varying pump input 

power; control is accomplished by a direct digital control system. Al

though automatic control is the normal mode of operation, manual over

ride is possible. The automatic system is capable of providing precise 

variable-flowrate control when needed, such as during a programmed flow 

transient. Operating characteristics of the pump will be measured in a 

test loop; in particular, the relationships among input power, developed 

head, and flowrate will be determined. 

Design description of FEFP test train, The test train is the de

vice that consists of the fuel-element bundle that will be subjected to 

various modes of fuel failure, and certain instrumentation required for 

data acquisition, protection, and control. The fuel bundle will be 

representative of those used by LMFBRs and FFTF except with a reduced 

number of fuel pins as dictated by space limitations. Instrumentation 

used in the test train consists of pressure transducers, thermocouples, 

and permanent-magnet flowmeters. The total FEFPL Instrumentation system 

is described in detail in the following section. 
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Each test train will be specifically designed as dictated by the 

type of experiment to be conducted. Generally, each experiment will re

quire a new test train. The test trains are designed to be removable 

from the FEFP loop, which allows reuse of the loops, depending on the 

severity of the experiment. At the height of the experimental program, 

it is expected that approximately six test trains will be required per 

year. 

Test-train development is being undertaken at ANL and the early 

test trains will be fabricated and assembled by ANL. The test train is 

being designed with sensors placed at strategic locations, the number of 

sensors being limited by space available for lead connections. Instru

mentation requirements will vary with the various experiments, so the com

plement of instruments in a given test train can vary accordingly. At 

the completion of the initial test-train development, a set of specifica

tions, drawings, descriptions, and manufacturing procedures will be pro

duced based on a reference test train. These documents can be used in 

conjunction with design modifications to produce test trains to meet the 

continuing needs of the FEFP program, 

£eŝ i£n_rê q_ui£emeiit£. The test train is designed to the fol

lowing general requirements: (a) sodium flowrate of 100 gpm, 70 gpm 

through the fuel bundle and 30-gpm bypass flow, (b) temperature of 

sodium into fuel bundle 800°F, leaving 1300°F, (c) design life of two 

ETR cycles, (d) test train to fit in a 2-5/8-in,-ID tube, (e) fuel 

bundle to contain as many as 19 fast breeder reactor fuel elements that 

generate a maximum of 20 kW/ft of element length over 3-ft active section, 

(f) provide instrumentation for measurement of system flowrates, tempera

tures, and pressures, and provide for pressure measurement in fuel-pin 

plenums. 
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the fuel subassembly; 20 are thermocouples and seven are fuel-element-

plenum pressure-transducer leads. These are joined by 17 additional leads 

for a total of 47 sheaths that are sealed at the top closure and stripped 

of the sheaths in the closure plug where three connectors are located. A 

total of 110 leads are connected to the pins of the connectors. The 

FEFPL Instruments will have only electrical connections; no pneumatic 

lines or mechanical devices are permitted. 

The flow path of sodium through the test train can be seen in Fig, 

52, Sodium enters at the bottom through the lower flowmeter, continues 

into the fuel bundle and then to the upper flowmeter. From the upper 

flowmeter, sodium flows out through slots in the test-train extension 

piece and into the FEFP-loop heat exchanger. About 30% of the total 

loop flow will bypass the test train and flow up between the flow divider 

and the outside of the test train. This flow is to cool the neutron fil

ter in the event that a flow blockage occurs in the fuel bundle of the 

test train. 

FEFPL Instrumentation. The instrumentation system is an integrated 

design intimately coupled with the loop and test-train designs. The 

system is designed to provide the greatest possible flexibility within 

the limits of loop and test-train design, consistent with safe opera

tion. The instrumentation system for a test train and loop operating 

in the reactor is made up of three subsystems: the protection system, 

the control system, and the data-acquisition system. 

Figure 53 shows the major components of the Instrumentation system: 

the test train, the loop, the protection system, the process-control 

system, the data-acquisition system, the reactor, a computer, and the 

operator. 
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Fig. S3. 
Instrumentation System. 

The function of the protection system is to provide for the safe 

operation of the loop. The safety requirements determine the outer 

bounds of the set points of the protection circuitry. The experimenter 

is free to operate the loop within these bounds with set points deter

mined by the needs of the experiment. The protection system consists of 

high-speed circuitry that continuously monitors the appropriate sensor 

outputs. Reactor scrams will be generated from a standard two-out-of-

three coincidence system to provide for reliable operation. Component 

failures in a single channel lead to a set condition of that channel. 

The process-control system will control two primary parameters: 

(1) sodium flow through the fuel section of the test train, and (2) so

dium temperature at the inlet to the fuel section. The flow will be 

controlled by regulating the power to the ALIP pump. Inlet temperature 

will be controlled by regulating the air supply to the heat exchanger. 

In the case where insufficient heat is generated by the fuel, heaters 

in the heat exchanger will maintain temperature in the loop. 

The purpose of the data-acquisition system is to record experimen

tal data. It consists of a high-speed analog recording system and a 

digital recording system. 



The computer will be used to supervise data collection, provide dis

play of information to the operator, program the process-control system, 

and do on-line calibration and checking of instrument channels. 

^ens£rs^. Sensors located on the test train and loop, and exter

nal to the reactor, will provide signal inputs corresponding to appropriate 

parameters to the protection, process-control, and data-acquisition systems. 

Figure 54 shows the loop and test train and indicates the locations 

and types of sensors for a typical experiment. The Important areas are the 

test train, the loop, heat exchanger, the pump, and the fuel section. 

Many of the sensors are located on the test train. Table II lists and 

briefly describes the sensors. Three basic parameters will be measured: 

flow, temperature, and pressure. The flow, temperature, and pressure 

sensors are discussed in the following paragraphs, 

A test train will include two permanent-magnet flowmeters that will 

monitor the flow at the Inlet and outlet of the fuel subassembly. The de

sign is a modification of the EBR-II instrumented-subassembly flowmeter 

design. The major mechanical changes are In the end pieces, the width of 

the flow tube, and the outer case. The magnet configuration, signal-lead 

connection, signal cable, and evacuation tube are the same. The character

istics are: sodium flowrate of 70 gpm nominal, range 0,5 to 500 gpm, 

expected accuracy +2 gpm or better, magnet material Alnico-V or Alnico-VIII, 

material in contact with sodium is 316 SS, sensitivity approximately 0,2 

mV/gal/mln at 800°F, inlet-flowmeter operating temperature 800°F, and 

outlet-flowmeter operating temperature 1300°F maximum. 

Temperatures throughout the test train will be measured using Chromel 

(P)-Alumel thermocouples. The thermocouple is designed with an extension 

wire that extends beyond the hot junction. This allows the thermocouple to 
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Fig. S4. 
Loop and Test-train Sensors. 
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be used as a spacer wire within the fuel subassembly. The thermocouple 

characteristics are: junction is ISA-type grounded or insulated, accuracy 

has special limits of error of +3/8%, sheath and extension-wire material is 

316 SS, and the insulation is alumina. 

Four thermocouples will be located at the inlet to the fuel subassem

bly. These will be used to control inlet temperature. Four thermocouples 

will be located in the outlet sodium stream above the fuel subassembly. 

These thermocouples will be used to determine temperature profiles within 



TABLE II. Test-Train Sensors 

Sensor 

FM-1-1 
FM-2-1 

PT-1-1 
PT-1-2 

no Description 

No. of 
signal 
wires Sheaths 

Sheath 
dla. In. 

PT-2-1 

PT-3-1 

PT-3-2 

PT-4-1 

TE-1-1 
TE-1-2 
TE-1-3 
TE-1-4 

TE-2-1 
TE-2-2 
TE-2-3 
TE-2-4 

PT-5-1 
PT-5-2 
PT-5-3 
PT-5-4 
PT-5-5 
PT-5-6 
PT-5-7 

Permanent-magnet flowmeter for Inlet sodium flow 
Permanent-iiiap,nct flowineter Cor outlet sodium flow 
(Ranges 0-100 gpoi, 0-500 gpm) 

Strain-gage pressure transducer, fast response 
(30 Msec), inlet; range: 0-1500 psi. Located in inlet 
transition piece above inlet flowmeter (FM-1-1) Max
imum size: cylinder 1/2 in. dia, 3/4 in, length. 

Eddy-current pressure transducer, inlet; range: 0-200 psi. 
Maximum size: cylinder 1/2 in. dia, 3/4 in. length. 

Same as PT-1-1 and 2, except located in outlet transition 
piece below outlet flowmeter (FM-2-1). 
Same as PT-3-1, except range 0-5000 psi. 

Same as PT-2-1, except located in outlet transition piece 
below outlet flowmeter (FM-2-1). 

Thermocouples to monitor bulk sodium temperature as it 
enters fuel bundle. (Range O-ISOOT). 

Thermocouples to monitor bulk sodium temperature as it 
exits fuel bundle. (Range O-ISOO^F). 

Eddy-current pressure transducers for fuel-pin plenum; 
range: 0-1500 psi. 

0.125 
0.125 

0.062 
0.062 

i. 

4 

3 

2 
2 
2 
2 

2 
2 
2 
2 

3 
3 
3 
3 
3 
3 
3 

2 

2 

1 

1 
1 
1 
1 

1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 

0.062 

0.062 

0.062 

0.056 
0.056 
0.056 
0.056 

0.056 
0.056 
0.056 
0.056 

0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 

PT-6-1 

TE-3-1 

TE-3-2 

Strain-gage pressure transducer, fast response (30 usee), 3 
located in middle of fuel bundle. Measures radial pressure 
pulses. Maximum size; cylinder 1/2 in. dla, 1/2 in. 
length. Range; 0-1000 psi. 

Same as PT-6-1 except range 0-200 psi. 3 

Thermocouples distributed throughout fuel bundle to monitor 2 
temperature profiles within Che fuel bundle (range: 
O-ISOO^F). 

0.062 

0.056 

TE-1-2 
TE-A-3 

Thermocouples located on test train near the top plug, 
(Range: O-ISOOT). 

Lead-wire and sheath breakdown 

2 flowmeters 
26 thermocouples 
9 eddy-current pressure transducers 
4 strain-gage pressure transducers 
2 strain-gage pressure transducers PT-6-1, 

PT-7-1 

Ground pin 
Spares 
TOTAL 

2 

2 

2 
2 

110 

4 
52 
27 
16 
6 

1 

1 

1 
1 

47 

2 
26 
9 
e 
2 

0.056 

0.056 

0.065 
0.056 

0.125 
0.056 
0.062 
0.062 
0.062 
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the fuel subassembly. In this region the thermocouple is used as a spacer 

wire within the fuel-pin bundle. The extension wire allows the hot junc

tion to be located anywhere along the length of a fuel pin. Three 

additional thermocouples will monitor temperatures near the top plug. 

A set of 15 pressure sensors will be mounted on the test train. 

The range, size, location and type are given in Table II. Seven fuel-

pin-plenum pressure sensors will monitor fission-gas pressure in the 

fuel-pin plenum. The pressure transient during a gas release will be 

measured. 

Two sets of three pressure transducers will be mounted at the In

let and three at the outlet of the fuel subassembly. Two of these at 

each location will be fast-response pressure transducers for measuring 

pressure pulses generated within the fuel subassembly. The third at each 

location will be a slower-response sensor for measuring steady-state 

operating pressure at the inlet and outlet. 

Two fast-response pressure sensors will be mounted through the sub

assembly wall for measuring radial pressure pulses in the fuel 

subassembly. 

Some of the pressure-sensor characteristics are: strain-gage and 

eddy-current types, fast-response rise time is less than 30 ysec, slow-

response rise time is less than 10 ysec, maximum operating temperature 

is 1300°F, accuracy is ± 5% of full scale, fast-response ranges up to 

10,000 psi full scale, slow-response range is 200 psi full scale, and 

case materials are compatible with the sodium environment. 

All test-train signal cables will be brought to the top and the 

sheaths will be brazed at a bulkhead above the sodium level. The 

sheaths will be terminated above the bulkhead. Signal lead wires will 



be prepared and joined to insulated lead wire and run to two 55-pin 

connectors. 

The sensor list indicates a representative set of sensors that 

could be included in a typical FEFP experiment. Different types of sen

sors may be included. The basic limitations on a single sensor are size 

and environment. The total number of sensors is limited by the total 

number of sheaths that can be accommodated (approximately 50) and the 

total number of lead wires than can be handled (110). 

Trade-offs between certain types of sensors can be made to fit the 

needs of a given experiment. Table II gives a breakdown of 2 flowmeters, 

26 thermocouples, 9 eddy-current pressure sensors, and 6 strain-gage 

pressure sensors. 

Loop sensors are those sensors physically attached to the loop. 

Table III lists these sensors. Thermocouples are located on the heat-

exchanger tubes to provide secondary control for matching temperatures of 

heat-exchanger tubes. These have the same design as the test-train 

thermocouples. 

Two sets of sodium leak detectors are mounted on the loop. The 

sodium leak detectors are eddy-current devices that detect the presence 

of liquid sodium. 

One set of these sensors (eddy-current) will detect the presence of 

liquid sodium on the inside of the outer containment shell. The mea

surement will indicate a leak from the primary containment tube to the 

annulus between the primary and secondary containment. 

The other set will detect the presence of liquid sodium in the 

plenum (secondary) side of the heat-exchanger inlet. The measurement 

will indicate a leak in the primary containment. A gamma-compensated 



TABLE III. FEFPL Loop Containment Sensors 

Function 

Protec- Fast Digital 
Sensor no. tion data data Description 

TE-6-1 
TE-6-2 

TE-6-N 

NaE-3 

X 
X 

X 

jg~3_2 ^ - ^ Thermocouples located on alternate heaters in heat exchanger. 

TE-5-3 X X 
TE-5-4 X X 
TE-5-5 X X 
TE-5-6 X X 
TE-5-7 X X 
TE-5-8 X X 
TE-5-9 X X 
TE-5-10 X X 
TE-5-11 X X 
TE-5-12 X X , 

NaE-1-1 X X T^^se sensors (eddy-current) detect the presence of liquid Na 
A X on the inside of the outer containment shell 

NaE-1-3 

NaE-2-1 X X 
NaE-2-2 X X 
NaE-2-3 X X 

DN-1-1 X X 

The measurement will indicate a leak from the primary contain
ment tube to the annulus between the primary and secondary 
containment. 

These sensors (eddy-current) detect the presence of liquid Na 
in the plenum (secondary) side of the heat-exchanger inlet. 
The measurement will indicate a leak in the primary contain
ment. 

X Fission-product detector located at inlet to ALIP pump. 

X Thermocouples to monitor ALIP pump. 
X Stator temperatures. 

X 

These sensors (eddy-current) detect the sodium level when 
charging the loop. 



BFj counter system will be located at the inlet to the ALIP pump to detect 

delayed neutrons from fission products in the sodium stream. Thermocouples 

will measure pump stator temperatures. 

Standard commercially available sensors will be used for the functions 

described in Table IV. Pump flow designated as FM-3-1 will be calculated 

from parameters determined from pump performance tests on the test stand. 

This will give a measure of total sodium flow, which can be correlated with 

flow readings from the test-train flowmeters. 

£r£t£C^ion_sxs^em. The protective instrumentation monitors speci

fic experiment parameters and will initiate a corrective action if the 

specified limits are exceeded. Design of each protective channel will be 

in conformance with RDT C16-1T, "Supplementary Criteria and Requirements 

for Reactor Plant Protection Systems." Because of the limited number of 

sensors that can be located in the loop due to space and access restric

tions, the sensors must provide a multifunctional signal. The signal from 

a single sensor will provide information to the data-acquisition, control, 

and protective channels. Independence of the protective channel, however, 

will be maintained from the signal-conditioner output to the protective 

signal or trip. Isolation amplifiers will be designed or procured with the 

capability of preventing any failure or malfunction in the control of data-

acquisition channels from affecting the protective-channel function. Cer

tain protective channels will utilize logic elements to initiate an action 

when a prescribed combination of protective trips occurs. Other channels 

will initiate a protective action on occurrence of a single trip. Redun

dant channels are provided for each protective function. A means will be 

provided for testing, monitoring, and servicing a protective channel 

without compromising the protective action from the redundant channel. 



TABLE IV. FEFPL Sensors External to the ETR 

Function 

Protec- Fast Digital 
Sensor no. tion data data Description 

FM-3-1 

AP-1-1 X X 
AP-1-2 X X 
AP-1-3 X X 

AF-1-1 X X 
AF-1-2 X X 
AF-1-3 

Flow signal derived for ALIP pump electrical power 
(voltage, current, phase). The measurement will be used 
to Implement sodium flow control. Pump power continuity 
signals will be used for protection. 

Heat-exchanger air-supply pressure monitor. 

Heat-exchanger air-supply flow monitor. 

~ ^ ^ Sodium-pump cooling-water pressure monitor. 
WP-1-2 X X 
WP-1-3 X X 

W^~l~l X X Sodium-pump cooling-water flow monitor. 
WF-1-2 X X 
WF-1-3 

'̂̂"•'•"-'̂  X X Sodium-pump cooling-water temperature monitor. 
WT-1-2 X X 
WT-1-3 X X 



Control system. Control of the loop sodium flow is required to 

achieve specific loop operating requirements, such as sample differential 

temperature, sample flowrate, or loop flowrate. To obtain the desired flow 

condition, the ALIP's output is controlled by varying the input potential 

to the pump. The control function will be accomplished either manually 

or automatically by a direct digital control (DDC) system. Manual control 

is the normal control mode, and manual override of the automatic control 

mode is possible. Automatic control is used whenever precise variable 

control of the flow is required; i.e., a programmable flow transient. 

The pump is supplied 480-volt, 3-phase, electrical power from the ETR 

commercial diesel bus. A 3-phase variable autotransformer or induction 

voltage regulator will be used to control the pump input power. Control 

will be accomplished by varying the voltage regulator output with a motor 

controller, which can be controlled either manually from the control 

station or directly by the computer. The controller will be capable of 

varying the pump input power over the range of 0-60 kW required to 

change the flow from 0 to 100%. Initial response requirements of the 

control system will be based on obtaining changes in flowrate that will 

approach the loop sodium flow-coastdown curve. Actual loop flow-coast

down characteristics will be measured during prototype-loop operation 

and will provide the basis for finalizing the control-system design. 

Control signals and information required for controlling the sodium 

flow will be derived from loop and sample conditions monitored by the 

computer. The computer will be programmed to process data from speci

fied loop parameters on a time-shared basis, and will provide control 

Information to the operator and the automatic control system. Loop flow 

will be based on the test-sample differential temperature, sample sodium 



175 

flow, or loop sodium flow requirements. The sample differential tem

perature and the sample sodium flow will be determined directly from the 

sensor signals. The gross sodium flow will be calculated by the computer 

from sodium temperature, pump input power, and derived constants. 

Adequate instrumentation to provide for protection of the reactor 

and the loop will be included in the pump control circuit. The pump 

will continue to run under all conditions of loop abnormalities, such 

as fission-gas release to the sodium, pressure transients, and loss of 

reactor power. However, if a primary-tube rupture occurs, the pump will 

be automatically stopped and the reactor shut down. This protective 

action is initiated by two-out-of-three logic circuits that monitor the 

three heat-exchanger and the three lower secondary sodium leak detectors. 

A reactor shutdown will also be initiated on loss of pump power by 

undervoltage and underfrequency relays. To prevent possible damage to 

the pump and a pressure shock to the loop, switches will be Installed 

on the voltage regulator to prevent starting the pump unless the output 

voltage is near zero. Thermocouples located on four selected pump wind

ings provide the operator with information for adjusting the cooling 

water. Loss of cooling water will be monitored by a pressure switch 

and a pump-winding overtemperature alarm. A manual emergency on-off 

pushbutton station will be located in the loop control area for 

initiating a reactor shutdown and pump stoppage if the need should occur. 

The loop heat exchanger removes the fission and gamma heat gene

rated in the loop and provides the means for controlling the loop sodium 

temperature. Heat generated in the loop is primarily due to the test 

fuel elements, and will vary due to fuel content, number of fuel pins, 

and reactor power. Reactor-core flux variation as a function of fuel-

cycle time is also a source of sample heat variation. Removal of this 



heat requires changing the heat-exchanger heat-transfer rate over a wide 

range. Control is accomplished by regulating the gas flow through the 

heat-exchanger annulus, which changes the overall heat-transfer coef

ficient from the sodium flowing through the heat exchanger to the reac

tor primary coolant. In addition to controlling the sample inlet tem

perature, the differential temperature between the heat-exchanger tubes 

must be controlled between set limits to prevent excessive heat-exchanger 

stresses. 

Gas at 275 psi and up to 6 lb/sec can be supplied to the heat ex

changer from existing facilities at the TRA. The flow of this gas 

through the heat exchanger will be controlled by two air-operated con

trol valves. Thermocouples monitor the sample-inlet sodium temperature 

and the differential temperature between the inner and outer heat-ex

changer tubes. The derived signals are fed to the computer, which is 

programmed to process them and provide information to the operator and 

the automatic control system. Automatic control will be provided for 

by interface instrumentation between the computer and the control valve, 

so that the required temperature control will be accomplished through 

direct, DDC, adjustment of the control valves by the computer. The in

let temperature to the sample will be controlled by adjustment of the 

bulk gas flow. Control of the tube differential temperature between the 

required limits will require regulating the flow split between the inner 

tube and outer tubes. Manual control will be accomplished by overriding 

the automatic system and manually adjusting the signal to the digital 

controller for each valve. 

A postulated air flowrate of 0-5 lb/sec is required to control the 

heat exchanger over the range of loop heat-removal requirements. The 
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actual gas flow required will be determined from test data obtained from 

the heat-transfer tests being performed and heat-exchanger operation in 

the prototype loop. The control-system final-design performance and 

response will be established by analog-computer studies of a control-

system model. 

Instrumentation for protection of the reactor and loop will be provid

ed for in the heat-exchanger air control system. A loss of air flow or 

pressure will actuate protection relays that are tied into the reactor 

safety circuit. Loss of heat from the heat exchanger will be minimized 

whenever the reactor is shut down by actuation of a fast-action valve to 

shut off the air flow. 

D^at^a_a^qiii^i^ion. A 14-track continuous-loop analog tape record

er will be used to record high-frequency signals from the test-train trans

ducers. These signals will include the flowmeters, pressure transducers, 

and some thermocouple outputs. This loop will provide an approximately 

25-sec delay to enable a logic system that monitors the fast signals to 

decide whether an interesting event has octurred and bring a second (not 

continuous loop) analog recorder up to speed and transfer and information 

to it. This second recorder will be capable of storing approximately 1/2 

hr of the fast-signal outputs. Provision will be made for slower signals 

from signal converters to be used as inputs to the logic system, which also 

will accept digital signals from the computer or reactor scram circuits to 

initiate fast-signal recording. 

A digital recording system will be used to record data from the 

signal-transmitter current loops. This system will have a number of 

modes of data collection. The digital system includes input filter net

works, a 56-channel low-level (50-mV input) solid-state multiplexer. 



programmable amplifier, high-level multiplexer, an analog-to-digital 

converter, and a PDP-15-20 computer. The computer is an 18-bit word 

machine with 8K word core with an 800-nanosec cycle time. Peripherals 

include: KSR-35 teletype, 2 DEC tape transports and control unit, 

high-speed papertape reader/punch, extended arithmetic-element for high

speed arithmetic operations and register manipulation, magnetic-disk 

storage, cathode-ray-tube display, and high-speed (800 bpi ,75 ips) 9-

track digital tape recorder. 

There will be two basic digital modes of operation. The first (low-

speed digital) will read every multiplexer input once a second, and make 

this data available for display on the CRT. Average values will be cal

culated and recorded on the DEC tape units every 10 min. These rates 

are subject to computer and operator control. The second mode (high

speed digital) will be Initiated when the analog recording system is 

started in the permanent record mode. In this mode, the computer will 

initiate a complete span of the multiplexer inputs every 10 msec. This 

data will be recorded on the high-speed digital tape recorder. This 

will provide approximately 1/2 hr of digital recording time, which 

matches the high-speed analog recorder permanent-record length. 

FEFPL-ETR interface study. An Investigation was made to show the 

physical and operational interfaces between the FEFPL experiment and the 

ETR and between the FEFPL experiment and other in-tank experiments. The 

results obtained serve as a reference to the probable effects of the 

FEFPL experiment on the operation of the ETR. The study was designed to 

investigate all aspects of installation, operation, and removal of the 

FEFPL facility in the ETR regarding ETR operation and the effects to 

other experimenters. 
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The ETR is designed to accommodate large experiments and provide a 

high thermal- and epithermal-neutron flux. It is located at the National 

Reactor Testing Station, Idaho, and operated by Idaho Nuclear Corp. The 

FEFPL is a packaged system designed to circulate sodium to experimental 

in-pile test trains and to remove up to 1.5 MW of generated heat. The 

test trains are designed to develop information on fuel-failure propagation 

in fast breeder reactors. 

The entire sequence of operation of the FEFPL loop is either of two 

ETR reactor positions has been evaluated, including initial installation, 

startup, normal and abnormal operation, and removal. Included in the 

evaluation were the effects of: safety (regarding personnel, the ETR, 

and the experiment), scheduled reactor downtime, interference with 

operation of other facilities, flux perturbations, and equipment and 

shielding requirements. This required that the study include estimates 

for: reactor work schedules, reactor outfitting, conceptual design of 

special handling equipment, and use of and modifications to existing 

reactor equipment. All the foregoing aspects were treated in an appropriate 

manner, thereby yielding a set of critical interface parameters that 

must be met to assure a safe and efficient life during its occupancy 

in the ETR facility. 

A delineation was made of all processes, procedures, requirements, 

and interface needs of the FEFPL and the ETR during the entire residence 

period of the experiment, including initial installation and removal. 

Two positions in the ETR suited for FEFPL, J-13 and G-7, were investi

gated. Results indicate that both positions are usable; however, they 

differ substantially in initial installation time and requirements, 

equipment needs, flexibility in regard to ease of reactor refueling. 



shutdown operations associated with neighboring experiments, and ease of 

removal of the test train and loop. The main conclusions are: 

Safety. Reactor safety with respect to handling operations 

is not compromised by the FEFPL. 

Flux perturbations. Small flux perturbations that could 

be caused by the FEFPL can be balanced by core loading adjustments. 

Position selection. The FEFPL can be operated successfully 

in either the J-13 (6 x 6) position or in the G-7 (6 x 9) position of 

the ETR core. 

In the J-13 position: (a) no changes are required to existing in-

pile tubes, (b) approximately 70 man-hours of in-tank work will be re

quired to reposition existing lead experiments, experiment support 

clamps, and other equipment, (c) FEFPL must be removed from the reactor 

before removal of Naval Reactor (NR) experiments if temporary shielding 

is used to reduce reactor downtime, and (d) minor modifications to FEFPL 

design will eliminate any possible physical interference between FEFPL 

and J-10 or L-12 experiments. 

In the G-7 position: (a) redesign and installation of in-pile tube 

supports for H-10 and J-10 in-pile tubes are required to eliminate inter

ference; H-10 cooling lines and other experiment lead-out tubes must be 

relocated; approximately 300 man-hours are required to modify the equip

ment, (b) Remote Positioning Mechanism (RPM) cans cannot be used with 

H-10 or J-10 experiments; there is insufficient clearance to accommodate 

the cans; in the past, the RPM cans were not used every cycle, (c) use 

of the G-7 position allows more flexibility for in-tank work, including 

refueling, after FEFPL loading than does operation in J-13, and (d) all 

but three NR loop experiments (C-7, F-10, H-10) can be removed prior to 
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removal of FEFPL; temporary shielding, required for FEFPL, will prohibit 

removal of experiments from those three positions. 

Installation and removal. Satisfactory procedures are 

available for installation and removal of FEFPL. FEFPL experiments utiliz

ing either unirradiated or preirradiated fuel can be inserted in the ETR 

with normal procedures and normal time expenditures. Reactor downtime 

required to insert FEFPL is 23 hr. With proper planning, this work can 

be accomplished with no major effect on reactor schedule. Reactor down

time required to remove the FEFPL is estimated to be 19 hr. This work 

can be accomplished by extending the normal shutdown schedule up to 23 

hr. High radiation levels from the loop might cause postponement of 

in-tank work, causing normal downtime to be increased by three days. 

Startup. The FEFPL will require stepwise approach to full 

power. Existing ETR Standard Operation Procedures startup power levels 

might be satisfactory. 

Normal operation. FEFPL is expected to cause fewer power 

reductions during reactor operation than caused by existing loops because 

of the coincident-circuitry design used for protection circuits. Mid-

cycle shutdowns requested by other experimenters should not detrimentally 

affect FEFPL operation. It is preferable to eliminate midcycle shutdown 

if temporary removal of FEFPL would be required. 

Abnormal operation. High radiation levels from potential 

FEFPL experiments might delay removal of the ETR top dome for several 

days after shutdown. Abnormal operation causing reactor scram and FEFPL 

removal will have no physical effect on ETR. There will be a time delay 

prior to reactor startup. 



Special equipment. Special insertion, handling, and re-

j J 1,111 ir for use with FEFPL. 
moval tools and equipment must be designed and ouiii. 

Temporary shielding will be required to reduce radiation at 

tions during reactor shutdown. The shielding will weight 

and 18,700 lb, depending on loop radiation level and loop position in 

the reactor core. This amount of temporary shielding is require 

in the reactor tank must be performed immediately after shutdown. If wor 

in the tank can be delayed, the shielding weight can be reduced. 

Plans for initial test sequence. A proposed set of reference in-

pile experiments for the Fuel Element Failure Propagation (FEFP) program 

has been planned. This set is representative of the first series of 

experiments that are to be run in the FEFP Loops (FEFPL). The refer

ence experiments serve three general purposes: (1) to act as a starting 

point for the development of an experimental plan in support of FFTF, 

(2) to provide a basis for the design of test loops, and (3) to establish 

a plan consistent with the philosophy of the FEFPL safety study. 

A preliminary plan for the first series of tests is to be developed 

by the end of calendar 1970. This plan is being* developed in collabora

tion" with Hanford Engineering Development Laboratory (HEDL) so that the 

tests will directly support the FFTF Project. 

The reference experiments are based on a draft proposal that was 

presented to RDT in February 1970, during the review of the FEFP Program 

held in Washington. It is expected that the experiments will be revised 

considerably before they are conducted. However, the philosophy of ex

perimentation is expected to remain constant in spite of possible 

changes in experimental order, types of fuel elements used, methods of 

initiating failure, and severity of test conditions. 
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The philosophy adopted is that the design of each experiment builds 

on the knowledge gained from the totality of preceding tests. Also, re

sults of experiments made in other facilities, such as the TREAT tests 

with the Mark-II loops and static autoclaves, tests in GETR with cap

sules and the GE Loopsul, and possibly tests being planned for PBF, will 

provide the additional experience necessary to conduct later, more se

vere tests. Hence the first series of experiments are planned to be 

conservative with respect to risk; they will not approach the design-

requirement conditions for the loop. These conditions will only be ap

proached in succeeding experiments when the necessary knowledge is 

gained that allows more accurate estimation of the results expected in 

each test. 

The design basis, conforming to this approach, is to construct the 

FEFPL as strong as is practical, consistent with the ETR environment, 

cost, and the basic performance requirements for the testing of fuels in 

an LMFBR-like environment. Total capability limits of the loop are then 

defined and each experiment is planned such that these limits bound the 

possible test results. If certain experiments require higher perform

ance limits, modifications to the loop to increase its capabilities will 

be made. In describing the test conditions and anticipated results, an 

objective estimate of all quantities involved was made. No attempt was 

made to bias results by either a worst- or best-case analysis. Where 

accurate computations could not be made due to present lack of techno

logical basis, estimates have been made; thus some of the quantities 

presented here are subject to change as more complete analyses and 

refined calculations are made. 
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have the following general characteristics: experiments PA simulate the 

effects of gas release from fuel elements due to cladding failure, ex

periments PB simulate the effects of release of small amounts of molten 

fuel from within fuel elements, and experiments PC simulate the condi

tions of loss of coolant flow and the effects of large and complete coolant-

flow blockages. These experiments are described further below and in 

Table V. 

PA. Fuel Element Propagation Series - Tests PA-1, PA-2, 

and PA-3, in which defected central fuel elements will be intentionally 

failed during operation. 

PB. Rate of Propagation Series - Tests PB-1 and PB-2, in 

which several pellets of overenriched fuel in the central fuel element 

will be melted when the system is brought to full power. Tests PB-3 and 

PB-4, in which a partial assembly blockage, equivalent to two coolant 

channels, will be caused, and Test PB-5, in which several coolant 

channels will be blocked. 

PC. Fuel Failure Propagation Series - Tests PC-1 and PC-2 

in which two loss-of-flow simulations will be made, one simulating a 

pump coastdown, and the other a pipe rupture, and PC-3, the last and 

most severe test, in which total blockage of coolant flow through a bundle 

of seven fuel elements will be caused. 

Schedule. Examination of the schedule information of Table V 

shows that an appropriate sequence of testing is planned; i.e., milder 

tests are performed first, followed by step-by-step accomplishment of 

the more severe tests. 

ETR runs on a cycle of approximately 6 weeks. Ideally, a new 

experiment would be inserted for each cycle. However, the nature of the 



TABLE V. Summary 

Test series 
and key 
uncertainties 

Checkout 

Proper operation 

„f FEFPL Reference Exper: 
iments 

Steady-state operation 

and instrument 

performance. 

P-CK 

Fuel-element Failure Propagation 
Effects of gas release. Gas-release test-

moderate leakrate. 
Pressurlzed-pin cladding 
rupture & rapid leakrate. 
Continued operation with 
defected cladding. 

Behavior of released 
solid fuel. 
Behavior of sodium-
logged pins. 

Rate of Propagation 
Behavior of small amounts 
of molten fuel. 

Maximum rate of flow 
reduction due to 
propagating blockage. 

PA-1 

PA-2* 

PA-3* 

2 

5 

6 

PB-1 Melting of 20 pellets in 
central pin with rapid 

shutdown. 
Melting of central pin 
with continued operation. 
Blockage (2 channels) with 
scram on adverse flow. 
Blockage (2 channels) with 
later scram based on results 

of PB-3. 
Blockage (5 channels) with PB-5 
scram on adverse flow. 

PB-2* 

PB-3 

PB-4* 

11 

Failure propagation 
Actual work-energy 
release from FCI and 
capability to contain. 
Characterization of Na 
expulsion and potential 
reentry processes. 
Ability of assembly 
cans to resist 
meltthrough. 

Loss of flow—simulated PC-1 
pump coastdown with 
scram on failure. 
Loss of flow—simulated PC-2* 
pipe rupture with 
delayed scram. 
Total blockage of PC-3* 
simulated assembly 
(one out of three). 

10 

12 

*Preirradiated fuel. 
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reference experiments requires that they be staggered so as to allow 

time to analyze their results before performing the next of the same 

type. That is, the design of each successive experiment depends on the 

success of the preceding experiments. This is particularly true with 

respect to the initiating mechanism used, instrument data obtained, and 

the ability to analyze the data. To allow adequate time between the' 

sequentially planned experiments, a tentative rate of five experiments 

per year is assumed. 

Loap_usa^e. It is fully expected that several FEFP loops will 

be required to complete the experiments. Each loop will be used until 

either an experiment is performed that renders it unfit for further ser

vice or succeeding experiments require significant loop modification. 

Improvements in the initial loop design will be made to meet design re

quirements for each series of tests. This is necessary because it is 

impractical to design a loop (test trains must be designed specifically 

for each test) that will allow the necessary simulation of the LMFBR 

environment for the various test series. Also, the current state of 

the art does not allow a reasonably accurate assessment of the contain

ment necessary for the more severe tests. The possible need for changes 

in loop design was a major factor in the selection of a package-loop 

concept rather than a through-loop concept. 

Operational tests will be performed outside the reactor to assure 

that each loop functions properly before its insertion in the core. The 

determination of the total number of loops required for each series, and 

possibilities for repeated use of a loop, require thorough planning of 

the entire experimental program. 



• ns are intended to 
Test^assewbl^ desi-sa. Test-assembly desig 
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provide the best practicable simulation of conditions 

•.., rhP constraints imposed by 
sembly for each experiment, consistent witn tne 

loop design and flux source. They are 

to the following 

particularly influenced by the 

anticipated relative sensitivity of the experiments 

(1) primary tempera-
factors, arranged in order of decreasing importance. 

tures, (2) coolant hydrodynamics, and (3) fuel-element properties. 

Thus, the proposed test-assembly designs reflect the assignment of high

est priority to simulation of fuel temperatures (coolant inlet tempera

tures and average mass flowrates are relatively easy to control), next 

highest priority to simulation of coolant hydraulics, and final priority 

to simulation of the state of fuel elements as affected by their history 

in a reactor environment. 

Major limitations on experiment design imposed by the Fuel Element 

Failure Propagation Loop on geometry (cross-sectional area and length 

of the test section), heat-removal capacity, and pumping capability. 

Among the basic design requirements of the FEFP Loop are: (1) to accom

modate the irradiation of up to 19 fast breeder reactor fuel elements, 

generating up to 20 kW/ft of element length over a 3-ft active length, 

(2) to operate with liquid sodium coolant at inlet and outlet tempera

tures of 800 and 1300°F, respectively, and (3) to remove up to 1.5 MW 

of heat from the loop. 

With certain restrictions on the sample train, the loop can accom

modate up to 37 FFTF fuel elements, but the linear power ratings of the 

test elements would be limited by heat-exchanger capacity. 

The pump in the FEFP Loop is designed to circulate 100 gpm of 800°F 

sodium at a delivery head of 100 psi. 
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Some of the FFTF fuel-element design and operating conditions are 

shown in Table VI. These data indicate that the FEFP Loop can properly 

duplicate the temperature and coolant mass flow per fuel element in FFTF. 

Although irradiation of FFTF fuel elements in the ETR will require 

significant flux-spectrum and fuel-enrichment adjustments, the Fuel Ele

ment Failure Propagation Loop, when installed in the J-13 location of 

the ETR core, should adequately simulate the FFTF fuel operating conditions 

for the proposed fuel-element failure propagation experiments. 

The experimental program requires the use of different test-section 

configurations. Because the proposed tests in the initial series are 

concerned primarily with failure propagation from element to element and 
I 

from subassembly to subassembly, it is desirable to use the largest num

ber of elements possible within the range of obtainable power density 

and power distribution needed for an authentic FFTF-type experiment. 

It is expected that the defected-element gas-release experiments 

and the molten-fuel-release experiments will employ test sections using 

a pin-centered geometry similar to that shown in Fig. 55. The 19-ele

ment hexagonal can or the 19-element scalloped cylindrical shroud con

figuration with a defective center element is the most desirable 

configuration for these series of tests. 

Blocked—coolant-channel experiments will probably be conducted in 

coolant-channel-centered test sections of the type shown in Fig. 56. 

The 12-element test section would be most attractive for these tests, 

but initial investigations on failure phenomenon might be best tested 

in the 6-element configuration. 

Subassembly-to-subassembly fuel failure propagation experiments in 

the 2.625-in.-ID FEFP test region are difficult to mockup. Figure 57 



TABLE VI. FFTF Fuel-element Design and Operating Conditions 

Fuel Composition, w/o (Pu02 - UO2) Inner core 

Outer core 

Cladding material 

Fuel-element OD, In. 

Cladding thickness, in. 

Fuel smeared density, X of T,D, 

Element lattice geometry 

Element pitch, in. 

Active fuel length, in. 

Reflector length (above and below fuel), in. 

Gas-plenum length, in. 

Elements per fuel subassembly 

Subassembly wall thickness, in. 

Subassembly across-flats dimension, in. 

Average linear power, kW/ft 

Peak linear power, kW/ft 

Maximum coolant velocity, ft/sec 

Bulk coolant inlet temp,°F Initial: 

Design max; 

Bulk coolant outlet temp,"'F Initial: 

Design max: 

Subassembly pressure drop, psi 

Average target burnup, MWd/kg 

Power distribution, peak to average 

Radial 

Axial 

Overpower 

zone: 
zone: 

18-82 
26-74 

316SS 

0.230 

0.015 

85.5 

Triangular 

0.286 

36 

6 

41 

217 

0.120 

4.615 

7.16 

12.43 

25 

600 
850 

850 
1050 

'\'100 

45 

1.40 

1.24 

1,15 



191 

Single element 

Fig, 55. 
Ty-piaal Element-centered FEFPL Test 
Sections, 

Scolloped 
cylindrical shrouds 

Hexagonal 
shrouds 

Fig. 56, 
Typical Channel-centered FEFPL Test Sections 
(partial-flow-blockage experiments), 3 elements 

6 elements 

12 elements 
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( 9 - 5 - 5 ) 

shows a 19-element section that appears to be the most likely configuration 

to be used. The 0.120-ln.-thick FFTF fuel-subassembly shroud mockup has 

been reduced to about half the thickness to achieve comparable rigidity of 

structure (i.e., comparable pressure-deflection behavior as the 217-pin 

assembly shroud). The thinner section represents a 50% reduction in heat 

sink, but it is anticipated that the pressure component of the failure 

mechanism might be controlling. Therefore, for these Initial tests, pres

sure considerations were given first priority in the design of the test 

section. 

Figure 58 shows two other alternate section designs, but the larger 

number of elements might introduce a serious flux-depression problem. How

ever, it is anticipated that varying enrichments will compensate for the 

element-to-element power disparity and that the resultant severe flux skew

ing in the individual elements can be kept to a tolerable value for the 

purpose of this experiment. 

Po£tM£e£iment_examinaU£n. The postexperiment examination de

pends on how many fuel elements have failed and how badly they have failed 

during an experiment. Two extreme cases are examined: (1) mild fuel-

element failure where the fuel elements are still intact, can be separated, 

and no fuel has been dispersed, and (2) severe fuel-element failure with 
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27 •Itmtnti 
(ia-9) 

Fig. SB. 
Multiple-assembly FEFPL 
Test Sections (subassembly-
to-subassembly failure 
propagation, future experi
ments). 

&)^DO( 

% . 

29 • I tmanlt 

( 1 3 - 8 - e ) 

the fuel elements melted together through the shroud and binding inside the 

flow divider. The actual condition of the test sections will fall somewhere 

in between. 

In all cases, the disassembly and examination procedure depends on the 

condition of the test train and loop. Procedures and choices will have to 

be made as one disassembles. 

The examination of the loop is summarized in Table VII and of the test 

train is summarized in Table VIII. 



I. Mild fuel-element failure (no UOj dispersed outside test 

A. Visual examination of loop 

B. Sample and analyze cover gas and sodium 

II. Violent failure of fuel 

A. Same procedure as I 

B. Activity of loop (gamma scan or autoradiograph) 

C. Photographic record made during disassembly of loop and 

test-train removal 

D. Recover fuel from sodium (dispersed in loop) 

1. Visual examination and photographs 

2. Weight 

3. Particles size 

III. Loop data for feedback into design 

A. Visual examination (in particular, neutron filter and 
primary containment) 

B. Full destructive examination if deformations observed 

Macroscopic examinations and tests will be made on samples at HFEF. 

Specific samples will be prepared at HFEF for more detailed microscopic 

examinations. These tests requiring sophisticated equipment will be made 

at the Argonne, Illinois site. 

Analytical Studies 

(E. W. Barts) 

lco£e. The analytical studies encompass two general primary areas of 

work: (1) support of the in-pile program, including design, performance 

and safety analyses related to the FEFPL and its subsystems, and (2) the 

development of predictive mathematical models of fuel-element failure 

propagation based on results obtained from out-of-pile and In-pile 
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TABLE VIII. Postexperiment Examination of FEFP Test Train 

I. Mild fuel-element failure (test-assembly fuel elements do not 
have to be cut apart) 

A. Visually inspect and photograph 

B. Disassemble, visually examine, and low-magnification photo
graph (high-magnification photograph of suspicious-looking 
places, including failure points) 

C. Inspect and record dimensions and weights 

D. Gamma scan 

E. Neutron radiograph 

F. Analyze fuel-element plenum gas (mass spectrograph) 

G. Selectively cut up and visually inspect fuel and cladding 

H. Macroscopic examinations,including some metallography 

I. Select, prepare,and ship to Argonne, Illinois samples for 
more detailed examinations 

II. Violent failure of fuel (gamma scan and neutron radiograph) 

A. Visually inspect and photograph 

B. Cut open flow divider and carefully dissect, watching out 
for damage, taking low-magnification photographs (high-mag
nification when necessary) 

C. Macroscopic examinations.including some metallography 

D. Select, prepare, and ship to Argonne, Illinois samples 
for more detailed examinations 

III. Instrument and test-train data for feedback into design 

A. Visual examination for possible reuse 

B, Destructive examination for design improvement 



^ujufv Is to provide contm-
experiments. A consequent ancillary responsibility 

critical information 
uous guidance to the experimental programs so that criL 

needs are satisfied. 

The ultimate goal of this activity is the successful accomplishment 

of (2) above, viz., the characterization of phenomena that occur, 

subsequent to fuel-element failures of various types and degrees of se

verity, suitable for incorporation in LMFBR accident-analysis codes. 

These mathematical models depend strongly on the results of in-plle and 

out-of-pile tests, from which empirical relationships are being formu

lated. To the extent practical, the models are divided into manageable 

analytical units. Thus, they will consider separately: (1) how a fuel 

element spontaneously falls, (2) the effects of fuel-element failure or 

motion on the coolant, and (3) the determination of thresholds for fuel-

element failure from external loads. 

Because of the anticipated complexity of physical phenomena accom

panying fuel-element failure propagation, a definitive description of 

the analytical program for the determination of predictive models cannot 

be written at the present time. Actual models will depend strongly on 

the results of in-plle and out-cf-plle tests. Empirical relationships 

based on the tests will probably be preferred over mathematical solu

tions derived from basic physical principles. To enhance the chances 

of success by this approach requires well-designed aid in planning and 

designing the experiments. The experimental results will be correlated 

and specific analytical models developed. It is expected that these 

models will suggest future experiments and Indicate the critical 

parameters to be measured. 
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Test fuel-pin performance and neutron-filter requirements. The 

Initial analysis was based on LMFBR-type fuel that was positioned in an 

assembly designed as part of a loop that would allow the liquid-metal 

coolant to remain Isolated from the materials that normally comprise any 

thermal reactor. A cross section of the system designed for the calcu

lations is shown in Fig. 59. A similar test section would be used for a 

7-element test. The transformation of the model to aid the initial 

calculations is shown in Fig. go. The transformation replaced the 

hexagonal packing of fuel elements with the more tractable geometry of 

the concentric cylinders. Based on this model and using transport 

theory, the relation between the neutron-energy spectra to be found in 

representative fast reactors and In a filtered neutron-energy spectrum 

as exists in a thermal reactor was analyzed. 

The data are presented in Fig. 61 to show the effective energy of 

the neutrons in FFTF, a typical LMFBR, and in a high-flux thermal reactor. 

////// /.' // >////-
ETR oater 

Inert gos 

Sodium downflow 

Sodium upflcM 

Flow divider 

Thermo! - neutron f i l ter 

Pnmory vessel 

Secondary vessel 

Woter flowtube 

Hexagonal can 

Fig. 59. In-core Test-train and Loop Cross Section. 

Test fuel elements 
and spacer aires 
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Fig. 61. 
Energy Dependence of Neutron 
Flux. 
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The results of the initial series of calculations showed that it 

would be possible to duplicate the design power of 20 kW/ft of fuel 

(y3 kW/cm^ UO2)using a thermal-reactor driver, and that the power in the 

different rows could be adjusted to compensate for self-shielding effects 

by varying enrichments of fuel. However, if the flux incident on the 

filter is spectrally representative of a water-moderated fully enriched 

system, then magnitude of the thermal flux incident on the filter must 

be equal to or greater than 10̂ "* neutrons/cm^-sec. After the feasi

bility was demonstrated by the initial calculations, additional analyses 

were performed to scope the required enrichments for a constant power 

generation per fuel element and to determine the Influence of the type 

of filter on the operation of the experiment. These results are shown 

in Tables IX and X and in Figs. 62-66. The calculational technique used 

in obtaining these results was the 16-energy-group SNARG-ID code.^ 

This is a transport-theory code developed by ANL for one-dimensional 

calculations. 

The effects of filter material and thickness were examined with the 

results shown in Figs. 67-69. 

The analytical results were of sufficent interest to suggest that 

a set of experiments be performed in the Argonne Thermal Source Reactor 

(ATSR), a water-moderated plate-type-fuel reactor using fully enriched 

uranium. This reactor, available at ANL, is reasonably representative 

of virtually all the high-flux-test-type reactors currenty available. 

The fuel available was not of the FFTF dimensions, so calculations 

were performed to determine the neutron distributions in the test as

sembly described in Fig. 70. The volume available for the experiment, 

the availability of materials, and scheduling dictated that the experiment 

be only a 19-element assembly and that the fuel enrichment be a 



7 19 and 37 UO2 
TABLE IX. Power Density* In Assemblies Containing , 

Fuel Elements; 35-mll Cadmium Filter 

Center fuel Ring of 6 fuel 
element elements 

Rine of 12 fuel R^g of 18 fuel 
Ring 01 LA elements 

elements 

Enrich
ment, 

% 

93 

93 

93 

70 

70 

70 

50 

50 

50 

30 

30 

30 

Power 
density, 

W/cm3 UO2 

4117 

3175 

2641 

3099 

2390 

1988 

2213 

1707 

1420 

1328 

1024 

852 

Enrich
ment, 

% 

93 

93 

93 

70 

70 

70 

50 

50 

50 

30 

30 

30 

Power 
density, 

W/cm^ UO2 

4886 

3520 

2817 

3678 

2649 

2120 

2626 

1892 

1515 

1576 

1135 

909 

Enrich
ment, 

% 

93 

93 

70 

70 

50 

50 

30 

30 

- • 

Power 
density, 

W/cm^ UO2 

4495 

3256 

3383 

2451 

2417 

1751 

1450 

1050 

Enrich
ment 

% 

93 

70 

50 

30 

Power 
density, 

W/cm^ UO2 

4172 

3140 

2243 

1346 

Power density was computed for the midpoint of 91.44-cm-long fuel elements 
with the assemblies so positioned in a reactor that the incident thermal-
neutron flux is 10-''*/cm2-sec. 



TABLE X. Power Gradients in Fuel Elements 

Case No.: 
No. of fuel elcnc 
Filter macerlal: 
Filter thi.cl(nes5, 

Fuel element In; 
Enrlctinient: 
W/cm' of UOj: 

Radii, cm 

0.2740 

0.2055 

0.1370 

0.0685 

0 

0.0685 

0.1370 

0.2055 

0.2740 

ints; 

, mils: 

Center 
50 
2420 

1.081 

1.039 

1.017 

1.004 

1.000 

1.004 

1.017 

• 1.039 

1.081 

I 
7 

Cadmium 
35 

Ring of 6 
44 
24 72 

1.000 

1.001 

1.006 

1.023 

1.036 

1.000 

1.091 

1.138 

1.179 

Center 
30 
1547 

1.070 

1.034 

1.015 

1.003 

1.000 

1.003 

1.015 

1.034 

1.070 

ZI 
7 

Cadmium 
35 

RIns of 6 
26 
1537 

1.000 

1.002 

1.005 

1.020 

1.031 

1.050 

1.080 

1.112 

1.159 

C 

Center 
93 
2290 

Power-

1.043 

1.021 

1.009 

1.002 

1.000 

1.002 

1.009 

1.021 

1.043 

III 
7 

admli 
96 
nn 

RinR of 6 
93 
2370 

-density ratio 

1.000 

1.001 

1.002 

1.005 

1.012 

1.024 

1.037 

1.055 

1.078 

Center 
93 
4421 

1.085 

1.040 

1.018 

1.005 

1.000 

1.005 

1.018 

1.040 

1.085 

IV 
u 

None 

Ring of 6 
93 
5147 

1.000 

1.002 

1.010 

1.025 

1.049 

1.072 

1.121 

1.165 

1.262 

Ring of 12 
93 

11360 

1.000 

1.020 

1.093 

1.150 

1.297 

1.500 

1.666 

2,350 

3.465 

Center 
93 
3159 

1.065 

1.032 

1.014 

• 1.004 

1.000 

1.004 

1.014 

1.032 

1.065 

V 
M 

Cadmium 
35 

Ring of 6 
93 
3511 

1.000 

1.001 

1.002 

1.012 

1.023 

1.040 

1.065 

1.098 

1.131 

Ring of 12 
93 
4336 

1.000 

1.010 

1.022 

1.043 

1.067 

1.102 

1.138 

1.187 

1.237 
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Fig. 63. Effect of Quantity of Steel in Test Section. 
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£ 1.5 

Fig. 64. 
Effect of Neutron-filter 
Mean Radius. 
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Fig. 65. 
Heat Generation vs Enrichment 
for a 19-fuel-element Assembly 
in a Thermal Reactor with 10^^ 
n/drrp--sec Incident on the Neutron 
Filter. 

selection from 50, 60, or 75%-enriched UO2 pellets. The enrichments 

were estimated from the results presented in Tables IX and X. 

ATSR experiment description and results. The experiments were de

signed to determine the relative power generation for each element in 

the 19-element bundle and to examine the detailed power generation within 

each fuel element. 
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Fig. 67. 
Effect of Filter Thickness on 
Power Density. All seven fuel 
elements are of 93%-enriched 
UO2; filter is Region 5. 
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As is shown in Fig. 70, the ATSR irradiation test section is com

posed of 19 tubes. These contain UO2 pellets positioned in a hexagonal 

array in a matrix of Grade-lIOO aluminum. A sketch of an element com

prising the test section is seen in Fig. 71. Surrounding the aluminum 

matrix is the filter composed of either metallic cadmium or a high-boron 

compound. In this case, the boron filter was a boron-loaded resin coating 
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Fig. 68. 
Power Gradient on the Dia
meter of Fuel. The average 
power density in all fuel 
elements is 2.6 kW/cm^; the 
diameter of all fuel ele
ments is 0.548 am. 

Element Diameters 

Fig. 69. 
Fission Distribution inside 
Fuel Elements. A 15-mil 
boron filter is used in the 
design. 
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of reoctor 

Fig. 70. ATSR Experiment Cross Section. 



Fig. n. . . ^,.„iaal Test Fuel Element. 
Location of Foil mside Typical, 

Spring 

Foil location 

with boron density that gave a 13-mil-equivalent filter or a BgSi filter 

entrained in a steel mesh. 

The UO2 fuel pellets, fabricated at ANL, were 0.25 in. in diameter 

and 0.5 in. long and were normally enriched to 50, 60, and 75% ^^^U. These 

high enrichments are to allow adequate power generation in the filtered 

neutron flux and to maintain a constant power generation in each element. 

The nominal density of the sintered oxide was 94% of theoretical and the 

enrichments, achieved by blending 93%-enriched UO2 with normal UO2, were 

approximately the values quoted above. 

The detectors, which were positioned between the UO2 pellets, were 

either 0,002-in.-thick foils of fully enriched uranium or were 0.003-in.-

thick Lexan foils similarly positioned in the test assembly. 
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After the foils were positioned in the test assembly, it was placed 

at the center of the void tube in the ATSR, The void tube, shown in Fig. 

72, contains a 2-in.-dia dry tube in which the assembly is exposed to 

neutrons when the reactor is operating. For these tests, a power of 5 to 

10 watts was found adequate. 

Groptiite reflector 

^ Safety rods 
Fig. 72. 
ATSR Loading. The numbers 4, 5, 8, and 10 
indicate the number of fuel elements in the 
box; G indicates graphite plug. 

The power-distribution experiments using the uranium foils included 

three different thermal-neutron filters: one of 40-mil cadmium, one of 

nexaboron silicide (BgSi), and one composed of amorphous boron is a poly

merizing resin vehicle. The effective thicknesses of the boron filters 

were approximately 15 mils each. However, thp BgSl was entrained on a 

stainless-steel mesh that decreased the filter density, as can be seen In 

the neutron radiograph in Fig, 73. 

The different irradiations performed inside the cadmium filter were 

first with uniform enrichment of 50% ^^^U in all the pellets, then with a 

distributed loading in which the enrichments approximated those required 

for a constant power distribution in the assembly: 50% enrichment in the 

outer 12 elements, 60% in the intermediate 6 elements, and with the central 

element enriched to 75%. Finally, the experiment was performed with alumi

num pellets replacing the fuel to determine the neutron distribution in the 

absence of the absorbing fuel. 



'ii'trln Radiograph of B,Si Neutron 
Filter. 

After the foils were positioned in the cadmium-clad assembly, the 

test assembly was positioned in the ATSR, then exposed to approximately 

1 watt-hour of reactor power. After removal, the foils were placed on 

planchettes, then loaded Into the automated counting equipment and 

repetitively counted. 

The counting was done on a 2x2 NaI(TI)-crystal spectrometer biased 

to reject all events below 550 keV. The output from the preamp was 

split between two channels of amplifier and analyzer so that the major 

problems in electronics could be recognized and to compare the data-

acquisition systems. The times and the counts were stored until there 

were a sufficient number cf counts to determine statistics and decay 

times, then the data were typed onto IBM cards. The counting data, in

cluding foil weights and gross decay times, were analyzed using standard 

ANL computer programsS with the results in Table XI. The results have 
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Enrichment, % 

A - B - C 

Relative power density 

C(face) C(corners) 

With cadmium filter 

0-0-0 

50-50-50 

75-60-50 

75-60-50 

1.008 
+0.017 

1.000 
+0.006 

1.000 
+0.003 

1.000 
+0.002 

1.024 
+0.006 

1.066 
+0.010 

0.876 
+0.006 

0.881 
+0.006 

1.000 
+0.007 

1.269 
+0.049 

0.891 
+0.029 

0.092 
+0.032 

1.002 
+0.005 

1.240 
+0.029 

0.865 
+0.010 

0.872 
+0,005 

0,998 
+0,010 

1.307 
+0.033 

0.918 
+0.008 

0.931 
+0.013 

With hexaboron-silicide filter 

50-50-50 

75-60-50 

1.000 
+0.001 

1.000 
-10,005 

1,236 
+0.017 

0.992 
-H).017 

2.150 
+0.168 

1.524 
+0.137 

2.008 
+0.082 

1.405 
-H).059 

2.292 
+0.086 

1.645 
+0.061 

With boron-loaded resin filter 

75-60-50 1.000 
0.002 

1.061 
+0.127 

1.298 
+0.247 

1.293 
+0.271 

1.315 
0.258 

been normalized to unity for the central element to display the power 

distribution in a conventional fashion. 

Similar experiments were performed using the two boron-loaded 

filters. The foils were irradiated, counted, and analyzed in a manner 

similar to that discussed for the cadmium-clad test assembly. These 

results are also shown in Table XI. 

An examination of the data from irradiations inside the BgSi filter 

shows a much higher relative value for the power generation in the outer 



r. The rapid change is attributed to 
ring than for the other measurements, ine v 

f 1 Since the thermal 
the leakage of thermal neutrons into the fast ue . 

neutrons have such short mean free paths, the outer elements capture the 

bulk of the thermal neutrons, resulting in the observed augmented 

fission rate. 

The detailed fission distribution within the fuel elements was 

determined by examining the density of fission-product tracks in Lexan 

foils.5-H Each Lexan foil, 0.003-ln, thick, was sandwiched between 

two enrlched-uranlum foils, each of which was 0.002-in. thick, then 

positioned between the fuel pellets composing an element. 

After the test assembly was loaded, it was positioned in the cen

tral void and Irradiated in the ATSR. After removal, the Lexan was 

washed in alcohol, etched with NaOH, then washed with dilute NH3. A 

photomicrograph of an etched foil is shown in Fig, 74. The track den

sity of from 4 to 6 x lO^/cm^ corresponds to an irradiation of 

approximately 1000 watt-sec in the ATSR, 

Counting the tracks was too laborious, so the counting was auto

mated by using a mlcrophotometer coupled to a digital voltmeter and a 

printer. It was determined that an approximately linear relationship 

existed between 0,3 and 0,8% optically dense as shown in Fig. 75. A 

track density on the order of 5 x 10° tracks per unit area was used so 

as to have enough clumping to eliminate diffraction effects from the 

individual tracks. 

The mlcrophotometer was a Jarrell Ash Model 23-050, The adjustable 

slit was positioned to scan an area 0,05 mm by 1 mm with a scanning rate 

of 25 mm/mln. The statistical deviation for an Integrating time of 1 

sec is then 0.83%, The output from the digital voltmeter was printed 
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IJryy' Fig. 74 
Typical Etched Fission-particle 
Tracks in Lexan. 

« . y 

out on paper tape and the results were manually reduced for an average 

value at each of 37 points in the element. 

1.0 
Fig. 75. 
Optical Density vs Number of 
Tracks. 



The fission distribution was calculated for a similar geometry using 

the SNARG-2D Code, The stacked cylinders were transformed into equivalent 

square cylinders to solve the problem, then the results were transformed 

back to the cylindrical geometry. 

Comparisons between the analytical and experimental results are 

displayed in Figs, 76-79. It Is seen that there is a maximum differ

ence at a few points of as much as 10%, with an average difference 

between the analysis and the measurement of less than 5%. 

Fig. 76. 
Power Generation across Fuel-
element lA. Calculated values are 
above points; measured values are 
below points and in parentheses. 

Fig. 77. 
Power Generation across 
Fuel-element 2B. 
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Fig. 78. 
Power Generation across Fuel-
element 3C. 

Fig. 79. 
Power Generation across Fuel 
element 4C. 

The variation between Lexan foils prohibits relating the power 

generation between elements; however, the calculated values for the 

power generation showed the outer element (4C) to have a 3.2% higher 

central power than the central element (lA), The small difference con

firms the ability to predict the appropriate enrichment to allow a 

constant power generation. 



It is seen that the agreement between theory and the measured 

values is adequate. The power cannot be completely flattened in the 

fuel element; however, the surface-to-center ratio of the power genera-

T »u,n ^7 The worst situation, 
tion for the central element is less than 5/. Ihe worsL 

i.e., at the corner elements in the hexagonal bundle (4C), has a 25% 

variation in the volumetric heat generation. This variation might lead 

to local heating in the event the test assembly is installed in a high-

flux thermal reactor. 

From the experiments, it is concluded that the analysis of the 

filtered test assembly can be adequately analyzed using the basic 

transport codes available and that the development of a test facility 

to perform experiments with LMFBR fuel in a thermal reactor is a 

feasible undertaking. 

Preliminary FEFPL dynamic model. The FEFPL will be used to perform 

in-plle experiments with a wide range of experimental conditions. The 

dynamic behavior of various components of the loop is critical in the de

sign of the loop. The loop most be controllable and it must be designed 

to survive the expected system transient caused by an experiment. To 

analyze the loop dynamic characteristics, a preliminary dynamic model of 

the loop has been developed. Loop components are assumed lumped into 

single nodes. (Additional nodes can easily be added to the present setup 

when needed.) The power generated In the loop is determined by the operat

ing conditions of the ETR, and there Is assumed to be no neutronic coupling 

between the loop and the ETR in the present model. 

The model will be used to provide transient information in the areas 

of component design and loop safety studies. Also, for the experiments to 

be meaningful, it is important to simulate closely the operating conditions 
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of FFTF and/or an LMFBR. The model will aid in planning and designing the 

experiments and in choosing the best control scheme for the loop. 

A schematic diagram for the FEFPL is shown in Fig. 49. Figure 59 

shows a cross-sectional view of the test train and the loop. 

Thermal energy balance is taken at each node around the loop. The 

flow divider is filled with gas and is assumed to act as a heat barrier. 

This is also the case for the outer surface of the primary vessel. Sodium 

flows from both sides of the neutron filter are assumed to have perfect 

mixing in the lower plenum. Perfect mixing in the upper plenum of the 

sodium flow from the test section and the bypass flow is also assumed. 

The heat exchanger, which consists of a central tube and 24 small 

tubes with heaters in them, is shown in Fig, 80. Heat generated in the 

heaters is assumed to transfer instantaneously to the sodium. 

Fig. 80. 
Heat Exchanger. 

A variable transport delay between the annular linear—induction 

pump (ALIP) and the neutron filter is simulated by 

T . 
ci 

T . (t - T) 
cip 

(8) 

where T . is the sodium temperature entering the neutron filter, T . is 
ci *̂  ^ cip 

the sodium temperature leaving the ALIP, and t is the total mass in the 

section where time delay occurs/mass flowrate of the loop. 



olant-loop hydraulics is derived by 
The model for the primary-cool 

>., , „T=rrms incompressible fluid 
applying Newton's second law of motion to a viscous inc F 

in nonsteady flow: 

dW 

dt 
= g^H - g|pdz - g^AP^ 

(9) 

(AL), 

where W is the mass flowrate of sodium, i' is I ^ , the sum o 
cp 1 

length/area ratio over the entire loop, g is the acceleration of gravity, 

g is a conversion factor, H is the pump head, and AP^ is the total loop 

friction pressure drop, which is the friction pressure drop across the 

core plus the friction pressure drop across the rest of the loop. 

The pressure drop is assumed to have the form 

AP, = C^(aW ) ^ - ^ + C.W ^-^ 
f 1 cp 2 cp 

(10) 

where a is the fraction of the bypass sodium. The coefficients C. and C 

can be determined if some steady-state pressure-drop values are known. 

The pump head H is obtained from pump characteristic curves shown in Fig. 

81, These curves are generated for the preliminary model by assuming that 

they are parabolic and that the area under each curve is proportional to 

Fig. 81. 
FEFPL - ALIP Performance Curves. 
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the input kW, A natural-circulation head, Jpdz, is obtained by summing 

the products of density and length over the entire loop. 

Only the primary-coolant (sodium) loop hydraulics are included in 

the present model. The secondary coolant (air) and tertiary coolant 

(water) appear as parameters. 

The initial conditions from which the system is perturbed are ob

tained from steady-state calculations. The properties of the system are 

calculated based on average steady-state temperatures and are assumed to 

remain constant during a transient. 

The IBM System/360 Continuous System Modeling Program (S/360 CSMP) 

is used for solving the dynamic model.̂ '* 

Sample problems were run to demonstrate the model performance. All 

portions of the simulation seem to respond in a reasonable manner. How

ever, the model is limited in application by lack of design and perfor

mance data for loop components. Also, better representations than the 

present "lumped-parameter" approximations of certain critical regions, 

such as the test section and the heat exchanger, are needed for the model 

to be able to give more detailed and accurate information, 

In-pile experiment safety studies. The reference set of in-pile ex

periments for the FEFPL are described in an earlier section (p. 182). 

As stated there, each experiment builds on the knowledge gained from pre

ceding tests. In addition, experiments run in other facilities, such as 

the TREAT tests with the Mark-II loops and static autoclaves, tests in 

GETR with capsules and the GE Loopsul, and possibly tests being planned 

for PBF, will provide the experience necessary to conduct later more severe 

tests. Hence, the first series of experiments are planned to be conser

vative with respect to risk and will not approach the conditions set forth 



1 Tf 1« exoected that succeeding 
in the design requirements for the loop. It is expec 

experiments will only approach these conditions as knowledge is gained that 

allows more accurate estimation of the results expected in each test. 

The basis for this approach is to design the FEFPL as strong as prac

tical consistent with the ETR environment, cost, and basic performance re

quirements of testing fuels in an LMFBR-like environment. The total capa

bility of the loop is defined and each experiment is planned such that 

these limits bound the possible test results. If experiments require high

er performance limits, modifications will be made to the loop to increase 

its capabilities. 

Bas^l£ f̂ or ioop_d£sign £nd^ £af^ety_of^ FEFP_exp£rim5n« . The pri

mary concern in the safety of FEFPL experiments is the accumulation of 

energy in the test fuel following a loss of cooling capability within the 

loop. This energy could later be transferred to the sodium coolant In a 

manner that results in high-pressure pulses. Such pressure pulses could 

possibly cause damage to the containment vessels. The calculation of these 

pressures is based conservatively on the thermodynamic limit because ade

quate physical models are not available to describe the complex phenomena 

Involved, Indeed, it will be, at least in part, the purpose of the refer

ence experiments to be performed in this loop to determine the pressures 

that are generated from various simulated accident situations. The primary 

problem is that conservative calculations for potential pressures and work 

energy exceed those that can be shown by analysis to be accommodated in the 

design of the test assembly and yet achieve the desired test performance at 

this time. The current "state of the art" for calculations of loop contain

ment structures is to use a Hicks and Menzies type (thermodynamic maximum) 

calculation!5 to obtain the maximum work and pressures expected from the 
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molten fuel-coolant interaction and then apply the Proctor and Wise empir

ical relationship!^ to determine the allowable deformations of the 

cylindrical containment vessels, 

A necessary criterion in the design of FEFPL is the containment by 

the primary vessel of any pressure pulse generated in the loop during an 

experiment. Therefore, to build a useful in-pile loop, more realistic 

analysis techniques must be used. 

Experimental and analytical work is being carried out at ANL that 

will provide better techniques in the future. Experiments are being 

conducted in which molten fuel and sodium are contacted to measure the 

work-energy produced. 

Table XII summarizes the conversion efficiencies of thermal energy 

to work energy observed experimentally in these tests. The experimental 

conversion efficiencies were estimated, considering the final pressure of 

expansion to be of the order of 1 atm. In this case, the thermodynamic 

limit of the conversion efficiency is about 30 to 50%. Table XII clearly 

shows that the experimental conversion efficieAcies are orders of magni

tude lower than the thermodynamic limit. Even the highest value (about 

1%) is only 3% of the thermodynamic limit. 

As a result of these low conversions of thermal to mechanical work, 

it appears that the energy released to do work on the loop vessel will 

be several orders of magnitude less than that which can be calculated 

from Hicks and Menzies criteria. The pressure-time functions also appear 

to be very dissimilar to a chemical explosive (e.g., TNT) energy release 

and thus not modelled well by the Proctor and Wise relationship. Indeed, 

the resultant shock wave is much different than that of a chemical 

explosive. A large fraction of the work is done by coolant vaporization 



TABLE XII. Experimental Conversion Efficiencies of 

Thermal Energy to Work 

Method 
Conversion efficiency, % 

TREAT U02-Na experiment 
(piston autoclave, S-series, 
500 cal/gm UOj) 

With bond gas 0.0014 

Without bond gas (evacuated pins) 0.15 

Laboratory experiment of dropping molten <0.01 
UO2 into sodium 

Laboratory experiment of injecting water 0.4 - 1.0 
into molten salt (NaCl) 

at a rate controlled by the heat-transfer processes between fuel and 

coolant. Thus, a large fraction of the work is done at relatively low 

pressures, typically near or below 100 atm. However, in the case of a 

chemical explosive, most of the work is done at high pressures, typical

ly above 100 atm. The difference is shown qualitatively in Figs. 82 and 

83, where P* is the pressure at or below which a large fraction of the 

work is done by molten fuel-coolant interactions. If P* is below the 

design pressure of a pressure vessel, the difference between a molten 

fuel-coolant interaction and a chemical explosion is significant. 

Recent calculations based on a rate-limited model developed at ANL 

also indicate that most of the work due to a fuel-coolant interaction is 

done by coolant vaporization at pressures of the order of 100 atm. The 

calculations indicate that high shock pressures occur during the liquid-

phase heating and expansion and that the shock energies are much smaller 

than those calculated by thermodynamic considerations alone. 
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Ctiemicol 
explosion 

Fig. 82. MFCI Vs. Chemical Explo- Fig. 83. MFCI vs. Chemical Explosion 
sion; P-V Plot. Work is Given as a Function 

of the Final Pressure of 
Expansion. 

Time—histories of the energy release were derived from the calcula

tions and are shown in Fig. 84. Clearly, the energy-release histories 

depend much on the approximations made for the process of coolant heat

ing. The calculations assumed a one-dimensional acoustic constraint of 

infinite extent. However, for a finite loading-column length, the ini-

tail shock wave is effectively terminated when the unloading rarefraction 

wave returns from the free surface. For the FEFP loop, the unloading 

time is 5-6 msec. Suppose the unloading time is 6 msec. The pressure 

at this time is of the order of 100 atm. Table XIII gives the shock ener

gies (work done up to the unloading time) estimated from Fig. 84. Cor

responding conversion efficiencies of thermal energy to work are also 

given. The conversion efficiencies are based on the total thermal energy 

of the UO2 above 25°C, 

In the present state of knowledge, the case of quasi^steady-state 

heat transfer appears more realistic than the transient-conduction case. 

For experimental safety purposes, however, the transient-conduction case 

is preferred because it represents a more conservative approximation. 



TABLE XIII. Estimated Work Energies 

Quasi-steady-state 
heat transfer 

Transient 
conduction 

Thermodynamic 

Approximation No gas 20% (vol) gas No gas 20% (vol) gas limit 

Work, J/gm UO2 3,0 1.6 21.4 6.6 
Efficiency, % 0.23 0.12 1.63 0.50 

-v-lOO 
^ 7.63 

20 

0-16 
6 
? 12 

"Transient conduction witti no gas present 

• Stwck lerminotes ot 1 = 6 msec, 
I ttie resulting (final) pressure B 100 arm 

Transient conduction witti 
I 2 0 % gas volume 

Q55 tieot tronsfer witll 2 0 % 
gas volume 

QSS treat transfer with no gas present 

• J \ \ I \ L 

Fig. 84. 
Energy-release Time Histories 
Based on ANL Rate-limited Model. 
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Continued experimental and analytical work is being carried out to 

define better the nature of the fuel-coolant interaction, pressure-time 

functions, and magnitude of energy releases, and can be expected to 

provide better analysis methods in the future. 

The dynamic plastic response of a pressure vessel to pressure-time 

functions is also under investigation at ANL. This approach might be ex

pected in the future to improve the determination of the allowable 

deformations of cylindrical containment vessels due to arbitrary pulses. 

The present problem is to define the consequence of the in-pile ex

periments before carrying them out. Because this is difficult to accom

plish, only one procedure seems available: (1) to build the strongest 

containment possible from economic, neutronic .r.A 
, ueutronic, and reactor-geometry 

considerations, (i.e., eamma hoan„„ 
gamma heating and reactor experimental hole size). 
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(2) to calculate, using current methods, which are undoubtedly conserva

tive, the length of time that tests can be performed with degraded cooling 

for this containment, and (3) to limit the initial tests to these time 

periods. This alternative will allow an assembly design with a pressure 

rating and energy-absorbing capability maximized to the space available 

while still achieving the desired test objectives (pin performance, flow, 

etc.). 

The current FEFPL design capabilities are summarized in Table XIV. 

The planned series of tests must be within the FEFPL loop capabilities. 

This is accomplished by limiting the test parameters such that loss of 

coolant does not occur in the initial test. The parameters of the second 

test would be based on the results of the first test, etc. Gradually, 

step by step, the final desired test parameters are approached. Finally, 

when these tests are completed, the energy-release mechanism and loading 

function on the containment will be known in a fashion that enables the 

desired condition to be reached within the FEFPL design limits. This 

"bootstrap" approach is slow and costly, but it appears to be the only 

method of safeguarding the test reactor while performing needed tests. 

In addition, considerable related experimental backup both in- and out-

of-pile has been planned before each proposed FEFPL experiment. 

As a part of the study of LMFBR safety test facilities, ANL per

formed an accident-delineation study and recommended a program of in-pile 

safety experiments. Table XV outlines the proposed program using capsules, 

autoclaves, and loops in TREAT, as well as the forced-convection capsule 

in GETR. This testing program will also provide experimental backup to 

the FEFPL experimental series. 



TABLE XIV, FEFPL Design Capabilities 

Objective: Develop a high-performance irradiation facility for LMFBR 

safety tests. 

Basis: Optimized pressure capability with respect to loop operating 
temperatures and gamma heating, reactor experimental hole size, 
and other space limitations, and the use of austenitic stain
less steel. 

Current safe static design pressures: 

Test Section Remainder of loop 

Primary vessel 1500 psi Primary vessel 500 psi 

Secondary vessel 2100 psi Secondary vessel 500 psi 

An experimental plan will be submitted before each FEFPL experiment 

in which the test limits will be established. These limits will be based 

on pertinent prior experiments. For example, the direct backup to P-CK 

and the PA series is primarily planned as part of the FEFP out-of-pile 

tests. The PB series is a direct extension of the D series performed in 

the Mark-II loop in TREAT that studies the short-term effects of the 

release of a small amount of molten fuel in a 7-pin cluster. The PC 

series depends on the results of all past experiments, in particular the 

RA, RB, CIO, F, and L experiments that study assembly blockage or loss 

of flow. In addition, the SA and I series will provide needed data on 

fuel-coolant interactions and the G series will study the containment of 

molten fuel by the assembly duct, 

Safety_requirements for Instrumentation and scram systems, In 

each test, the safe performance depends on the length of time in which 

energy is accumulated in the fuel from an Imbalance between the rate of 

energy generated in the fuel and the rate nf . 

rate of energy removed by the coolant. 

In the ETR tests, the Imbalance resnifo 
results primarily from a disturbance in 



TABLE XV. Experimental Backup to First Twelve Experiments 
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Facility 
Test vehicle 

Key uncertainty Series 
No. 
pins 

TREAT 

Static capsules 
Failure thresholds and coherence 
of failure of elements for 
power excursion. 

Column autoclave 
Work-energy release from 
molten fuel-coolant interaction. 

Characterization of expulsion 
and reentry for power excursion. 

Modified autoclave or loop 
Characterization of expulsion 
and reentry for assembly blockage. 

Characterization of expulsion 
and reentry for loss of flow. 

Impact capsule 
Work-energy release from molten 
fuel-coolant Interaction. 

Transparent autoclave 
Fuel movement for loss of flow. 

Mark-II loop 
Effects of release of a small 
amount of molten fuel. 

Ability of duct to resist 
meltthrough. 

Fuel movement for loss of flow. 
Failure thresholds and coherence 
of failure for power excursion. 

Fuel movement for power excursion. 

GETR 

Forced-convection capsule 
Characterization of expulsion and 
reentry for assembly blockage 
and loss of flow. 

Behavior of failed fuel. 

C4,C6,A 

SA 

SB 

RA 

R£ 

CIO 

1-3 

7 

7 

7 

7 

Pool 

3-7 

3-7 



the coolant flow. Overpower transients are limited by the reactor safety 

circuits. 

Because the energy accumulated is equal to the difference in the 

rate of energy generated and the rate of energy removal multiplied by 

the period of time over which this imbalance exists, a limit to the time 

can be established as an operating safety limit. This requires special 

instrumentation to detect the Imbalance and a scram signal to scram the 

test reactor. 

Such scram circuitry is necessary to simply run the loop in ETR. 

For each test the set points (with a time delay in appropriate circuits) 

will be established based on prior experience to limit the pressures 

during the test. It is the determination of these time delays that 

establishes the safety and usefulness of these experiments. 

The loop checkout could be performed today because scram set points 

could be established within the present state of knowledge. No time de

lay is required. Actually, all the proposed tests could be run, although 

some would be limited to relatively short periods of time. The TREAT 

tests will provide backup experiments for testing times on the order of 

10 sec. The role of the ETR tests is to extend the duration of tests and 

to conduct large-scale tests in an environment more closely simulating an 

LMFBR, 

As stated above, the early fuel-element failure propagation tests 

do not require limitations on operating times as long as loop conditions 

remain within the scram setpolnts. The main concern is the ability to 

run the more severe transients called for later in the program. 

An estimate has been made from SAS calculations of the times available 

following a complete loss of coolant flow before significant melting 
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occurs. Times for fuel operating at 20 kW/ft are given in Table XVI. 

These times do not consider the reentry of the sodium and the continued 

heat transfer that will occur. Estimates of the time for reentry to oc

cur after expulsion vary from about 0.1 to 1.0 sec after sodium boiling 

initiates the expulsion. Thus, it can be seen from the events vs. times 

shown above that reentry would occur before significant fuel melting. 

More detailed analyses of this type are being carried out. 

TABLE XVI. Time Estimates L/C Event Sequence (SAS calculations for 20 kW/ft) 

Event Time 

0 sec 
Sodium flow reduced to zero | 

Sodium boils | 1 (1/2 to 1 sec) 

Cladding failure (melting or loss | 1 (1 to 3 sec) 

of strength) 
(3 to 4 sec) 

Significant fuel melting (>1%) 

Complete fuel melting 

Molten fuel reaches boiling point 

Sodium reenters 

(5 to 7 sec) 
1 1 1 . 1 

(6 to 8 sec) 1 
(0.6 to several seconds) 

1 
7 

The times involved with the scram circuitry are given in Table XVII. 

Thus, a loss-of-flow or total blockage experiment could be performed 

with a scram on loss of flow (e.g., 50%) with a time delay on the order 

of 3 sec allowing a complete expulsion and reentry to occur without risk 

(no significant fuel melting). 

Times longer than 3 sec could be defended based on the thermodynamic 

calculations. Using the conservative analyses, the primary vessel 



TABLE 
XVII. Time Estimates for Reactor Scram 

Instrument response 

<10 msec 
Pressure and flow 2o to 50 msec 
Thermocouples 

20 msec 
Scram delay 250 msec 
Rod insertion 

-̂ 300 msec 
Total 

will absorb 20,000 Joules in expanding out to just touch the secondary 

vessel. Using the Hicks and Menzles^^ approach, expanding to a final 

pressure of 100 atm gives an energy available for mechanical work of 

100 J/gm of UO2 starting with molten UO2 at the boiling point. Thus, 

200 gra of molten UO2 can be obtained. One test fuel element could contain 

approximately 180 gm of UO2. 

From the more recent calculational and experimental results, the 

thermodynamic limit of the energy conversion appears overly conservative, 

as has been discussed previously. A more realistic, but still conserva

tive, estimate can be obtained from the ANL calculations based on the 

transient—conduction approximation. When there is no noncondensable gas 

present in the fuel-coolant mixing zone, the shock energy is 21.4 J/gm 

of molten UO2 (See Table XIII). Thus, almost six test fuel elements could 

become fully molten and still be within the capability of the containment. 

The presence of a compressible gas would further reduce the efficiency of 

energy conversion. When the initial volume of a noncondensable gas in 

the mixing zone is 20% of the sodium (liquid) volume, the shock energy 

is 6,6 J/gm of molten UO2, The 20% initial volume of noncondensable gas 

was chosen since this is approximately the void volume, or bond gas, 

relative to the total sodium volume present in the test section of the 
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loop. At this shock energy almost all the fuel in all 19 fuel elements 

could become fully molten. The final pressure of expansion would be about 

100 atm, which is well within the FEFP-loop test-section capabilities. 

Model development. In conjunction with the LMFBR Program Plan,!^ 

a basic accident tree for fuel-element failure propagation was developed. 

Based on the accident tree, the complex problem of failure propagation 

can be simplified by subdivision into smaller separate problems consisting 

of the various events that can occur. These individual events can be 

more readily analyzed than the total phenomenon of failure propagation. 

Then the models of separate events can be used to develop a hierarchy of 

models, 

A literature search was initiated to determine the availability and 

suitability of existing computer codes for use in analyzing failure 

propagation. In addition, preliminary analyses were started for several of 

the events to scope the problems Involved In model development. In partic

ular, the rate of release of fission-gas from a failed fuel element, the 

effect of flow blockages, and the effect of exliernal loads on fuel elements 

were examined. 
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Nuclear Safety Research and Development—LMFBR Safety 

VIII. FUEL DYNAMICS STUDIES IN TREAT* 

(C. E. Dickerman) 

Overall scope. Studies are being made of fast-reactor fuel and 

coolant behavior under transient conditions associated with fuel failure.' 

The study consists of in-pile experiments in the TREAT facility^ and the 

necessary analytical and engineering support. These experiments are 

directed primarily to the study of fuel and coolant movements accompany

ing fuel-element failure. Information concerning many other phenomena 

(such as prefallure movements, secondary movements, mechanisms of 

failure, fuel-coolant interaction, coolant ejection, and pressure gen

eration in both fuel and coolant) is also obtained in the course of 

these tests. These studies include the testing of both fresh and 

preirradiated fuel. 

Mathematical models are being developed or verified, on the basis 

of the experimental results, for use in LMFBR accident analysis. 

The development, procurement, use, and upgrading of experimental 

apparatus consistent with applicable codes, standards, engineering and 

operating procedures, quality control, and quality assurance procedures 

are significant parts of this activity. 

Transient In-pile Tests with Oxide Fuel 

Scope. In-pile experiments are conducted, in support of near-term 

reactors, on oxide-fuel behavior under transient heating, including: 

movements prior to failure, mechanisms of failure, movements associated 

with failure, secondary movements and the degree of coherence in their 

occurrence, and the energy transfer from fuel to vaporizing coolant 

under conditions approximating actual core-channel geometry. This work 

*For references for this chapter, see p. 272. 



is coordinated closely with TREAT autoclave experiments on Fuel-Coolant 

Interactions and with the out-of-pile and In-pile Coolant Dynamics 

studies. Consulting services are provided, as needed, for related 

safety programs. 

Summary, Safety experiments began with five tests (El, E2, E3, HI, 

and H2) on the behavior of oxide fuel under transient heating in a 

flowing-sodium environment. The experiments, wltli Mark-II loops^,'' in 

TREAT, consisted of survey-type tests designed to provide guidance for 

the analysis and planning of future experiments. Results demonstrated 

the capability of flowing-sodium coolant to protect cladding against 

meltthrough under some conditions, provided checkpoints on conversion 

of thermal energy in the oxide (both unirradiated and irradiated) into 

kinetic energy in a flow-channel geometry permitting sodium expulsion 

and reentry, and illustrated the role of axial heat transport by flowing 

sodium in sample response to a power transient. 

Checkout Tests El and E2 on Mark-II-loop experiments on oxide-fuel 

movement during a power excursion. Experiments El and E2 were the first 

TREAT-loop tests performed using oxide fuel. Both experiments used the 

prototype Mark-II loop, developed specifically for safely performing 

destructive tests on oxide fuel pins in flowing sodium.'* 

Test-sample design for the experiments was based on that for 

19 oxide pins under irradiation in EBR-II in the first subassembly for 

unencapsulated oxide pins, X040, The TREAT pin consisted of a stack of 

13%-enrlched UO2 pellets of 90% smeared density, approximately 27.9-cm 

long, inside a Type-304 stainless-steel jacket with 0.737-cm OD and 

0.635-cm ID. A plenum space, 11,4-cm long, was inside the cladding 

above the fuel stack, A spiral spacer wire, 0,14 cm in diameter, was 
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wound around the jacket. The test pin inside the test section was 

surrounded by a ring of six dummy pins (hollow jacket tubes), to 

mockup the space in a real cluster that would be available for fuel-

coolant mixing. 

Radiochemical analyses of a test pin from a calibration run inside 

a Mark-II loop yielded a calibration of 3.45 J/gm-U02-MW-sec of TREAT 

energy. 

Xe£t_E]^.^ Test El was the checkout Mark-II-loop TREAT experi

ment. TREAT produced a sample energy Input of 1732 J/gm UO2 in the El 

power burst with 0,27-sec width at half-maximum. This sample energy 

input is approximately 34% greater than required for oxide melting 

under adiabatic heating. Loop temperature at the start of the transi

ent was 400°C, and sodium flow through the test section was approximately 

3.8 m/sec. 

Analyses have been performed using the SASIA code system. The 

heat-transfer module predicts, depending on axial position, a maxi

mum sample melting of 78 to 80%. Plastic strain of the cladding was 

calculated using the fuel-deformation module of the code, assuming 

neither axial motion nor restraint of the molten fuel. Cladding fail

ure due to oxide expansion, with a 4% plastic strain, would correspond 

to an energy input equivalent to 1610 J/gm UO2 (above central fuel 

melting). The maximum rise In the midpoint cladding and the bulk cool

ant temperatures were calculated to be about 370 and 200°C, respectively. 

These temperatures were near the top end of the active part of the fuel 

pin. 

No flow or pressure events were recorded by the loop instrumentation. 

Maximum outlet coolant rise was approximately 68°C. Transient 



instrument data are shown in Fig. 85. The rapid drop in both inlet and 

outlet flow resulted from shutdown of the annular linear-induction pump 

(ALIP). "Pressure" signals shown for the inlet and outlet pressure 

transducer have the characteristic shapes of response of these two 

sensors to the high transient radiation levels in TREAT and qualita

tively were in satisfactory agreement with the responses recorded in 

preliminary transients. 

Fig. 85. 
Transient Data from Checkout-1 
Oxide Meltdown Experiment in the 
Mark-II TREAT Sodium Loop (Tran
sient 1281). Sample fission 
energy of 1.72 x 10^ J/gm. ANL 
Neg. No. 113-2618, Rev. 1. 

Post transient neutron radiographs showed no fuel in the coolant 

channels, but extensive axial movement of molten fuel inside the fuel 

jacket. Individual oxide pellets were clearly shown in the pretransient 

radiographs, but no remnants of the pellet «tr„.f 
cue pellet structure were apparent after 

the experiment. The maximum radial extent of f,,., t • 
extent of fuel melting, as determined 

from maximum radial fuel voids, was in ..nnri 
' " ^" S°°<1 agreement with the 
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SASIA calculations for temperature. Figure 86 is a sketch of the 

posttransient fuel radiographs. The voids and the presence of some 

fuel at the top of the cladding show that extreme motion of fuel did 

occur. After radiography, the unfailed pin was removed from the loop 

and returned to the ANL Illinois hot laboratories for inspection. 

Postmortem inspection confirmed the radiographic data and showed that 

molten fuel had come into contact with the cladding, "wetting" it and 

solidifying. Meltthrough of the cladding did not occur. Pre- and 

postexperiment measurement of the cladding diameter showed no appreci

able cladding strain. An upper limit of 0.3% strain was assigned, 

conservatively, to the measurement. 

This experiment produced results significantly less severe than 

anticipated. Relief of oxide loading of the cladding by extreme axial 

motion of the fuel was clearly demonstrated. Absence of any extreme 

deformation of the cladding during the transient indicates that the 

axial motion of the fuel in an unrestrained-fuel case should be in

cluded in future analyses. The large dlscrepartcy in the calculated 

and observed coolant temperatures was due to test-section steel 

adjacent to the test pin, and cross-channel mixing with the sodium 

around the dummy pins. 

T̂ eŝ t_Ê .̂  The loop experiment described above gave guid

ance on modeling fuel failure, demonstrated the effectiveness of 

axial motion in relieving radial loading of cladding, and gave sup

port to calculations indicating that the flowing sodium coolant can 

effectively cool cladding during some meltdown incidents. However, 

it did not provide guidance on the consequences of oxide meltdown 

into flowing sodium with transient vaporization of the coolant, impact-



pressure pulses, expulsion, and reentry, like those found in earlier 

loop experiments on meltdown of metal fuel. Consequently, a backup 

pin was modified and loaded into a test section as the second checkout, 

or E2 experimental sample, for a run at higher energy. The modified pin 

contained a natural-UO^ pellet at the top of the 13%-enrlched fuel 

stack to prevent axial meltthrough. Then a 5-cm-long steel rod was 

placed between the natural-oxide pellet and the steel retainer spring 

to provide inertia to resist upward axial movement. These two changes 

were specified in collaboration with the group working on the Accident 

Analysis program to reflect some typical features of the current FFTF 

fuel design, while avoiding rigid axial restraint. 

In the E2 checkout test, the test pin, as before, was contained 

inside a ring of dummy pins, and the initial sodium flow was about 

4 m/sec through the test section, TREAT supplied about 2,59 x 10^ J/gm 

of oxide, in a power pulse of about 0,24-sec half-width. Failure was 

marked by anomalies on the three (inlet, center, and outlet) test-

section thermocouples, on the two (inlet and outlet) flowmeters, and 

on the two (inlet and outlet) pressure transducers. 

Figure 87 shows the Instrument data from the transient. Shown are 

output from test-section inlet and outlet flowmeters, inlet and outlet 

pressure transducers, and thermocouples at inlet, outlet, and center. 

The large relatively smooth signal for the outlet (variable reluctance) 

pressure transducer is the radiation response of the Instrument. Super

imposed on this signal are three prominent spikes. (Figure 87 shows the 

radiation response of the outlet transducer in the correct polarity. 

The El data graph. Fig, 85, has the outlet transducer response negative.) 

The maximum pulse recorded by either transducer was only about 35 atm. 
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Fig. 86. 
Artist's Rendering of the 
Posttest Neutron Radio
graphs of the El Test Pin, 
Showing Extensive Movement 
of Molten Fuel Inside the 
Unfailed Cladding during 
the Transient. ANL Neg. 
No. 113-2996. 
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K ^ . S7. Instrument Data from Cheokout-2 Mark~II Loop Experiment (Transient 
1283). ANL lleg. No, 113-2997, Rev. 1. 
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Conversion of thermal energy to kinetic at the time of failure can be 

estimated from the flowmeter data. Detailed analysis of the work done 

in accelerating coolant out of the test section, in compressing the 

gas in the plenum space at the top of the loop,and in forcing coolant 

back against the pump head indicated the total kinetic energy resulting 

from fuel failure was '̂ 100 J. Total energy added to the pin (above the 

reference level of 400°C) at the time of failure was about 1.88 x 10^ J/gm. 

Thus, the energy conversion was less than 0.1%. Neutron radiographs 

taken of the loop after the transient did not reveal any detectable 

fragments of fuel, indicating that extreme dispersal occurred. 

After sufficient cooling time to permit shipping the loop con

taining the failed pin, the prototype Mark-II loop was returned for 

removal of the test sample specifically developed for operations 

with the loops. No difficulty was experienced with the glovebox 

transfer port or its accessories during the v;ithdrawal operation. The 

loop was not contaminated or damaged. 

No external damage to the test section was"visible, but the top of 

the center (fueled) pin had moved upward about 1,5 in. The spades of 

all pins were still attached in place at the bottom of the fuel holder, 

but the top portion of the fuel-pin cladding slid out easily; the center 

portion had melted. 

After the test section was removed, the loop was moved to the 

sodium scrubber for recovery of the sodium and fuel residues. It had 

been noted previously that It was not possible to create sodium flow 

in the loop, so it was thought that the top pump flange was blocked by 

meltdown products. However, with the test section out, flow was 

attained, indicating that the blockage was in the region of the test 

section. 
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Fig. 88. View of E2 Test Section after Being Cut Open during Posttransient 
Inspection. ANL Neg. No. 900-98A. 
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The test section was slit open in the glovebox. Figure 88 shows 

the test section after being cut open, showing the two halves of the 

split section. Figure 89 indicates the orientation of the test pin in 

Fig. 88, prior to cutting. Extensive fuel fines were found inside the 

test section, tightly packed between the cladding-tube remains of the 

central fueled pin and the surrounding ring of six dummy pins. The 

appearance was in good agreement with the hypothesis that packed fines 

had clogged the test-section flow channels. Careful reexamination of 

the post-TREAT test-section neutron radiograph disclosed some white 

streaks (originally identified with cladding and minor steel structure 

such as flow guide wires and pin spacer wires) that could represent 

fuel in the flow channels. Examinations revealed no evidence for 

Fig. 89. 
Spiral spacer wires Orientation of Test Pins for 

E2 Test Section. ANL Neg. 
No. 900-292, Rev. 1. 

Test section 

Fueletj sample 

Test-section 
rods to hold 
cluster in place 

Dummy pins (6) 

pressure failures. All cladding ruptures—both in the fueled pin and 

the dummy pins—appear to be simple meltthroughs. 

During the loop-reclamation operations, the loop was examined 

carefully over its entire length; fines were discovered throughout the 

loop. Including between the flanges for the pressure-transducer stand

off subassemblies (no fines were outside the stainless-steel O-rings— 



this refers only to the space within the sealed loop envelope) , and the 

short loop drain line at the bottom loop bend. The annular linear-

induction pump was sacrificed during reclamation operations, but the 

loop proper appears to be in satisfactory condition. It will be 

reoutfltted and prooftested as part of the schedule of regular 

operations. The sample remains are being examined In detail. 

Test E2 showed that the top internal structure added after El did 

not lower the sample failure threshold below the El energy level. 

Although sharp pressure spikes and coolant voiding occurred, the energy 

conversion from thermal energy to work was very low. However, very 

extensive subdivision and movement of the oxide resulted from the fuel 

failure. 

First two Mark-II-loop tests (HI and H2) on mixed-oxide transient 

fuel-element failure threshold with axial heat transport by flowing 

sodium. The first experiments (Tests Hi and H2) on the power-transient 

threshold for failure of a mixed-oxide fuel element (single pin in 

FFTF-cell simulation) were conducted using the B3 Mark-II loop. These 

first loop experiments on a mixed-oxide pin were specified to be run 

close to failure, as a "bridge" from earlier capsule tests that did not 

have the axial heat transport produced by flowing sodium. Both samples 

were 0 .230-ln,-OD, Type-316 stainless-steel-clad pins with specifica

tions similar to those of the FFTF fuel (one pin was actually supplied 

from the UKAEA fuel development program for the Prototype Fast Reactor) , 

Sodium flow through the test section was 4 m/sec. Because neither 

experiment was run to investigate the postfallure fuel-movement regimes, 

the sample was contained inside an adiabatic flow tube that simulated 

the cell-like environment of a sinslp niTi in„jj „,,„,„ 
a single pin inside an FFTF or PFR subassembly. 
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Because both test pins were highly enriched, the loop was run using a 

thermal-neutron filter,^ 

le£t_Hl^. Test HI was run using PFR test pin 726. Figure 90 

shows the test data. The transient, of 975 J/gm of oxide, carried the 

sample sufficiently close to the failure threshold to produce some 

local boiling (see outlet-flowmeter and pressure-transducer traces), 

although gross channel burnout did not occur and the pin did not fail. 

Calculated and measured outlet coolant temperatures were in good agree

ment, as shown in Fig. 91. The comparison of Fig. 91 is the first true 

test of the SASjLA transient-temperature module, including the detailed 

calculation of change in the fuel-cladding gap heat-transfer coefficient 

as the fuel heats up and the gap contracts. 

After the test, the test section was removed from the sodium loop 

using the Fuel Cycle Facility (FCF) at EBR-II, Analysis of samples 
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Fig. 90. 
Transient Data for the Fuel-
failure -threshold Test HI (Tran-

—, sient 1298). 
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Fig. 91. 
Comparison of Calculated and 
Experimental Transient Outlet 
Coolant Temperatures from 
Test HI. 
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from the loop plenum gas and sodium, before removal of the test section, 

indicated no detectable fission products. An inert-gas adapter tube 

was attached to the loop head for the removal of the test section so 

that the hot sodium was not exposed to air. After an overnight alcohol 

rinse of the test section, the pin was removed. Visual Inspection and 

radiation monitoring found no evidence of damage from the experiment. 

Then the pin was neutron-radiographed at TREAT and shipped back to 

Illinois for further examination. 

T̂ e£t_H2̂ .5 For the H2 experiment, PNL supplied an FFTF pro

totypical mixed-oxide element, PNL-17-42, of the type designed for 

use with the Mark-E37A instrumented EBR-II subassembly. This element 

is similar enough to the HI test pin that no new TREAT calibration or 

significant fuel-holder modifications were necessary. Although the 

active length of PNL-17-42 was 13,5 in., the same as the EBR-II core 

height, the overall pin length was too long for the B3 loop test section, 

The pin was modified by cutting the stainless-steel plug above the 

upper plug weld so that the overall length of the modified element 

was reduced to 31 in. The initial s pacer wire was replaced with a 40-mil 
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spacer, so that the pin could fit into the circular flow channel that mocks 

up the flow "cell" of a single pin in an FFTF fuel subassembly. 

The principal goal of Test H2 was to carry the test pin just past 

the failure threshold. On the basis of preliminary SASIA calculations, 

a TREAT transient was specified that would produce a sample energy input 

of 1435 J/gm of oxide. The actual energy input for H2 was 1485 J/gm, 

Initial flow was 7 m/sec. Pretest SASIA calculations for a comparable 

transient, with a sample integrated power of 1528 J/gm, predicted 

coolant boiling in the test section at 85% of the transient energy 

input with the sample falling by melting of the cladding at 90% of the 

energy input. The experimental results verified the reliability of 

that analysis. Failure, which was indicated by flow, pressure, and 

temperature anomalies, occurred at approximately 85% of the transient 

energy input. After the test. It was found that flow through the test 

section could be reestablished. Figure 92 shows the transient data for 

Test H2. The first pressure pulse, of about 8 atm, precedes immediately 

a rapid rise in test-section thermocouple temperature to 1100°C, before 

going off scale at 1400°C. This thermocouple, which was located axially 

1 in. below the top of the fuel column, apparently detected hot fuel. 

Posttest neutron radiographs have been taken of the pin in its test 

section. They show that failure occurred at the top of the fuel column, 

in agreement with the calculations. Further, about 3 in, of fuel are 

missing from the top of the column and the optical densities of the 

radiographs indicate that significant quantities of fuel were lost over 

the entire length of the test pin. The test section will be removed 

and returned for examination. 



Fig. 92. r3T7tVL7e/:ioXtfo9TlT2'^'^^^^^^ '^^ '' ^ ^ ^ ^ ^ - ^ 
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First Mark-II-loop test (E3) on fuel-movement failure of 

irradiated oxide pins during a power excursion,^" This experiment, 

designated E3, was the first Mark-II-loop test on meltdown of pre

irradiated fuel pins. It was a survey experiment. In which the pins 

were failed near the peak of the TREAT power transient, with the 

objective of providing an early indication of the severity of events 

associated with failure of preirradiated oxide fuel elements when sub

jected to a severe overpower transient in flowing sodium. The fuel 

sample used in the E3 experiment consisted of three gas-bonded UO2 

pins, having a 14.5-cm-long stack of fuel cylinders, 0.381 cm in 

diameter, with a cladding OD of 0.442 cm and ID of 0.396 cm. 

Overall length of the pins was about 22,5 cm. The nominal burnup of the 

pins was 6 a/o. The Bl Mark-II loop was used for this test. 

The pins were originally fabricated of 13%-enrlched UO2 to 

minimize internal power depressions during steady-state irradiation, 

while maintaining sufficiently high sample power generation in TREAT to 

meet experimental objectives. Nominal burnup of the pins was 6 a/o, 

resulting from irradiation in the Materials Testing Reactor. Destruc

tive examination of an identical pin has been reported, as have 

results of a TREAT transient performed on another identical pin in the 

absence of coolant^^ ^o permit direct observation by high-speed photo

graphy , ̂  '> ''* The destructive examination indicated that the fuel 

pellets had become annular, with a typical inner diameter of 0.058 cm 

and outer diameter of 0.388 cm. Cladding dimensions were unchanged by 

irradiation. The estimated fission-gas volume for 100% release from 

the oxide is 21,4 cm^ (STP); 23% release was found In the destructive 

examination.^ Pretest fission-gas pressure was estimated to be about 

7,7 atm at room temperature. 



The E3 test section maintained the pins in an equilateral triangular 

geometry and Incorporated spacer rods to simulate adjacent fuel pins. 

Five coolant-temperature thermocouples were provided; four were at the 

outlet of the fuel section about 1/4 In. above the tops of the pins. 

These were in addition to the standard loop Instrumentation of pressure 

transducer and flo^neter at both inlet and outlet of the test section. 

Due to the lack of a licensed shipping cask large enough to ship a 

loaded Mark-II loop, the test section was loaded into the loop by 

semiremote means using an auxiliary loading fixture. 

For the E3 test, the Initial sodium temperature was 400°C, and the 

initial coolant velocity past the test pins was 4 m/sec. A sample 

energy input of about 2100 J/gm was realized, producing evidence of 

failure near the peak of the power transient. Sodium expulsion and 

transient inlet flow reversal occurred. Pressure pulses of about 56 

atm maximum were recorded. Figure 93 shows the transient data, Posttest 

neutron radiographs showed no detectable fragments of oxide pellets in 

the test section, indicating that extensive oxide fragmentation had 

occurred. However, the conversion of thermal energy to work was rela

tively small. The loop has not yet been returned for postmortem 

examinations. 

Future program. The initial TREAT experiments to provide safety 

base technology for near-term LMFBRs, such as FFTF, will continue. The 

first experiments will be performed on loss of flow, effects of release 

of small amounts of molten fuel, modeling of fuel slumping after loss 

of coolant, and Irradiated mixed-oxide failure threshold with axial 

heat transport by flowing coolant. Work will continue on fuel movement 

and failure resulting from a power excursion. 



249 

-

- Lower 
tronsrlucer 

I I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fig. 93. 
Transient Data from Irradiated-oxide-
fuel Test E3 (Transient 1322). ANL 
Neg. No. 900-474, Rev. 3. 

IL 
Upper 

transducer 

I I I 

il 0 

-2 

- 1 1 Upper 
f 1 - f lowmeter 

Lower — - " \ j \ /^ X^^_ .̂—i' 

Time, sec 

Experimental Support 

(L. E. Robinson) 

Scope, Basic experimental capabilities are being provided for the 

transient in-plle experiments with oxide fuel (see p, 231), except that 

fuel specimens are supplied by RDT. Loops, capsules and the shipping 

cask are being developed and fabricated. Also Included are glovebox 

fabrication, core accessories, and support of work to enlarge the 

capabilities of experiment instrumentation. Throughout the development 

and fabrication, use is made of applicable codes and standards, 

established engineering procedures, and quality-control and quality-

assurance procedures. Consulting services are provided as needed to 

related safety programs. 



Summary, Mark-II-loop use as a safety experiment test vehicle was 

demonstrated through TREAT experiments and post-TREAT handling, loop 

reuse following a transient that did not produce failure, and through 

operations with a sample that had failed vigorously. Work continued on 

providing capability for operations with irradiated mixed oxide. 

Shipping-cask procurement documentation. Vendor drawings and 

associated documentation were prepared for the ANL uranium-shielded 

shipping-cask design, described previously,'^ for use in shipping 

Mark-II TREAT loops, in accord with RDT programmatic approval of cask 

procurement. The quality-assurance plan for cask fabrication was 

completed. The cask design-and-analysls data package was submitted to 

the .\EC for approval to begin fabrication. The AEC response to the 

cask data package specified action on quality-assurance planning and 

additions to the design. Action was taken to meet the AEC coiranents, 

The cask closure-flange assembly was redesigned, incorporating energy-

absorbing structure to provide greater capability to meet a drop 

criterion; a diffusion barrier was specified between the uranium 

shielding and the steel structure to satisfy concern over possible 

steel-uranium eutectic formation during exposure to a fire; provisions 

were made to facilitate the future addition of a vent and drain if they 

should be required; and Integral "legs" were added to the cask to 

eliminate the need for a separate skid to hold the cask during shipment. 

Figure 94 shows the revised cask configuration. Figure 95 shows the 

cross section of the cask package. In addition, the quality-assurance 

plan was augmented and rewritten in accord with RDT standard F2-2T. 

The complete new package was under final review at the end of the 

report period, before submittal to AEC for approval. 
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To use the shipping cask, it will be necessary for the Mark-II 

loop (or other experiment) to first be sealed inside a "special form" 

container (see Fig. 95). A detailed review was made, analyzing the 

loop shipping container used for shipping the prototype loop to TREAT 

for the first (El) test. This review showed that, with a minor change 

in the closure-flange design, the loop shipping container would qualify 

for service as a special-form container or as a Spec, 7A container for 

shipping Type-A quantities of "nonfisslle" radioactive material. The 

change was made. 

Revision of Mark-II loop quality-control package into new QAM 

format. The detailed quality-control package of the loop for Mark-II 

material specifications, fabrication procedures, inspection procedures, 

inspection specifications, outfitting procedures and inspections, and 



the loop testing, all of which were produced as part of the Mark-II 

loop development, were assembled into the new formats established by 

the ANL quality-assurance management group in accord with specification 

F2-2T, Reviews of these plans were begun. 

Review of Mark-II-loop fabrication costs. At RDT request, an 

estimate was prepared to show the cost and time required to fabricate 

various quantities of TREAT Mark-II integral loops,"* The estimate was 

based on using prior experience in fabricating these loops at ANL, and 

projected FY 1971 labor rates and material costs. The estimate showed 

the cost for fabricating the basic shell loop and for outfitting a 

typical loop with trace heaters, pressure and flow Instrumentation, and 

other ancillary equipment. The estimate did not cover the cost break

down for making the fuel-holder assembly, which normally is furnished 

by the user with the experimental fuel specimens. In addition, the 

user, depending on the experiment requirements, has the option of 

either adding or removing subsystems from the basic shell loop, which 

also would affect the cost. 

Safety aspects of the elevated-temperature behavior of DC-200 

silicone cooling oil used with the Mark-II loop. DC-200 dimethylpoly-

siloxane (silicone) oil is used as an auxiliary coolant for the Mark-II 

sodium loop, to cool the Annular Linear Induction Pump (ALIP) and the 

loop freeze plugs. As part of the loop development, an analysis was 

made of the chemical stability of the silicone oil under "operating 

accident" conditions of (1) rupture of silicone lines with dispersal of 

silicone on hot loop parts, and (2) silicone flow stoppage in the ALIP. 

After review of the available chemical data, it was concluded that the 

oil presented no hazards of overpressure or overheating of loop parts 

due to silicone decomposition and combustion for the following reasons: 
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(a) the decomposition of the oil is endothermic, requiring a heat source 

to sustain it, (b) external heat must also be supplied to sustain com

bustion of these compounds or their decomposition products, and (c), 

the surface of the loop can, at a nominal 200°C, represent the coldest 

portion of the system, and as such affords a condensation surface for 

the decomposition or distillation products of the higher-temperature 

oil—consequently, this condensation reduces the pressure of the loop 

system. It was concluded under these assumptions that the pressure from 

the decomposition of the coolant oil would be less than 15 psi. 

These conclusions were supported by results of a test performed 

during the testing period prior to the high-pressure prooftest of the 

prototype loop.^^ During the safety review of the El experiment, the 

experimenters were requested to supply additional information on silicone 

behavior under these conditions. Accordingly, a simple quantitative 

survey experiment was performed on pressure generation by silicone oil 

In a closed system, A given quantity of silicone was heated in a 

closed copper tube with argon cover gas above tWe silicone surface. The 

nominal room-temperature volume of the silicone for each run was 36.9 

o 3 

cm , and the nominal room-temperature value of argon was 73.9 cm . The 

silicone occupied a cylindrical volume about 15 cm long, with a thermo

couple well extending down from the top surface half way (i.e,, to 

8 cm from the bottom of the cylinder), To effect good contact between 

the thermocouple and well, some silicone oil was added to the well. 

The thermocouple was always wet after removal from its well after each 

run, even though some smoking of the oil in the well was noted at tem

peratures above 340-400°C. Pressures were measured as a function of oil 

temperature during each run. The pressure of the compressed heated 



cover gas was computed and subtracted from the total to obtain the 

partial pressure of the hot silicone. Pressures were measured after 

posttest cooling. After the last run (maximum temperature of 473°C) 

the posttest pressures were measured to be in excess of the original 

argon pressure of 1 atm by only 1.2, 1.0, and 0.6 psi at cooling times 

of 1.5, 2, and 18 hr, respectively. 

These tests showed that the pressure due to the vapor or decom

position products from the ALIP coolant was about 25 psi at a tempera

ture below 425 to 473°C, Consequently, the total pressure that could 

be attributed to the vapor and decomposition products from the pump-

cooling oil was moderate for the temperatures studied. 

Thermal-neutron filter for Mark-II-loop experiments.^ A large 

radial power depression is produced in a mixed-oxide TREAT test pin by 

the thermal-neutron spectrum of the reactor. This power depression is 

sizable for a single highly enriched pin even when proper allowance has 

been made for the neutronic effects of the loop. For TREAT power 

pulses having a duration of the order of or less than the thermal time 

constant for heat transfer from the pin, this power depression can cause 

a sizable departure in sample temperature distribution from that which 

would be produced in an actual fast-reactor incident. Accordingly, in 

advance of the HI test, provisions were made for a thermal-neutron filter 

that would remove the thermal-neutron flux on the test pin. A 1/v 

thermal-neutron-absorbing shield was fabricated as an inner liner to 

fit within the outer containment can of the Mark-II loop. The liner 

was designed as a piece of interchangeable hardware to be used in 

calibration runs and with actual test loops, as needed. 

The shield was constructed by coating a substrate, consisting of 

a 16-mesh 20-mll wire screen spotwelded to the 25-mil stainless-steel 



255 

liner can, with a mixture of equal parts by weight of BgSi and Pyromark 

paint. Several coatings were applied. After the last coating, the 

surface was polished evenly down to the grid wires (which served both 

as a reference marker and a mechanical reinforcement for the BgSi). 

Then the shield was baked and coated with a protective surface layer of 

Pyromark paint. 

Measurements of epithermal-neutron transmission, both on prelimin

ary small samples as well as on the completed shield, were used to 

determine the "effective BgSi thickness" at an assumed density of 

1.7 gm/cm^ (70% theoretical density). The small samples had an effective 

B Si thickness of 22.4 mils, while the completed liner had an effective 

thickness of 19 mils. Neutron-transport calculations indicated that 

such a Mark-II TREAT-loop liner would yield a ratio of HI sample center-

line to maximum TREAT power density of about 65 to 1, Measurements of 

thermal-neutron transmission indicated uniform surface coatings for the 

samples as well as for the completed shield. Analyses were performed 

to determine the in-pile thermal heating of the "shield under various 

conservative assumptions. The heating from the n,a reaction is small 

in light of the high-temperature stabilities of the BgSl and the 

Pyromark binder. 

Suppression of sodium-slug'impacts in the Mark-II loop,'^ Before 

test E2, modifications were made to the upper part of the loop test-

section subassembly to reduce the potential for loop damage from 

"sodium hammer" under certain limiting case conditions of transfer of 

thermal energy to kinetic energy using sodium in the vicinity of the 

test pin as a working fluid (see p, 262). 

Stress analysis of Mark-II loop with dump tank. The B3 Mark-II 

TREAT loop, used for the first loop experiment (HI) on mlxed-oxide-fuel 



meltdown in TREAT, was the first of the Mark-II loops to be equipped 

with a dump tank, A stress analysis was performed to show that the 

loop design with dump-tank piping was acceptable from the standpoint of 

thermal stresses in both normal operation and In the event the loop 

rupture disk breaks, dumping hot sodium into the blowout line. 

The analysis of the dump piping, comprised of the blowout line 

from the loop proper to the safety tank, the safety tank, and the fill 

and overflow lines from the tank to the loop proper, results in a con

servative estimate of the system stresses, because the model used was 

two-dimensional, while the actual loop is three-dimensional and more 

flexible. The smaller 5-ft-long overflow tube was neglected because of 

its high flexibility. Throughout the analysis, the rectangular valve 

bodies and their weldable port projections were considered to be 

essentially rigid because of their massive geometry. 

Two cases were considered for analysis. Case I corresponds to the 

steadv-state condition of the Mark-11 loop, with the blowout line 

maintained at 205°C, the mechanical valve and lower fill line at 52°C, 

and the burst disk intact. 

Case II serves as a limiting calculation, with the blowout line at 

900°F, and the temperatures of the remainder of the auxiliary loop un

changed. This case corresponds to the limiting condition to be realized 

in the event that an overpressure ruptures the burst disk and discharges 

the molten sodium from the loop into the dump tank. 

In both cases, the highest stresses occur at the segment of the 

auxiliary loop containing the mechanical valve in the fill line. Tor the 

steady-state Case I, the maximum stress calculated was 9,407 psi at the 

fill-line valve, with a stress of 6,370 psi at the rear of the burst-disk 



257 

housing, and a stress of 3,401 psi at the weldment of the fill line to 

the lower bend of the loop proper. None of these stresses is comparable 

to the yield strength of the stainless steel; hence, there would be no 

distortion in the system as a result of normal steady-state operation of 

the loop at temperature. In Case II, the resultant stresses calculated 

were 33,317 psi at the fill-line valve, 21,563 psi at the burst-disk 

housing, and 11,510 psi at the fill line-loop weldment. 

The stresses realized in the auxiliary system in Case II are se

condary stresses resulting from the thermal expansion of the blowout line 

during a thermal excursion from 400°F to the temperature of the loop 

sodium. Because the valve releasing the sodium from the loop into the 

blowout line is a simple rupture disk, the excursion is not a cyclic 

operation. 

The ASME Boiler and Pressure Vessel Code,'^ for cases not requiring 

analysis for cyclic operation, specifies that the limit of stress inten

sity for secondary stresses plus bending is to be defined as 3S , where 

S = [(S (3 400°F) + (S @ 900''F)]/2 = [19,400 +'14,000]/2 = 16,700 psi. 
m m m 
Thus, 3S = 50,100 psi, and the Case-II stresses are acceptable, m ' "̂  

The USAS B31.1.0 Power Piping Code^^ specifies that the allowable 

stress, S,, for cyclic operation must not exceed S. = f(1.25S + 0.25S^), 
A ^ A c h 

where S is the allowable stress as tabulated at the minimum temperature 
c 

(100°F), S, is the allowable stress at the maximum temperature (1000°F), 
h 

and f is stress-range reduction factor for cyclic operation (f = 1, for 

less than 7000 full temperature cycles). This yields S = (1.25)(18,750) 

+ (0,25)(14,000) = 23,438 + 3500 = 27,000 psi. Hence, the stress at the 

burst-disk housing (a = 21,563 psi) is well below the limiting stresses 
H 

allowed under both codes. 



Prooftests of Bl, B2, and B3 loops for use in Tests HI. E3, and LI. 

Mark-II Loops B3, Bl, and B2 were readied for use in Tests HI, E3, and LI, 

respectively. Loops B3 and Bl were prooftested; Loop B2 was readied for 

its prooftest to be conducted early in FY 71. 

Before experimental use in the meltdown studies of fast-reactor 

fuels in the TREAT facility, each of the Mark-II integral sodium loops 

is subjected to a prooftest, as prescribed by the ASME code. ° For this 

test, the loop must be fully outfitted with external heaters, annular 

linear-induction pump, cooling lines. Insulation, and sensor circuits, 

to permit pressure testing the loop to 125% of its rated pressure, 

while operational at the device's rated temperature. The pressurlzatlon 

is pneumatic, using high-purity argon gas. During the test, the con

tained sodium is pumped through the loop proper at a low flowrate, 

sufficient to ensure the establishment and maintenance of the distri

bution of temperature to be realized during experimental operation of 

the facility. 

During the pressurlzatlon of each loop, the argon pressure was 

raised from the full-bottle value by means of the DYNAIR gas-pressure 

intensifier. The full pressure of a bottle of argon gas was applied to 

the dump tank, to prevent pressuring the burst disk when the test 

pressure exceeded the disk-rupture rating. The differential pressure 

across the burst disk between the loop and the dump tank was held to a 

maximum of 3000 psig. The first prooftest of the Bl loop was terminated 

prematurely at a test pressure of 4500 psi when the rupture disk burst 

at a differential pressure of 2500 psi between loop and dump tank. A 

new disk was attached to the loop in an installation meeting the full 

loop quality-assurance specifications of material, welding, and full-
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radiography inspection. Then the Bl loop was prooftested satisfactorily 

at 5000 psi and 538°C. 

Pressure transducers for Mark-II loops. At the time of the pre

paration of the Mark-I Integral Sodium TREAT loops, the pressure trans

ducers considered to offer the best overall characteristics for 

adaptation to the sodium-filled flow system were unbonded strain-gage 

bridge sensors. There were several competitive transducers, essentially 

of the same type, and differing only in the method of strain-gage support 

within the transducer body. The 1/2- to 5/8-in.-diameter transducers 

selected were attached to the system by means of a tubular NaK-filled 

stand-off technique, to provide physical isolation of the sensor 

diaphragm, and a thermal isolation of the transducer as a whole from the 

high-temperature environment of the loop.^" 

During meltdown experiments in the TREAT facility using the Mark-I 

loops, these transducers furnished usable pressure-pulse data,^^ but 

exhibited spurious electrical signals as high as 40% of full scale as 

a result of the extreme transient radiation levels. 

Thus, for the Mark-II integral sodium loop, a variable-impedance 

transducer, developed for blast instrumentation and checked in TREAT, 

seemed to offer the desired properties, including: low radiation 

sensitivity ("̂3% at 10^^ nvt), high-frequency response (>40 kc, natural 

frequency), high-temperature rating (600°F, operational), high electrical 

output ('̂'40 mv FS) , and sodium compatibility (no mechanical coupling). 

The variable-impedance model chosen was a standard unit, modified 

with the inlet nozzle jacketed with a copper radiator, for use with the 

NaK-filled loop stand-off. 

Calibrations of the transducers with NaK eddy-current coupling, and 

subsequent bench tests, indicated the devices to perform as specified 



and predicted. However, in the application of the sensors to the Mark-II 

loops extreme problems were encountered in calibration, drift, reliability, 

and shelf life. Further, the very low sensitivity to high transient 

radiation levels in TREAT shown in trials with a prototype was not 

sustained in tests with one of the units purchased subsequently for 

Mark-II-loop use. Accordingly, a used, "obsolete" transducer with well-

known out-of-pile characteristics was obtained; this unit was originally 

designed to resist radiation effects. It is an unbonded strain-gage 

bridge transducer, similar to the ones used earlier on the Mark-I 

loops,20 but with a case having a higher pressure rating than those 

used previously. 

For the El and E2 tests with the Prototype Mark-II Integral 

loop,^>^ the variable-impedance transducer was used at the test-section 

outlet, and the strain-gage transducer was used at the test-section 

inlet. The latter sensor showed "^10% full-scale radiation sensitivity 

(a small fraction of the sensitivity shown by the other unit: see 

Fig. 87). This strain-gage sensor proved to be uncomplicated in use, 

with low sensitivity to thermal gradients, and was run without auxiliary 

cooling. 

Because the inlet transducer on the prototype loop had been 

replaced in the manufacturer's line by a more "advanced" device, one of 

the newer transducers was subjected to a TREAT power transient. Although 

the manufacturer's data showed that this unit had surpassed, in all 

respects, the earlier model in performance in steady-state nuclear-

reactor testing, the new device with its thin-film strain bridge res

ponded to the short-time very high radiation of TREAT with a wildly 

erratic electrical output signal of extreme amplitudes. Apparently, the 
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high radiation levels of the TREAT transient caused the thin ceramic 

substrate of the thin-film strain element to act as a semiconductor, 

producing successive avalanches of charge between input and output. 

Additional models of the older strain-gage transducer were obtained 

and are now in routine use on the Mark-II loops. These were the 

transducers used in the HI, H2,^ and H3̂ '' tests. 

Adaptation of accessories for minimal cave usage of Mark-II loops 

with irradiated mixed oxide. Work was begun to adapt the cave 

accessories for minimal cave usage with Mark-II loops. The glovebox 

operations were checked through the cycle of operations with the pro

totype loop and the test section from Checkout Test E2. Work was begun 

to adapt previously used equipment designs and operating procedures with 

only minor modifications for use in minimal FCF air-cell operations with 

the Mark-II loop and mixed-oxide fuel. 

Future program. Provision of experimental support for the transient 

in-pile tests (see p. 231) will continue on an expanded basis. Mark-II 

loops from the FY 1970 stocks will be finished,'outfitted, and proof-

tested for use. Loops will be provided for use as test vehicles for 

experiments in early FY 1972. Some loop reuse will be possible. The 

acquisition of the loop shipping cask will expedite performance of ex

periments, make possible experiments with previously irradiated mixed-

oxide specimens, and permit post-experiment examinations of failed 

mixed-oxide pins. Capability for cave operations on loops involving 

irradiated mixed-oxide will be established and used. 



Analytical Support 

(A, B, Rothman) 

Scope, Direct analytical support is provided for calculations 

used in planning the transient safety experiments (see p, 231) and 

in analyzing the results, Basic calculational techniques, computer-

code modifications for specific experiment applications, and new pro

gramming of a minor nature are included. Automation of hodoscope 

readout and hodoscope data reduction and analysis are also being 

accomplished. 

The end product of the experimental work is verification of 

predictive mathematical models for fuel-element behavior in transients 

large enough to cause fuel movement. These models are developed jointly 

by this activity and the Accident Analysis and Safety Evaluation study. 

Summary, Analyses in support of the experimental program included 

reactor-physics calculations, transient-temperature calculations, ^ and 

programming analysis for the reduction of data for the fast-neutron 

hodoscope,2^ Completion of the first oxide loop experiments provided 

opportunities to check calculations ,2"* Problems were apparent in 

modeling transient heat transfer where transfer to structure was im

portant, but calculations were in good agreement with experiment for 

the cell-like geometry of a single flow channel. 

Evaluation of SASIA modeling of loop Checkout Tests El and E2.^»^ 

Calculation by SASIA^S of the extent of fuel melting was confirmed by 

postmortem inspection of the unfailed pin from Checkout Test El. This 

inspection also indicated the ability of axial fuel motion to release 

cladding stress. Coolant-outlet-temperature rises in Checkout Tests El 

and E2 up to the time of pin failure were well below calculated values. 
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Provisionally, this was attributed to the relatively slow radial heat 

transport of a gas-bonded oxide giving time for much more heat transport 

to surrounding structure in the checkout pseudocluster geometry than had 

occurred in earlier loop tests with EBR-II driver fuel,2^>2^ 

For both tests, the fuel-cladding deformation subroutine^^ 

calculated that the cladding began to be deformed plastically even before 

any fuel melting began. No significant plastic strain was found in the 

El pin, apparently demonstrating the effectiveness of axial movement in 

relieving strain. A large residual (i.e., plastic) strain of the 

stainless-steel E2 cladding is calculated after maximum reactor power, 

due to the large change in fuel volume occurring with UO2 melting. The 

maximum cladding strain at the time of pin rupture (1880 J/gm of UO2) is 

calculated to be 5.3%. This value of the cladding strain is very close 

to the threshold strain calculated for the autoclave experiment S3.^'* 

At the close of the report period, extensive efforts were being made to 

check this prediction for E2, using the cladding remains. 

Evaluation of SASIA modeling of first mixed-oxide-pin loop experi

ment with single pin in simulated FFTF cell (Test HI), In the evaluation 

of SASIA modeling of Test HI, the measured and calculated rise of 

coolant outlet temperature agreed well. Check of the shape of the 

outlet-coolant-temperature curve confirmed the form of the SASIA model 

for variable heat conductance, U, across the fuel-cladding gap. Para

meter studies were performed using a constant value of U as a parameter. 

These showed that a constant U could not reproduce the shape of the 

outlet-temperature curve. Agreement between experiment and calculation 

indicates that the principal calculational problem In analyzing transient 

outlet-coolant temperatures of Checkout Tests El and E2 was the modeling 

of the complicated three-dimensional geometry around the pin. 



Careful postexperiment metallurgical examinations showed residual 

strain in the cladding to be significantly lower than predicted using 

the nominal design fuel-cladding gap. Increasing the gap thickness by 

an amount within realistic fabrication tolerances resulted in a calcu

lated strain in good agreement with measurements. This sensitivity to 

relatively small changes in as-fabricated fuel-cladding gap should not, 

in principle, occur for Irradiated fuel because of closure of the gap. 

Analysis of impacts Inside Mark-II sodium loops under assumed 

limiting-case hazards conditions.'^ During the safety review of the 

El Mark-II-loop test, questions were raised concerning potential damage 

to the loop arising from sodium impacts at the top of the loop expansion 

volume, and secondary impacts if the sodium were to rebound downward 

after the original upward acceleration. These concerns arose from 

hazards calculations for a limiting case in which conversion of about 

10% of the thermal energy input to the sample appears in kinetic energy 

of a sodium "slug." Calculated velocities at impact for this case are 

typically about 400 m/sec, (The maximum sodium velocity actually 

measured by a flowmeter in a Mark-II-loop test thus far is less than 

20 m/sec.) Because the loop tests currently represent exploratory 

experiments into a relatively unknown regime, the test-section support 

member inside the loop expansion space was modified to provide a design 

margin in the event the actual experimental conditions were to approxi

mate the conditions of the hazards calculations. Four reinforced 

orifice plates were placed on the support member to limit the sodium 

slug velocity at impact. The bottom orifice was placed high enough 

that sodium expulsion could proceed unimpeded, until the test section 

was voided past the upper flowmeter. Thus, there would be no compromise 
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of experimental objectives, at least on expulsion. Detailed sizing and 

placement of the orifice plates were made on the basis of an analysis 

of sodium-slug displacement, velocity, and acceleration, using a non

linear resisting force, for sodium of known (and constant) mass, density, 

and viscosity moving through a duct of variable area. Calculations were 

performed for a driving pressure of 410 atm (sodium critical pressure). 

The transient pressures resulting from the impacts of the sodium slug 

with the orifice plates and the top of the loop were calculated using 

results from Streeter and Wylie^^ and from Wright.^^ It was concluded 

that addition of the orifice plates would accommodate the conditions of 

the assumed accident. 

Analysis of radiation effects on superheating of liquid sodium. 

Results of calculations, indicating that the radiation environment of a 

fast reactor should have negligible effect on the superheat of liquid 

sodium coolant, were reported.^ » 

Demonstration of basic capability for automated handling of 

hodoscope data. The basic capability for automated handling of hodo

scope data was demonstrated.^' The TREAT hodoscope is a device developed 

to "follow" the movement of fuel during a TREAT experiment with a loop or 

steel capsule, by detecting fission neutrons emitted from the test section. 

These neutrons are then detected by an array of detectors outside the 

reactor core, and the data are recorded.^^>^^ As a test of the hodo

scope system, it was run, at the same time with the standard TREAT 

high-speed optical camera system, during a fuel-pin meltdown experiment 

conducted with a transparent capsule. Data from the hodoscope were 

"read" by the ANL CHLOE scanning system, analyzed, and used in a 

computer reconstruction to produce "photos" of a test pin as the pin 



slumped during a TREAT transient. Good agreement was found between the 

computer reconstruction of the fuel sample and the optical photography. 

Analysis of transient data has shown that the transient signal-to-

background ratio is better (by about a factor of three) than that 

recorded in steady-state checkouts. This appears to arise in a straight

forward fashion from the core delayed gamma rays that contribute to 

background much more during a steady-state run than in a short reactor 

transient that lasts a few seconds or less. On the other hand, the 

delayed gammas from both core and sample persist after the burst, 

decaying much more slowly than the neutron signal. This effect tends 

to maintain the hodoscope counting rates at higher levels (though at a 

signal-to-background ratio comparable to steady state) than would be 

indicated by the reactor fission levels. 

Future program. Analytical support for experiments will be ex

panded to provide routine data reduction from the TREAT fast-neutron 

hodoscope, the specialized calculations needed for detailed planning 

and analysis of the experiments performed, and associated fuel dynamics 

development. 

Hot Laboratory Examinations 

(L. Nelmark) 

Scope. Specialized examinations of both fresh fuels and preirra

diated fuels are providing data needed to analyze the effects of 

transient tests on FFTF oxide fuel. Fresh fuel and irradiated fuel are 

examined nondestructively; destructive examinations are made of selected 

preirradiated pins that are to be used as references for comparison with 

post-TREAT examinations on preirradiated fuel. Nondestructive and 

destructive techniques are used in the study of post-TREAT fuel condition. 
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These examinations supply data for analyses in support of the TREAT 

experiments, and of the Accident Analysis work that is developing 

predictive analytical descriptions. 

Summary. Postmortem inspections were performed on samples from 

Checkout Tests El and E2. Unirradiated PFR pins were nondestructively 

tested before they were used in TREAT tests, as were PFR pins that had 

been irradiated to 5% burnup. The 3%-burnup "lead" pin from the first 

unencapsulated oxide assembly run in EBR-II was examined. 

Postmortem inspection of pin from Checkout Test El. In the post

mortem inspection of the pin from Checkout Test El, the pin cladding 

was found not to have been deformed by the transient, although extensive 

motion of molten fuel had occurred inside the unfailed cladding. Molten 

oxide had been frozen in place against the cladding without significant 

attack of the sodium-cooled jacket. Maximum extent of fuel melting was 

approximately 80% of the pellet cross section. 

Nondestructive test of unirradiated PFR mixed-oxide pins. The 

nondestructive characterization of 66 unirradiated PFR mixed-oxide fuel 

elements has been completed in preparation for tests in TREAT, The 

characterization included profilometry, eddy-current inspection, balance-

point determinations, length measurements, and radiographs. 

Nondestructive test of PFR mixed-oxide pins irradiated to 5% 

burnup in DFR. Nondestructive tests were performed on seven UKAEA 

mixed-oxide PFR-type pins that had been irradiated to 5% burnup in DFR. 

Two new results were obtained: neutron radiography disclosed Internal 

oxide fragmentation and structural changes on one pin not seen on UK 

radiographs, and eddy-current inspection of the cladding showed 

anomalies associated with the inner surface of the cladding that might 



represent fission-product penetration of the stainless steel. Destructive 

examination was not permitted, so direct investigation of the source of 

this anomaly could not be performed. 

Examination of the 3%-burnup "lead" pin from the first unencap

sulated oxide assembly run in EBR-II, The oxide pin removed from 

unencapsulated EBR-II Subassembly X040 at 3% burnup as a "lead" pin was 

examined in detail, both nondestructively and destructively. 

Subassembly X040 was the first EBR-II subassembly to contain 

unencapsulated experimental mixed-oxide fuel pins. The subassembly 

consisted of 19 ANL pins along with 16 pins from General Electric Co. 

The 19 ANL pins were specified for exposure to 5a/o burnup, to provide 

a stock of domestic mixed-oxide pins irradiated in unencapsulated 

environment for use in fast-reactor safety transient meltdown experiments 

in the TREAT reactor. Subassembly X040 was removed from EBR-II at the 

3a/o burnup level for an interim examination^'* so that the EBR-II 

project staff could ascertain the condition of the fuel in this first 

unencapsulated oxide-pin subassembly, to verify that the condition of 

the pins vjas in accord with expectations based on earlier encapsulated 

EBR-II oxide-pin Irradiations, and to confirm that the irradiation 

could proceed from the standpoint of EBR-II safety and availability. No 

conditions were found that would bar continued irradiation of the 

subassembly to 5 a/o burnup. One of the 19 pins (012) appeared to have 

a minor surface defect. This pin was set aside for detailed destructive 

examination as a "lead" pin from Subassembly X040, The reconstituted 

subassembly, with Pin 012 replaced by a dummy pin, was reloaded into 

EBR-II as Subassembly X040A. Irradiation of X040A was completed 

without incident shortly before the end of the report period. 
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Upon close examination, the surface defect of Pin 012 appeared to 

be a surface scratch rather than an incipient crack. Detailed 

metallography confirmed this conclusion. 

After removal of the spacer wire, the area covered by the wire in 

the fuel section of Pin 012 was readily discernible, as shown in Fig. 96. 

Also visible were shallow scratches where the wire rubbed against the 

cladding. 

Fig. 96. 
Fretting Scratches under Spacer Wire 
in Fuel Region of Pin 012 from Sub
assembly X040. 

The maximum diameter increase (based on a nominal preirradiatlon 

diameter of 0,290 in.) of Pin 012 was 1.5 mils and occurred about 5.7 in. 

above the bottom of the fuel column. The diameter increase was not 

uniform around the circumference of the element; the "minimum" maximum 

was 0.8 mil. The diameter change along the length of the element 



conformed only generally to the flux profile, and had a number of peaks 

and valleys. There was no evidence of "pellet ridging" or "bambooing" 

along the element. 

Figure 97 shows a transverse section from 5/8 in. below the top of 

the fuel column of Pin 012, where gamma spectrometry Indicated a high 

concentration of cesium. The section is typical of others along the 

Fig. 97. 
Transverse Section 5/8 in. 
from Top of Fuel Column in Pin 
012. U-Pu-Cs material is at 
the fuel-cladding interface. 
Healed cracks are at A and 
molybdenum deposits are at B. 

length of the fuel column, except for a gray phase clearly evident 

between the fuel and the cladding. This gray phase is of substantially 

different morphology than the body of the fuel and appears to be free of 

porosity. Microprobe analysis showed that the phase contains uranium, 

Plutonium, and cesium, with the uranium and plutonium in the same ratio 

and almost the same quantities as in the fuel pellet. Although not 

visible in the microstructure, a very high concentration of cesium was 

found by the microprobe between the gray phase and the cladding; there 

apparently was no penetration of cesium into the cladding at this 

position. The gray phase bears a resemblance to the U-Pu-Na reaction 
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products previously found in failed mixed-oxide fuel elements. The 

microprobe results indicate that the phase is a U-Pu-Cs reaction product. 

Other noteworthy features in Fig. 97 are the cracking pattern and 

the apparent healing of these cracks in the columnar-grain region (at A ) . 

These cracks suggest that the initial 0.004-in, fuel-to-cladding gap has 

been closed by the outward movement of large segments of the pellet, 

and then the crack-healing process in the columnar-grain zone, above a 

temperature of about 1800°C, essentially locked the segments against the 

cladding. The perfect circular shape of the central void Indicates that 

the segments did not move inward, by shear along cracks, on cooldown. 

This cracking behavior suggests that the mechanism for closure of the 

gap is related to thermal expansion and thermal-shock cracking of the 

pellets rather than to fuel swelling. 

Nondestructive eddy-current examination had indicated that, at about 

2.5 in. from the top of the fuel column, a possible defect existed on 

about 180° of arc on the inner surface of the cladding. The metallogra-

phic examination of this area showed no gross cuacks. However, in half 

the circumference of the cladding, a number of grains of the stainless-

steel cladding had fallen out during metallographlc preparation. On 

further grinding, there was clear evidence of fission-product pene

tration into the grain boundaries of the cladding to a depth of approxi

mately 0.002 in., the approximate depth Indicated by the eddy-current 

examination. The calculated cladding temperature in this region was 

between 490 and 535''C, 

No evidence was found for any significant attack of the cladding by 

sodium, or for any detrimental effects of the sodium-cleaning procedures 

at EBR-II, 



Alpha autoradiographs of the sections indicated that plutonium had 

migrated up the thermal gradient. An intense band of alpha activity was 

found around the central void, with a depleted zone toward the colder 

ends of the columnar grains. 

Fission-gas analysis showed 56% release from the fuel. 

Postmortem inspection of sample from Checkout Test E2. The sample 

remains from the high-energy oxide-failure experiment of Checkout Test 

E2 was examined in detail. Fuel-structure and macroscopic characteriza

tion were combined with checks on melting of stainless-steel components 

from the cluster to provide a reconstruction of the course of the experi

ment complementary to the direct-observation data from the fast-neutron 

hodoscope. Detailed checks are underway to test the cladding-strain 

calculations of SASIA. 

Future program. Pins will be examined both before and after the 

in-plle tests to assist in analysis of the results. It is assumed that 

the preirradiated fuel pins supplied will be significantly closer to the 

FFTF fuel design specifications than were the pins from the first EBR-II 

experimental subassembly of unencapsulated oxide pins (X040). Examina

tions will be performed on pins from X040 only to the extent necessary 

to assist in evaluating the true condition of the actual TREAT specimens. 

At that point, the 17 Identical X040 pins will serve only as backup pins 

that have been irradiated unencapsulated in a fast flux; they will be 

used only if needed. 
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Nuclear Safety Research and Development—LMFBR Safety 

IX. MATERIALS BEHAVIOR AND ENERGY TRANSFER* 

(M. G. Chasanov) 

Overall scope. This program is aimed primarily at providing high-

temperature physical-property data for materials used in an LMFBR. The 

properties to be studied are chosen on the basis of their importance in 

fast-reactor safety analysis—ranging from steady-state and mild tran

sients to core-meltdown situations. Among the properties being studied 

are heat capacity, enthalpy, compressibility, vapor pressure, and speed 

of sound; other properties, such as density, viscosity, surface tension 

and thermal conductivity, might be studied later. Presently, the empha

sis is on obtaining information relating to fuel materials; however, 

future plans call for similar studies on coolant, cladding, and 

structural materials. 

The experimental programs involving the fuel materials are being 

pursued to the maximum temperatures possible using tungsten containment 

vessels— %3600 K. However, these temperatures are still markedly less 

than some of the temperatures of interest to reactor-safety analysts. 

Thus, coupled with our experimental program, we have an analytical 

effort that is investigating various types of correlative and extrap-

olatlve techniques for use in extending the temperature range of utility 

for the data obtained by us and by other investigators. 

Theoretical Extrapolation of Measured Physical Properties to Very High 

Temperatures 

(S. D. Gabelnick and M. G. Chasanov) 

Scope. The high-temperature physical-properties program will, in 

general, provide physical-property data for fuel materials, cladding, 

*For references for this chapter, see p. 288. 
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coolant, and structural materials at temperatures that are extremely 

high from an experimental point of view ('v3300°K), but are still 

markedly less than temperatures of interest to reactor-safety analysis. 

To correlate and extrapolate satisfactorily the experimental data for 

utilization at these significantly higher temperatures ('i'6000°K) , 

recourse to existing theory such as corresponding states, scaled parti

cle, significant structures, etc., is necessary. Calculational studies 

based on these theories will be performed to assess consistency and 

validity of such extrapolation and correlation of the available data. 

Summary. Efforts have been devoted to development of a basic 

computer program to calculate vapor pressures of fuel and fission prod

ucts at temperatures for which thermodynamic data are presently avail

able; extrapolation techniques are being Incorporated to allow the pro

gram to be used at temperatures for which experimental thermodynamic 

data do not exist. 

Correlation of experimental data obtained from high-temperature 

physical-property studies with corresponding states theory and other 

pertinent theories; development of useful equations of state for reac

tor materials. Knowledge of the pressure within an operating fuel pin 

is of Importance to the reactor safety program. At normal operating 

temperatures, pressure from the buildup of gaseous fission products in 

the void, crack, and plenum regions of the fuel pin significantly 

contributes to the stresses placed on the cladding materials. Under 

accident conditions, the combined vapor pressure of fission products 

and fuel might serve as a ballast force causing molten fuel to be ex

truded through a rupture in the cladding, if such a rupture should 

occur. The vapor pressure is thus one of the factors that needs to be 

considered in determining the extent of fuel-coolant interaction. 



The thermodynamic data needed for the calculation of partial 

vapor pressures of the fission products and of the fuel at the very 

high temperatures that might be reached during a reactor accident cannot 

be obtained directly by experimental means. Consequently, it is neces

sary either to find some basis on which to extrapolate existing exper

imental data taken at low temperatures to higher temperatures or to 

perform statistical mechanical calculations of the thermodynamic 

properties based on observed spectroscopic parameters. 

Efforts initially have been placed on the development of a basic 

computer program suitable for calculating vapor pressures of fuel and 

fission products at normal operating temperatures; this same program 

will later be applicable to calculations of vapor pressures at very high 

temperatures when appropriate thermodynamic data are available. 

For a fixed temperature, fuel density, relative void volume, per

cent burnup, and preburnup 0/M ratio of the fuel, a set of simultaneous 

equations must be solved. These consist of (1) nonlinear equilibrium 

relations between the vapor species, oxygen, and the stable condensed 

phase of each fission-product element and of the fuel, (2) mass con

straints Imposed by initial quantities and preburnup 0/M ratio of the 

oxide fuel and by fast-neutron fission-product yields, and (3) an equa

tion relating oxygen pressure to the 0/M ratio of the fuel. The assump

tions made are (1) that all vapor species are released to the void 

volume, which Is at constant and uniform temperature, and (2) that the 

condensed fuel and fission-product phases are immiscible and have unit 

activity coefficients. Although there are as many unknown quantities 

as equations, it is found that the concentrations of all species depend 
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simply on the 0/M ratio of the condensed fuel. By estimating the final 

(after burnup) fuel composition, the concentrations of all species and 

a revised value of the final 0/M ratio are obtained. Successive itera

tions are performed until the estimated and revised values of the after-

burnup 0/M ratio agree to within any required accuracy. Then partial 

vapor pressures of fission products and fuel are calculated from this 

final value. 

Future program. Necessary thermodynamic data will be updated and 

extended to higher temperatures,the possibility of compound formation 

between several fission-product elements will be accounted for, and 

attempts will be made to Improve on the simplifying assumptions enumer

ated above. In addition, use of existing theory to correlate and ex

trapolate experimental physical-property data to higher temperatures 

will be continued. Preliminary emphasis will be on corresponding states 

theory. However, these results also will be compared with scaled-

particle and significant-structures theories. The results of these 

preliminary comparisons will indicate which approaches should be 

suitable for treatment of reactor-safety data. 

High-temperature Physical-property Studies 

(L, Lelbowltz, S, D, Gabelnick, M. G, Chasanov, G, T, Reedy, and D, F, 

Fischer) 

Scope. Those physical properties of Interest because of their need 

in fast-reactor safety analyses are our prime consideration. These include 

pressure-energy relationships for the fuel materials, energy content of 

molten fuels, cladding, and structural materials, and transport properties. 

Equation-of-state data for fuel materials and coolant are of primary interest. 

Enthalpy and heat-capacity data for molten oxide fuel materials are 



being determined up to 'v3600°K. Evaluation of pressures over molten fuel 

at up to '\'3500°K is being pursued by transpiration measurements and beyond 

this temperature by matrix-isolation spectroscopy. These parameters can be 

coupled to give pressure-energy relationships needed for Bethe-Tait-type 

calculations. Compressibility data for molten fuel materials and coolant, 

for use in conjunction with the Gruneisen equation of state, will be avail

able from measurements of speed of sound. These data of speed of sound will 

be also of value in assessing shock propagation through molten fuel and 

coolant. Heat-content and heat-capacity data for molten cladding materials 

will be Investigated by levitation calorlmetry and, in addition, emlssivity 

of molten fuel materials will be studied. It is expected that density and 

surface tension data might be obtained as byproducts of the other experi

mental investigations. These studies can be expanded to include future 

fast-reactor materials. 

Summary, Enthalpy data for UO2 (relative to 298°K) were obtained up 

to 3475''K, The liquid data fit a straight line whose slope is 33,6 cal/ 

mol-°K (the heat capacity). The apparatus has been modified for use with 

mixed-oxide fuel materials; testing is in progress. Data were obtained for 

the total pressures over UO2 at high temperatures. Several temperatures in 

the solid and liquid range have been investigated; the results agree well 

with extrapolation of lower-temperature ANL data. The ultrasonic apparatus 

for determination of speed of sound in liquid sodium and molten UO2 has 

been assembled and is under test. The matrix-isolation spectroscopy 

apparatus is virtually completed; preliminary testing is under way. 

Experiments to determine enthalpies and heat capacities of molten UO2. 

Work is continuing on the program to determine the heat capacity of liquid 

uranium dioxide, an important quantity in fast-reactor safety calculations. 
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Accurate values of the heat capacity and heat of fusion of molten UO2 will 

facilitate estimation of the total energy released and the temperatures 

attained in the reactor core during destructive nuclear excursions. Induc

tion heating in conjunction with a drop calorimeter is being used for 

measurements at temperatures that previously have not been explored. 

In an experiment, a sample sealed in a tungsten capsule is suspended 

by tungsten wire in an induction coil and is heated to the desired tempera

ture. For the temperature measurement, a disappearing-filament-type opti

cal pyrometer is sighted on a blackbody cavity (length-to-diameter ratio 

of ten) extending into the capsule. When temperature equilibrium has been 

reached ('>'20 min), the suspension wire is vaporized by means of a condenser 

discharge and the hot capsule falls into a modified Parr adiabatic calori

meter. The temperature rise is measured with a quartz thermometer. The 

procedure is repeated with an empty capsule and the enthalpy of the sample 

found by difference. 

Data have already been reported on the enthalpy of tungsten (a 

calorimetrlc standard) to 3594°K and of U02^ to 8329°K. The UO2 enthalpy 

measurements have now been extended to 3475°K; the data obtained to date 

at temperatures above the melting point are shown in Fig. 98. 

Fig. 98. 
Enthalpy of UO2. 

3200 

Temperoture, "K 



The liquid-U02 enthalpies are in good agreement in the region of over

lap with those reported by other workers.^ These measurements extend 

previously available data by over 200''K. The heat of fusion of 'vI8 kcal/ 

mol is also in good agreement with the literature^ value of 18.2 kcal/mol. 

A straight line fits our liquid enthalpy data within about 1% and the heat 

capacity of 33.6 cal/mol-°K we obtained can probably be used for moderate 

extrapolations, 

Experimental determination of enthalpies and heat capacities of 

solid (Uo,3Puo,2)02- The apparatus used for the UO2 calorimetrlc studies 

has been modified for semiremote operation for use with mixed-oxide fuel 

materials and a walk-in hood has been constructed around it for plutonium 

containment. The equipment is being tested, 

(Uo.8Puo.2)Oi.980 pellets are being prepared for these studies. These 

cylindrical pellets are annular in shape, having an OD of 0.465 in., and 

ID of 0.175 in., and a length of 0,900 cm. Each experiment will involve 

dropping a tungsten capsule containing two of these pellets. 

The tungsten capsules to be used in these experiments have been fabri

cated. A contract has been negotiated for the electron-beam welding of 

these capsules loaded with plutonium-containlng materials. 

Determination of total pressure over molten UO2 using transpiration 

method. The transpiration technique has previously been successfully ap

plied to vapor-pressure measurements with uranium dioxide up to about 

2700°K, In the experiments planned in this study, it is expected that 

measurements will be made up to about 3500°C, The transpiration equipment 

is being operated in an Induction furnace with suitable radiation shielding 

included to ensure temperature uniformity. The apparatus consists of a 

tungsten susceptor-sample container, within which is a concentric tungsten 
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condenser; this assembly is positioned within the induction heating coil 

of a 25-kW generator. The coil and susceptor are inside a high-vacuum 

chamber equipped with a prism and viewports for determining the sample 

temperature using optical pyrometry. The carrier gas can be either high-

purity argon or a selected mixture of hydrogen and water vapor, 

A number of preliminary vapor-pressure measurements have been 

made with urania by means of the transpiration technique. These mea

surements have served to evaluate such factors as inert carrier-gas 

flow rates, choice of operating techniques, and hot-zone geometry, as 

well as the effect of the vaporization on sample stolchiometry. Two 

sets of measurements were made with solid urania, one at 2615°K, the other 

at 2860°K, From these preliminary measurements, the total pressures 

of uranium-bearing species obtained were 4,45 x 10"** and 6,55 x 10"^ 

atm, respectively. These are in good agreement with literature values. 

Preliminary vapor-pressure measurements on liquid urania have 

been carried out up to approximately 3400°K. These preliminary mea

surements , made with an inert carrier gas for the transport of urania 

vapor, establish guidelines for experimental procedure and yield approxi

mate values for the total pressure at the temperature measured. For 

temperatures above the melting point of urania, and below the melting 

point of tungsten, the total urania pressure approaches 1 atm. 

During a typical measurement, an appreciable fraction of the 

sample is converted to vapor with attendant changes in the unvaporized 

material. In measurements where the starting material was of composi

tion 0/U = 2.00, the composition of the charged urania was found to 

vary as vaporization proceeded, moving toward lower 0/U ratios. The 

first of these preliminary measurements on the liquid, at 3175 K, gave 

—2 
a tentative value of 7.1 x 10 atm. 



For two measurements at 3390°K, where the 0/U ratio at the start 

of the run was 2,00 and the final composition was 1.94, the vapor pres

sure was measured to be 0.18 atm. Measurements at the same temperature 

with a starting 0/U ratio of 1.94 showed no apparent further reduction 

in 0/U ratio and gave a somewhat lower total pressure of 0.15 atm. 

However, it is possible that this apparent trend of decreasing pressure 

with lowering of 0/U ratio is the result of scatter in the data. 

Presently, work is under way to extend the preliminary measure

ments to approximately 3500°K, to examine further the effect of compo

sition prior to starting final measurements over the range 2600 to 

3500°K. 

Construction and testing of speed-of-sound apparatus. The electron

ics of the ultrasonic apparatus for determination of speed of sound in 

molten UO2 and liquid sodium were assembled and tested at room temper

ature, A vacuum-furnace system capable of attaining 3300°K has been 

adapted for use in these studies and is being tested. Cell design for 

these studies has been completed, and a stainless-steel version con

structed for use with sodium up to about 1300°K, For the sodium experi

ments above that temperature, a tantalum-10% tungsten cell will be used. 

For the UO2 studies, a tungsten cell of similar design should be ade

quate. To test the equipment, the stainless-steel cell was loaded with 

mercury and the speed of sound at 298''K was determined by the pulse-echo 

method using our experimental setup; the results agreed with the liter

ature value to within 0.4%. The signals were extremely clear with 

little Interference from stray reflections. 

Speed-of-sound measurements in molten sodium to 1800°K. The cell 

used in the mercury test, described above, has been cleaned thoroughly. 
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loaded with high-purity sodium, and welded shut. Testing of an electrical-

resistance-heated furnace and its control system are in progress. Speed-

of-sound measurements on liquid sodium should commence shortly. 

Construction of apparatus for matrix-isolation spectroscopy. The 

matrix-isolation spectroscopy apparatus involving a vacuum furnace which 

heats a Knudsen effusion cell, and a helium cryostat, has been completed. 

The system is undergoing preliminary testing. 

Future program. Experimental determination of enthalpies and heat 

capacities of solid (UQ ̂ PUQ_2)02 should be completed in FY 1971; deter

mination of these data for the molten mixed oxide should be under way. 

Speed-of-sound measurements in molten sodium up to 1800'^K should be vir

tually completed. Vapor-pressure measurements over molten UO2 by the 

transpiration method should be completed. Determination of the vibrational 

spectra of uranium oxides should be nearly completed in FY 1971. 

Segregation of Pu in Fast Reactor Fuels under a Thermal Gradient 

(M. G. Chasanov and D, F. Fischer) 

Scope. Migration and segregation of fissile and fertile materials 

within a fast-reactor fuel during its operational lifetime could have sig

nificant effects on the operational safety of the fuel. Redistribution of 

plutonium in (U,Pu)02 fuels might change the chemical and physical proper

ties of the affected regions enough to alter the neutronics of the system, 

affect fuel-cladding compatibility, and change the resultant fission-product 

distribution. Investigation of mixed-oxide fuels in a thermal gradient has 

been under way to evaluate the extent of migration of plutonium and fission 

products and elucidate the mechanisms involved in the migration processes. 

The variables considered to be of Importance in these studies were depar

ture from stolchiometry, plutonium content, density, magnitude of the 



thermal gradient, and maximum sample temperature. The program also con

sidered similar studies with carbide fuels. 

Summary, Experiments in which hypostoichiometric oxides were main

tained in gradients of 1100°K/cm for '̂ -100 hr showed no apparent changes in 

plutonium concentration, Hyperstoichiometric pellets created under the 

same conditions showed measurable increases in plutonium concentration at 

the hotter end of the sample. A carbide sample heated with a vaporization 

barrier showed no significant redistribution of plutonium, A topical report 

covering the program's results was completed,^ 

Study of segregation of Pu in mixed-oxide and carbide fuel materials 

under an impressed thermal gradient. Experiments on mixed-oxide specimens 

were carried out with right-circular cylindrical pellets, 1/2-in. high by 

1/2-in. in diameter, that were prepared from copreclpitated UO2-PUO2; the 

pellets are all nominally (Uo.8Puo.2)0 . The studies were performed in 

the thermal gradient furnace described earlier (p, 167 of Ref. 6), Samples 

were annealed in the gradient furnace for the desired time, after which 

they were sectioned and analyzed for uranium and plutonium using an electron 

microprobe analyzer. 

Results reported previously (p. 94 of Ref, 7) indicated that for 

specimens (initial 0/M ratios of 2,01) heated in thermal gradients of the 

order of 1000°C/cm, enhancement of plutonium concentration occurred in the 

hottest regions. The concentration increases observed were small ("^2 wt % 

PUO2 absolute Increase) and the annealing times required were quite long 

(1020 hr for a sample with a top surface temperature of 1970°C, and 123 hr 

for a sample with a top surface temperature of 2350°C), 

Additional experiments were performed using similar specimens whose 

initial 0/M ratios were 1.97, Each pellet was heated in inverted tungsten 
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crucibles that served as a barrier to evaporative losses during the anneal

ing period; a similar procedure had been used with the hyperstoichiometric 

specimens. The samples were annealed at the temperatures and times 

indicated: 

P-10 (T = 2330°C, T, = 1120°C, 262 hr), 
top bottom 

P-11 (T^ = 2360''C, T, ^^ = 1310°C, 125 hr), 
top bottom 

P-12 (T = 2350°C, T,. = 1180°C, 97 hr). 
top bottom 

Then electron-microprobe analyses were performed on these specimens; there 

appeared to be no significant plutonium concentration changes throughout 

these specimens' longitudinal sections. 

Thus, in our experiments with mixed-oxide specimens, we have observed 

apparent changes in plutonium concentration at the hotter end of hyper

stoichiometric pellets annealed in a thermal gradient, but no such change 

for slightly hypostoichiometric samples. This implies that the oxygen 

activity of the specimen could be involved in the mechanism for plutonium-

concentration enhancement. It also might imply that vaporization processes 

play a significant role in the observed changes.. 

Several preliminary experiments were performed in a similar fashion 

using mixed-carbide fuel pellets of approximate composition (UQ.esPuQ.15)0. 

These cylindrical pellets were of 0.43-in. diameter and 0.42-ln. length, 

just slightly smaller than the oxide specimens used earlier. The composi

tion of the carbide pellets was 80.99 wt % U, 14.4 wt % Pu, and 4.61 wt % C. 

Four experiments similar to those performed on the oxide pellets were 

carried out. Sample top surface temperatures averaged around 2000°C and 

the gradients were about 700''C/cm. To date, electron-microprobe analytical 

data is available on the two longest-term annealed specimens. These are 

P-14 (T '\-2000°C, T,. 'X'1370''C, 437 hr) and P-16 (T^ 'u2000°C, 
^ top bottom top 



T, '\'1320°C, 460 hr), P-14 was annealed without a vaporization barrier, 
bottom ' 

while P-16 used the aforementioned inverted tungsten crucible. The probe 

results indicated that considerable loss of plutonium occurred in the 

upper (hottest) region of P-14 (Pu concentrations reduced to a few percent) 

while virtually no loss was observed for P-16. This is not too surprising, 

since it is known that Pu is the chief high-temperature vapor species over 

such mixed carbides. Ceramographic examination showed considerable densifi-

cation and columnar grain growth in the top portion of P-14, with little 

evident change in P-16. 

A topical report covers the work.^ 

Future program. This program was completed in FY 1970. 
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Nuclear Safety Research and Development—LMFBR Safety 

X. FAST REACTOR SAFETY TEST FACILITY STUDY* 

(L. Baker, Jr.) 

Overall scope. In this study, which is synonomous with Task 10-5.1, 

Analysis of Facility Requirements, in the LMFBR Program Plan,' in-depth 

analyses define and justify both the program and concept of key safety 

facilities required for the LMFBR Safety Program. The type and number 

of in-reactor experiments that should be performed in the LMFBR Safety 

Program are being determined by delineating potential LMFBR accidents, 

determining the key uncertainties in the resolution of the accident, and 

assessing the best methods to resolve the uncertainties through experi

mentation. Facility requirements for performing the recommended experi

mental program are being developed, as are priorities and scheduling 

of the experiments. The practicality of performing some or all of the 

experiments in existing or firmly planned facilities is being evaluated. 

Recommendations will be made to RDT on the optimum use of existing or 

firmly planned facilities, as well as on the need for new LMFBR facili

ties. Use will be made, wherever applicable, of RDT standards, and ASTM, 

ASME, USASI and other codes, specifications, and standard practices. 

Also, attention will be given to delineating any specific areas where 

new standards and codes might require development. 

Programmatic Definition and Justification 

(L. Baker, Jr. and D. R. MacFarlane) 

Scope. This study is: (1) determining the type and number of in-

reactor experiments that should be performed in the LMFBR safety program, 

(2) determining appropriate priorities for the required experiments, 

(3) determining the optimum time schedule for conducting the experiments. 

*For references for this chapter, see p. 319. 



and (4) documenting adequately all these determinations. Included is 

the development of adequate justification for the recommended experi

ments, their priorities,and their schedule. This is accomplished by de

lineating potential LMFBR accidents. The work includes: identification 

of potential accidents, description of accident sequences, development 

of approaches to accommodate the potential accidents, and the identifi

cation of key uncertainties and unknowns for each accident. Priorities 

are assigned to the accidents in terms of their importance to design 

and licensing and to the uncertainties in terms of their influence on 

the resolution of the accidents. The recommended program of experiments 

and experiment priorities is being derived from an assessment of the 

optimum means to resolve specific uncertainties through in-pile 

experimentation. 

Summary. The project report. Vol. 1: Program,^ was completed and 

distributed for review and comment. Comments were received and the re

port was revised accordingly. Accident delineation was begun in order 

to define the recommended experiments in greater detail and to define 

priorities and schedules. Potential accidents were categorized. Acci

dent sequences, approaches, and uncertainties were developed. From this, 

a detailed experimental program, including priorities and schedules, is 

being prepared. 

Preliminary draft of report "Vol. 1: Program," to RDT. DRL. PRO, and 

industry for review and comment. The initial efforts to define the in-

pile experiments likely to be required in the LMFBR safety program cul

minated in a draft project report. Vol. 1; Program,^ whose preparation 

covered all areas of LMFBR safety. For the report, a comprehensive sur

vey was made of the analytical problems and data needs in each major 

technical area pertinent to LMFBR safety, including: sodium boiling. 
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fuel-element failure propagation, molten-fuel—coolant interaction, motion 

of molten fuel, severe excursions, testing of core protective systems and 

consequence-limiting systems, postburst phenomena, and instrumentation. 

The out-of-pile program and the in-pile program required to supply the 

data needs in each area were discussed. Conclusions and recommendations 

for each technical area were presented, and a preliminary in-pile safety 

test program was presented. Volume 1 was sent for review and comment to 

industry, other national laboratories, RDT, and DRL. 

Comments on Vol. 1 draft; revision of draft to take account of 

comments. Coimnents were received from each organization to which the 

document was sent. Volume 1 was revised to take account of the specific 

comments of the reviewers. The draft was shortened and the number of 

appendices reduced. The coverage of fission-product dispersion was ex

panded. Specific information supplied in the coimnents was added to the 

chapter on instrumentation. Comments stressing the need for core-destruct 

tests were not accommodated in the revision, but further evaluation of 

the question will be made in the appropriate pha^e of the study. 

Delineation of LMFBR accidents to identify potential accidents, 

accident sequences, approaches, and uncertainties. Attempts to develop 

a comprehensive basis for experiment priorities and schedules led to the 

conclusion that they must be based on a delineation of LMFBR accidents. 

To begin the delineation, the potential sources of LMFBR accidents were 

listed, and the likely effects of these initiating events were considered 

in detail. These effects were grouped to form a concise list of general 

accident categories. Then general accidents were reviewed in specific 

terms, first for FFTF, then for a representative demonstration plant, 

and finally for a representative lOOO-MWe target plant. There were three 

steps to this review: (1) development of the most likely sequence of 



events during the accident, including identification of each point in the 

sequence where accident detection and protective-system action could be 

achieved, (2) development of a favored approach to accommodate each po

tential accident, and (3) identification of key uncertainties. Calcula

tions using the ANL SASIA code were performed to substantiate considerations • 

of accident sequences for FFTF and for a representative lOOO-MWe target 

plant. 

S^iiigl^e^a^semMX £C£id^eiit. Five general accident categories were 

identified from the survey of potential accident sources. These are shown 

under the first entry in Table XVIII. There were several potential sources 

of partial assembly blockage and fuel-pin failure with gas release that 

could not be prevented with certainty. Therefore, these accidents were 

considered to be Priority 1, A loading error within a single-pin or a full-

assembly blockage was considered preventable but with some uncertainty, so 

these accidents were considered Priority 2, A loading error for an entire 

assembly was considered to be preventable by design or administrative prac

tice, so this accident was considered Priority 3. 

The accident sequences and key uncertainties for single-assembly 

accidents are outlined in Fig. 99. The approach (the principal element 

of approach to every accident considered in the study is the prevention 

of the source of the accident by design or quality-assurance measures) to 

each accident was developed with a view to demonstrating that an accident 

will not progress toward more serious consequences either because of the 

physical phenomena involved or because of detection and remedial action. 

For example, for the partial-assembly-blockage accident, studies of the 

behavior of a small blockage are expected to show that a broken spacer wire, 

one swollen fuel pin, or a small piece of debris will not lead to local 
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Type of accident Importance 

Single-assembly accidents 

Partial assembly blockage 
Fuel-pin failure; gas release 
Loading error: single pin or pellet in 

otherwise normal assembly 
Full fuel-assembly blockage 
Loading error: full assembly in wrong 

location 

Whole-core loss-of-flow accidents 

Gas-bubble accident 

Pump-coastdown accident with scram 
Hypothetical pump-coastdown accident (no scram) 
Pipe-rupture accident with scram 
Hypothetical pipe-rupture accident (no scram) 

Whole-core power-excursion accidents 

Reactivity insertion with scram 
Hypothetical reactivity-insertion accident (no scram) 
Hypothetical reloading accident 

Related safety issues 

1 
1 
1* 
It 
1* 

It 
1* 
3* 

Severe excursion 
Containment and energy release 
Postaccident heat removal 
Sodium fires and aerosol behavior 

1* 
1* 
1* 

1+ 

Importance based on need to test adequacy of containments and associated 
consequence-limiting safety systems. 

+, 
Importance based on need to test adequacy of plant protective systems. 

Category not related to in-pile testing. 

boiling and fuel-pin failure. However, if a local blockage large enough to 

cause local boiling should develop, it should be shown that the local boil

ing is stable, i.e., that the boiling will not lead to a general flow 

stoppage throughout the assembly. If this can be shown, then the probable 
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Fig. 99. Accident Sequences and Key Uncertainties for Single-assembly 
Accidents. 

consequence of such a blockage is localized fuel failure and melting with 

the ultimate release of a small amount of molten fuel. I t remains to be 

shown that the localized release of a small amount of molten fuel will not 

result in a rapid propagation of the blockage, but instead in either no 

propagation or a slow row-by-row propagation. Calculations have shown that 

there is at least 0.7 sec available, following a severe blockage, before 

boiling could begin as shown in Fig, 100. After boiling in i t i a t ion and dry-

out of any residual sodium film, i t requires 3-5 sec for significant fuel 
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melting to occur (Fig. 101). Thus, if it can be shown that propagation can 

occur only in a sequential fashion, then it can be established that there 

is considerable time available for detection and.reactor shutdown. A 

delayed-neutron detector, assembly thermocouples (or flowmeters), and 

pressure-pulse sensors offer means for detection. 

If propagation of the local blockage continues, eventually boiling and 

a general expulsion of coolant from the assembly will occur. It should be 

shown that such an expulsion will result in a signal from outlet thermo

couples, flowmeters, or pressure-pulse sensors. It must be shown that 

violent reentry, which could result in a damaging molten fuel-coolant inter

action, cannot occur. Also, it must be shown that the quantity and motion 

of molten fuel is insufficient to result in meltthrough of the assembly 

duct wall. In general, it should be shown that any conceivable means of 
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propagation of failure to adjacent assemblies would result in time and op

portunity for many additional signals to cause a safe shutdown of the 

reactor. 

The uncertainties, listed in Fig. 99, were derived from the approach 

developed for the single-assembly accidents. An overall priority for each 

uncertainty was derived from the importance of the pertinent accidents and 

the importance of the uncertainty to the approach to the accidents. Then 

each uncertainty was examined to determine the best general approach to 

achieve resolution. Each uncertainty was given two additional priorities 

based on the potential for resolution by out-of-pile and in-pile experimen

tation. The uncertainties and their priorities are listed in Table XIX. 

In some cases, in-pile work is the only means to achieve resolution, in 

others out-of-pile work is the only means, and in still others both are 
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Uncertainty 
Priority 

Overall Out-of-pile In-pile 

Behavior of a small blockage 1 

Stability of local boiling 1 

Effects of gas release 1 

Rate of gas release 2 

Behavior of failed fuel 2 

Effects of release of small amounts 1 
of molten fuel 

Location and conditions for boiling 1 
initiation 

Failure threshold and coherence of 2 
failure of elements for assy, 
blockage 

Characterization of expulsion and 1 
reentry for assembly blockage 

Fuel movement for assembly blockage 2 

Work-energy release from molten 1 
fuel-coolant interaction 

Ability of duct to resist meltthrough 1 

Ability of duct to contain energy 1 
release 

Energy-absorption capability of 1 
adjacent assemblies 

Fission-product release for assembly 3 
blockage 

Safety margins and protective-system 1 
performance for assembly blockage 



needed, as indicated in Table XIX. The in-pile program of experiments to 

be developed will be based on the in-pile priorities listed in Table XIX. 

Wh£l£-£o_re_l£^s£^-£f^flow £C£i^erit^. Five general accident cate

gories were derived from the survey of potential accident sources as shown 

in Table XVIII. It was concluded that a gas bubble entering the core of a 

pump coastdown (with scram) could not be prevented with certainty (Priority 

1). However, a severe pipe rupture was considered important only as a test 

of the adequacy of plant-protective systems. A pump coastdown or pipe 

rupture without scram is extremely unlikely, but is considered to be impor

tant on the basis of the need to test the adequacy of containment systems. 

The accident sequences and key uncertainties are outlined in Fig. 102. 

The approach to the gas-bubble accident is to show that the maximtjm possible 

quantity of external gas will not result in either failing fuel elements 

because of reduced heat transfer or in inserting excessive reactivity. To 

do this it is necessary to demonstrate that external gas bubbles are broken-

up and distributed at the core inlet. Then the effects of entrained gas on 

heat transfer from the fuel elements and the failure thresholds for loss-

of-flow conditions must be established. 

The ptimp-coastdown accident with scram was considered primarily in 

terms of the means for detection. Calculations indicated that there was 

little difference in behavior between FFTF and the target plant. The cal

culated peak cladding temperature for FFTF was only 725°C (Fig. 103), using 

the conservative assumptions that reactor scram was Initiated when the out

let coolant temperature reached 650°C (1202°F) and that there was a 0.60-

sec delay in scram initiation. The fuel temperature during the flow 

transient did not increase at all. 

The hypothetical pump-coastdown accident (without scram) differs sig

nificantly between FFTF and the target plant because of the difference in 
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Fig. 102. Accident Sequences and Key Uncertainties for Whole-core Loss-of-
flow Accidents. 

sodium void coefficients. The results of a calculation for FFTF are shown 

in Fig. 104. After about 3.5 sec from the time of pump failure, highly ir

radiated fuel elements will probably begin to fail. This failure will be 

accompanied by fission-gas release and some reactivity effects, but these 

were not accounted for in the calculations. At approximatley 4.6 sec, 



Fig. 103. 
Peak Cladding Node Temperature 
vs Time for FFTF Flow-coast
down Transient. 

1.0 

0.9 

08 

OT 

0.6 

Reactivity 

-

1 1 1 1 1 

'̂ -.̂ ...._̂ ^̂  /Power 

I 1 1 

_ 

-

t-
J-

Fig. 104. 
Power and Reactivity vs 
Time for FFTF Hypothetical 
Flow-coastdown Transient. 

•Oil 

-004 

-019 • " 

- - 0 3 4 | 

•0.49 ^ 

•0.64 

•079 
0 1,0 20 3.0 4 0 M 

Time, sec 

coolant boiling begins at the core exit and gives a significant negative-

reactivity ramp. Later in time, the ramp becomes positive as voiding ex

tends into the core. With the voiding pattern indicated by the calculations, 

it Is unlikely that the positive-reactivity ramp would bring the reactor 

near prompt critical. Therefore, for FFTF, the sodium will void the core 

without resulting in a super-prompt-critical power excursion. The subse

quent behavior of the voided core (molten fuel motion) will determine 

whether an excursion can occur or not. The calculations for the target 

plant are similar up to the point of voiding initiation. However, as 

voiding begins, the initial negative ramp turns around quickly, as shown in 
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Fig. 105, and it is expected that a super-prompt-critical power excursion 

and core disruption would occur because of void-reactivity feedback. 

The pipe rupture with scram was found to be very similar to the pump-

coastdown accident except that there is less time available for detection 

and scram because of the more rapid loss of flow. The hypothetical pipe-

rupture accident (without scram) is similar to the corresponding pump-

coastdown case except that the voiding across the core is expected to be 

somewhat more coherent for the pipe-rupture case, although the basic con-

elusion that the FFTF would not reach prompt critical during voiding while 

the target plant would is not changed. 

The uncertainties for the whole-core loss-of-flow accidents and their 

priorities are listed in Table XX. As noted previously, the in-pile and 

out-of-pile priorities are based on the potential for resolution by in-pile 

and out-of-pile experimentation, respectively, and the in-pile program of 

experiments will be based on the in-pile priorities. 

Wh£l^-^o^e_p£we^r^e3ccvir^l£n_a£cl_den^s. Three general accident 

categories were derived from the survey of potential accident sources shown 

in Table XVIII. It was expected that the quantity of reactivity and the 

potential insertion rate from all sources could be limited to acceptably 



TABLE XX. Uncertainties and Their Priorities for Whole-core Loss-of-flow 

Accidents 

Uncertainty 

Priority 

Distribution of void and bubble breakup 1 

at core inlet 

Effects of gas release 1 

Natural-convection heat transfer 2 
and flow 

Critical crack dimensions for primary- 1 
system piping 

Reliability-evaluation technique 2 

Failure threshold and coherence of 1 
failure of elements for loss of 
flow 

Rate of gas release 2 

Location and conditions for boiling 1 
Initiation 

Characterization of expulsion and 1 

reentry for loss of flow 

Fuel movement for loss of flow 1 

Accident-analysis code for loss of flow 1 

Fission-product release for loss of flow 2 

Safety margins and protective-system 1 
performance for loss of flow 

Overall Out-of-pile In-pile 

1 1 -

low values by design. However, some reactivity-insertion accident must be 

considered in order to test the adequacy of the plant-protection system. 

Also, a reactivity insertion with failure to scram and a reloading accident 

must be considered in order to test the adequacy of containment systems. 
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Fig. 106. Accident Sequences and Key Uncertainties for Whole-core Power-
excursion Accidents. 

The accident sequences and key uncertainties for power excursion accidents 

are outlined in Fig. 106. 

The approach to the reactivity accident with scram is to prevent the 

occurrence of an inadvertent reactivity insertion and to make rapid or ex

tensive insertions extremely unlikely by design. Also needed are 



instrumentation to detect a reactivity increase or an overpower, reliable 

shutdown systems, and assurance that the fuel temperature reached during 

power transients does not exceed a value that would result in fuel-element 

failures. Calculations indicate that it requires about 1 sec for fuel in 

the peak elements for FFTF to reach 20% areal melting for a $l/sec reactiv

ity insertion (see Fig. 107). This quantity of areal melting should be 

well under that necessary to cause fuel-element failure. However, the 

reactor reached 25% overpower in about 0.2 sec, which should be sufficient 

to assure detection. Therefore, for this case there is considerable time 

to effect a scram before fuel-element failures might occur. 

Fig. 107. 
Peak Fuel Node Temperature and 

'° Fraction Melted vs Time for 
FFTF Hypothetical $l/sec 

• jQOO I— / ' ~ ~l °' Reactivity-insertion Transient. 

1-5000 

14000 -

The hypothetical reactivity-insertion accident (without scram) and 

the reloading accident differ from the pump-coastdown accident in that, 

for the reactivity accidents, fuel overheating rather than coolant over

heating is the principal Initial effect. Calculations for FFTF indicate 

that for a $l/sec reactivity insertion, the cross section of the peak 

fuel element is 75% melted at the earliest time coolant boiling could 

begin (1.66 sec after the start of reactivity insertion). For a $5/sec 

reactivity-insertion rate, the peak fuel temperature is calculated to 
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reach 5000°K at 0.43 sec when the coolant centerline temperature is only 

720°C (1328°F). Because of this, it is expected that coolant voiding 

probably would occur as a result of fuel-pin failure and fission-gas re

lease or molten-fuel release rather than by coolant overheating and boil

ing in intact channels. Accordingly, the principal approach is to es

tablish reasonable upper limits to the rate of reactivity insertion caused 

by voiding by fission-gas release and molten fuel-coolant Interaction. 

Reentry as well as molten-fuel motion also might have an important 

influence on the reactivity balance after voiding initiation. 

The uncertainties for the whole-core power-excursion accidents and 

their priorities are listed in Table XXI. 

Rê â êd̂  safety_±ss\ies^. Four categories are listed in Table XVIII 

that are important only because of the need to test the adequacy of con

tainments and associated consequence-limiting safety systems. These are: 

severe excursions, containment and energy release, postaccident heat remov

al, and sodium fires and aerosol behavior that follow from considerations 

of hypothetical whole-core accidents. The unceFtaintles that were derived 

from considerations of the likely sequence of events and the resulting 

priorities are listed in Table XXII. 

Future program. The results of the accident-delineation study and the 

recommended in-pile program will be reported in "Volume II: Accident De

lineation and Recommended Program of Experiments."^ The revision of 

Volume Î  will be completed and forwarded along with Volume II to industry, 

other AEC laboratories, RDT, and ACRS for review and comment. The comments 

on the draft reports will be used along with a continuing review of LMFBR 

accidents to develop a final program for inclusion in the drafts of the 

integrated reports of the study. 



TABLE XXI. Uncertainties and Their Priorities for Related Safety Issues 

Priority 

1 

Uncertainty Overall Out-of-pile In-pile 

Excursion energy release 1 - 1 
Equation of state 2 2 -
Work-energy release from molten 

fuel-coolant Interaction 1 1 1 
Vessel and internal structures s train 

and rupture analysis 1 1 -
Reactor-vessel cover response 1 1 -
Sodium escape past reactor-vessel 

cover 1 
Behavior of molten core material 

in sodium 1 1 
Criticality sizes of core design 2 -
Interaction of molten core debris 
with structural material 1 1 

TABLE XXII. Uncertainties and Their Priorities for Whole-core Power-
excursion Accidents 

Priority 
Uncertainty Overall Out-of-pile In-pile 

Reliability-evaluation technique 2 - -
Failure threshold and coherence of 

failure of elements for power 
excursion 1 - 1 

Characterization of expulsion and 
reentry for power excursion 1 2 1 

Fuel movement for power excursion 1 - 1 
Accident-analysis code for power 

excursion 1 _ _ 
Fission-product release for power 

excursion 2 2 2 
Safety margins and protective-system 
performance for power excursion 1 - 1 



307 

Facility Definition and Utilization 

(L. Baker, Jr., R. 0. Brittan) 

Scope. This study is: (1) defining and substantiating the facility 

capabilities needed to carry out the recommended program, (2) determining 

the capabilities of existing or firmly planned facilities, such as TREAT, 

SEFOR, PBF, and ETR, (3) providing recommendations on the use of existing 

facilities (including modifications), (4) providing recommendations on 

the need for any new facilities, (5) developing the general nature and 

capability requirements of such facilities,and (6) documenting adequately 

all the above. Included is the development of adequate justification 

for the capabilities found necessary, the recommended facility modifica

tions and facility usage, and recommendations concerning possible need 

for new facilities. The study will demonstrate: (1) the technical fea

sibility of various options for carrying out the program, (2) the tech

nical advantages and disadvantages of the various options, (3) the com

parative approximate costs and achievable time schedules of the different 

options, and (4) the rationale for rejection of'the options not 

recommended. 

Summary. A series of studies was completed to assess the capabili

ties of existing and firmly planned facilities. Test reactors (including 

TREAT, SEFOR, PBF, GETR), other water reactors, FFTF, and EBR-II have 

been evaluated in terms of accommodations, energetic capabilities, opera

ting limitations,and availability. Studies to determine design consider

ations for in-pile test loops are in progress. 

Evaluation of capability of existing and firmly planned facilities, 

including reasonable modifications. A brief outline of the capabilities 

and limitations of TREAT, SEFOR, PBF, and ETR are presented here. 



T̂ REAT̂  descTi^ttpn. The Transient Reactor Test Facility (TREAT) 

is an air-cooled homogeneous graphite-moderated and -reflected transient-

test reactor using 93.1%-enriched UsOgfuel, with the C/^^^U atom ratio 

equal to 10,000. It has been operational at the National Reactor Testing 

Station in Idaho since 1959. TREAT was designed for use as a neutron 

source for transient experiments requiring a large Integrated thermal-

neutron flux in a single burst with the flux distributed over a large 

sample volume. The reactor core consists of 4-in.-square zircaloy-clad 

urania-graphite elements. The maximum loading is a 19 x 19 square array 

of elements with 32 control rods. The largest core used contains -̂300 

elements with 16 control rods. One or more central elements can be removed 

to form the test space. The active core height is 4 ft. 

XB£A][ a^c£oran£d£tl^ons. TREAT has the provision for installation 

of a through-loop, and out-of-pile components for a large counterflow loop 

are installtsd. Two versions of a packaged loop, Mark I and Mark II, have 

been designed and operated with up to seven experimental LMFBR fuel ele

ments. The packaged loops are presently not capable of holding full-length 

FFTF fuel elements. However, modifications are planned that would allow 

this. 

TREAT can be loaded so that there is a horizontal viewing slot through 

the core that is almost 2-ft high by 3.5-in. wide. The slot can be used 

with the fast-neutron hodoscope, which provides means to record motion of 

experimental fuel in opaque capsules or loops. 

TREAT has operated with up to 200 gm of plutonium in the test vehicle. 

Limited facilities are available for assembling and disassembling experi

ments and for examination of experiments. 

XEEAT £n£r£e_ti££a£aMUt^ie^s. TREAT has a highly thermalized 

air-cooled core with steady operation at 100 kW possible indefinitely. 



309 

Four modes of transient operation are possible: self-limiting transients, 

clipped transients, flat-top transients, and transient bursts followed by 

low-power operation for a limited time. 

Self-limiting transients can be initiated to provide an adiabatic 

energy density that will raise the hot-spot core fuel-element temperature 

to 600°C. The total reactor energy release during the transient depends 

on the size of the core used and on the max/ave fission density. In addi

tion to the hot-spot temperature limit, there is a limit imposed on the 

total available excess reactivity that can be employed in a transient. 

This latter restriction might be relaxed when operation Is possible with 

the new programmed control system that has been installed. The present 

maximum allowable self-limited transient is realized with a reactor period 

of about 20 msec. Clipped transients are initiated in the same way as 

self-limited transients, however, they are terminated by control-rod inser

tion and the relatively slow power decay in self-limited transients is 

eliminated. 

Energy deposition in test fuel elements is affected strongly by flux-

depression effects. Detailed physics calculations or preliminary in-plle 

calibrations are necessary to relate the energy density in test fuel to 

that in the driver core. Calculations on the fission densities have 

been made for a single experimental pin and for clusters ranging from 7 

to 37 pins. Results, confirmed by experiments, for a single fully en

riched pin indicate a ratio of energy density at pin centerline to the 

core maximum of 75. The adiabatic energy density required to heat core 

fuel from 50 to 600°C has been determined to be 315 cal/cm^. Therefore, 

the maximum energy density obtainable in one UO2 pin of 85% theoretical 

density is about 75 x 315 or 23,600 cal/cm^, which is approximately 7.6 



times the energy required to heat UO2 of 85% theoretical density from 

25°C to the melting point and fully melt it. 

The flux depression for a single 13%-enriched UO2 pin results in a 

ratio of maximum-to-average radial power density of about 1.20. In a 

cluster of seven fully enriched pins, the maximum power density in the out

er row of pins is about 6.5 times that at the centerline of the center 

pin. Hence, to attain a reasonably flat radial power-density distribu

tion in clusters, the low-energy neutrons are filtered out and/or graded 

enrichments are used. Calculations with a boral filter show that the 

maximum ratio of radial-to-centerllne power in the test cluster ranged 

from 1.23 for 7 pins to 1.41 for 37 pins. The corresponding ratio of 

centerline-sample-to-maxlmum-core energy density ranged from 22 to 14.8, 

so the center pin in a fully enriched 37-pln cluster could receive a 

maximum energy deposition only 1.5 times the energy required to fully 

melt UO2 of 85% theoretical density. Therefore, experiments using 37 

pins with a flux filter are marginal with respect to energy-generation 

capability using a neutron filter alone. If adequate flattening by 

graded enrichment is attempted, the energy-density ratio, 14.8, would 

be further reduced, and the margin could disappear. 

One way to extend the capability of TREAT is to develop a fast-

neutron converter region that would absorb the low-energy flux and create 

a fast-flux environment. Preliminary calculations have indicated that 

an energy-density ratio of 44 can be achieved with a maximum radial-to-

centerllne power-density ratio of 1.01 for clusters ranging from 7 to 37 

pins. Thus, for practical purposes, flux-depression effects can be elim

inated and each pin can receive an energy deposition of about 4.4 times 

that needed to melt UO2. 
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In the flat-top mode of operation, initial reactivity is added, and 

the power is allowed to reach the self-limited maximum. Then, additional 

controlled reactivity is added to just balance the reactivity loss due to 

heating. This can be continued until the maximum allowable energy densi

ty in core fuel is deposited, or until all of the allowable available 

reactivity is added. Currently, the latter consideration is limiting and 

allows only a fraction of the former restriction to be realized. 

To operate a pin with 0.23-in.-diameter oxide fuel (GE lOOO-MWe ref

erence) at 14 kW/ft corresponds to an average pin power density of 1713 

W/cm^ or 409 cal/cm^-sec. The length of time over which this energy de

position can be sustained depends on the maximum core—to-sample-centerline 

power-density ratio. For the fully enriched 7-pin cluster with center-pin 

power density of 409 cal/cm^-sec and the 600°C operating limit, this time 

is about 17 sec with the boral shield and 31 sec with the converter, as 

compared to 45 sec for the unshielded cluster. 

TREAX op£r£ti^ng^ ]^iml^at^i£n£ and^ aya^ij^aMl^ity. TREAT is available 

for full-time use in the LMFBR Safety Program although the design and in

stallation of a fast-neutron converter would require about two years. 

Development of a test vehicle to utilize fully the enhanced capability of 

TREAT with a converter region would require a comparable lead time. 

^EFOR d^e£C£i£tlon. The Southwest Experimental Fast Oxide Reactor 

is owned by the Southwest Atomic Energy Associated and operated by the 

General Electric Co. At present, the reactor is involved in a 3-yr program 

that includes transient experiments with two different cores. The primary 

purpose of the current SEFOR program is the systematic measurement and 

demonstration of the Doppler coefficient. However, a study is underway"* to 

evaluate the capabilities of SEFOR as a fast-reactor test facility. The 



study is focused on the use of SEFOR for safety-oriented fuel experiments. 

Consideration is being given to both transient overpower testing and loss-

of-flow testing at steady power. 

SEFOR is a 20-MWt sodium-cooled reactor that is fueled with mixed oxide 

containing 18.7% PUO2. The 0.97-in.-OD 316-stainIess-steeI-clad fuel ele

ments are clustered six per subassembly with a triangular pitch of 1.047 

in. The active core of "̂ -lOO subassemblies is 33.8-in. high. 

SEFOR £C£oran£dâ tî oiis. Space is available for in-core testing in 

the off-center hexagonal fuel channels, which are 3.03-in. across flats and 

106-in. long. Axial space above and below the core is very limited and 

there is no provision for a through-loop. Out-of-core handling and shield

ing limitations are such that a packaged loop appears to be limited to a 

total length of '̂'15 ft and a diameter of 10 in. The capability of the 

reactor coolant to remove heat from experimental loops is limited by the 

low pressure drop (5 psi across the driver core) and by the amount of space 

above the core in which to Install a heat-exchanger section. 

^ETOR. £n£rg^e^i£ £a£aM]^it^i£s. SEFOR has a core composition, 

neutron spectrum, and operating fuel temperatures similar to those of a 

large ceramic-fueled fast breeder reactor and is capable of operating at a 

steady core power of 20 MWt. It also has a transient operating capability 

with excursions from very low power or from operating power. A special 

reactivity Insertion device makes it possible to attain a net reactivity 

>$1. However, it is not intended, during the transient, to damage the 

driver fuel, which has steady-state peak temperatures close to the melting 

point. 

At a constant power of 20 MWt, the energy generation in an LMFBR test 

fuel element having the same composition as the driver fuel (1/4 in. dia., 



313 

18.7% Pu02) is about 1.2 kW/ft. It is possible to increase this to about 

5.9 kW/ft by enriching the uranium in the test fuel to 93%. Because of 

the fast spectrum, there is a negligible flux depression and, therefore, 

a nearly uniform energy density can be maintained in clusters of experimen

tal pins as well as in a single pin. 

There are plans that would Increase the steady-state capability of 

SEFOR from 20 to 50 MW. This would Increase the energy-generation rate 

for fully enriched fuel elements to almost 15 kW/ft. However, a com

pletely new core and a new intermediate heat exchanger would be required. 

A method that might be used to increase the capability at 20 MW would be 

to alter the pin size and enrichment of the inner core, increase the 

cooling rate, and use some moderator in the test region. The cost and 

time required for such a modification is far less than that for an overall 

core power increase; however, this would introduce flui-depression ef

fects similar to those characteristic of thermal test reactors. The op

timum tradeoff among the fission density, number of experimental ele

ments, and flux depression introduced by moderatpr addition is unknown 

at present. 

Another consideration is the potential for reactivity feedback to 

the driver core from an experiment in which fuel could melt and redis

tribute. This factor mitigates against conducting safety experiments 

with very large clusters of experimental fuel elements. SEFOR is capa

ble of operating at an increased power for a short time, although no 

estimates of time at power are available. 

The capability for rapid transient operation can be evaluated in 

terms of the calculated energy release for the driver core and the ratio 

of energy generation in test fuel to that in the driver fuel. A reacti

vity addition of $2 at a rate of $2/sec is representative of anticipated 



SEFOR transient operation. Such a transient was calculated to release 

about 1480 cal/cm^ to the peak driver fuel element. The corresponding 

maximum energy deposition in fully enriched test fuel would be about 

7300 cal/cm^, or about 2.5 times the energy required to fully melt oxide 

fuel. Clearly, if means can be found to increase further the ratio of 

energy density in the test section to that in the driver core for pur

poses of steady-state operation, transient energy capability will be 

increased correspondingly. 

Ŝ EFOR ope^ra^tln^ 2^imi_ta^i£n£ and̂  £V£i]^aMUty. SEFOR will not be 

available for safety testing until the current physics program has been 

completed. After that, there appear to be no operating limitations that 

would preclude the performance of LMFBR safety experiments. However, pos

sible limitations on the size of potential experiments were noted above. 

Also, the capability to generate peak design power in clusters of LMFBR 

fuel pins remains to be established. 

PB|^ d̂ eŝ c£i2.tl̂ 0£. The PBF is a water-cooled and -moderated tran

sient test facility designed to operate continuously at 20 MW. It is under 

construction at the National Reactor Testing Station in Idaho and is ex

pected to be operational in about a year. The reactor core is in an open 

pool, and the test space is formed at the center by an octagonal aluminum 

filler piece with an 8.250-in. hole. The reactor is designed primarily 

for water-reactor safety tests with clusters of as many as 68 PWR fuel 

elements in a pressurized loop within the central test hole. The driver 

core contains about 2400 fuel elements of 0.75-in. diameter. The cladding 

is 304L stainless steel and the fuel is a urania zirconia, calcia ceramic 

that has a large heat capacity. The fuel is insulated from the cladding by 

a 48-miI zirconia sleeve. The active core height is 3 ft. 
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PBF^ £C£omn£d£ti_ons. PBF has the provision for installation of a 

through-loop, including the necessary piping tunnels and controlled-atmos-

phere equipment cubicle. However, use of a packaged sodium loop for LMFBR 

experiments reduces the hazard associated with loading and unloading a 

stationary sodium loop over a water reactor. Vertical clearance for such 

a packaged loop is adequate. However, there are four transient-rod shrouds 

located about 12 in. radially out from the test hole. The water coolant 

has an adequate heat-removal capability for ultimate heat rejection from 

experiments by way of suitable heat exchangers. The use of plutonium-bear-

Ing experimental fuel is expected to be acceptable, although a doubly 

contained loop would probably be required. Shipping and handling of test 

vehicles is facilitated by the location of the reactor at NRTS and by the 

proximity of examination facilities. 

£̂ BF̂  en£r£e^i£ £a£aM2.it^i£s. The core design has been optimized 

with respect to flux hardening and core cooling to the point that any im

provement in either one will decrease the overall energy-generation capabil

ity. Four modes of operation are possible: self-limiting transients, 

shaped bursts, constant-power operation, and transient bursts followed by 

steady-state low-power operation. 

Self-limiting transients can be initiated to release up to 1450 MW-

sec. This energy release is such that the driver-fuel peak temperature 

reaches 2350''C, which is 100°C below the melting point of the ternary 

fuel mixture. The maximum allowable self-limited power transient has a 

minimum reactor period of about 1.3 msec. Shaped bursts are obtained by 

controlling the withdrawal rate and sequence of four transient rods. The 

rods are computer controlled. Overall energy release for shaped bursts 

is also limited by the peak driver-fuel temperature. 



Energy deposition in test fuel elements is affected strongly by flux-

depression effects. Thus, while there is a very large energy capability 

for a single LMFBR fuel element, flux shielding by successive rings of 

elements results in strong variation of energy deposition among pins of 

a fuel-element cluster. A convenient expression of energy-deposition 

capability is the fIgure-of-merit (FOM), which is the ratio of average 

energy deposition in test fuel to the peak in the driver fuel. For tran

sient energy deposition starting from Initial cold conditions, about 

200 cal/gm can be safely absorbed by the driver fuel. Clearly, the quan

tity is less if the transient is initiated from an operating condition. 

The FOM for a single LMFBR test pin (k in. dia., 25% enriched) is about 

16, but it is only about 1.5 for the center pin of a cluster of 37 IJffBR 

pins. In the latter case, only about 300 cal/gm can be deposited in an 

experimental fuel element, which is insufficient to completely melt oxide 

fuel. An improvement can be achieved using graded enrichment. An FOM of 

2.5, or about 500 cal/gm, is potentially available if the enrichment is 

graded from 8 to 25%. There are two problems with enrichment grading: 

(1) flux depressions within each pin remain, and (2) if the experiment 

involves fuel melting and molten fuel motion, the location and degree of 

heat generation becomes very uncertain. A thermal-neutron filter can mit

igate the flux-depression problems to a considerable degree. A cadmium 

filter combined with a nonhydrogenous moderator located within the test 

hole can reduce the radial flux depression to about 6%; however, there 

is a net loss in total flux available to the experiment. It is estimated 

that an FOM of 1,5 would be available using an enrichment of 25% and that 

the FOM could be increased considerably if test fuel having a greater en

richment were employed. More detailed calculations are needed to deter

mine if sufficient energy could be supplied to a 37-pin experiment, but 
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it is likely that 19-pin LMFBR experiments could be powered adequately in 

the self-limiting and shaped-burst modes of operation using thermal-neu

tron filters. Preliminary considerations concerning the design of a fast-

neutron converter region for PBF were unfavorable. The existing optimiza

tion of the spectrum and the cooling supplied to the core mitigates against 

the successful design of an economical and effective converter region. 

Constant-power operation at greater than 20 MW can be maintained 

for limited times. The factors that control the time are the heat capa

city of the fuel and the characteristics of the cooling system, which is 

designed for steady-state removal of 20 MW. Preliminary calculations in

dicate that 40 MW can be maintained for about 15 min, 50 MW for 80 sec, 

60 MW for 40 sec,and 150 MW for 10 sec. At the basic power of 20 MV(, 

the steady-state heat generation in an LMFBR fuel element (Jj in, dia., 

25% enriched) is less than 2 kW/ft using a thermal-neutron filter. This 

can be increased somewhat by greater enrichment, but probably to less 

than 5 kW/ft. Therefore, operation at typical LMFBR peak powers of about 

15 kW/ft is limited to about a minute. However,'there is the potential 

for simulating full-power operation for a short time followed by reduc

tion to decay power levels for a long time. Also, it might be possible 

to operate at a steady-state power higher than those indicated when the 

outdoor temperature is low. 

PBF[ op£ra^tin£ l.irait.S'l.lEr'Ŝ  5."^ SyS^l.^^}J-^ • There appear to be 

no operating limitations that would preclude the performance of LMFBR 

safety experiments in the PBF. Limitations concerning the quantity of 

excess reactivity that can be used to sustain short-term overpower opera

tion might reduce the time-at-power capability to less than that noted 

above. The PBF will not be in operation for about a year. Although it 



is expected that tests in the water-reactor safety program .will have 

first priority, the PBF probably will be available for LMFBR tests if 

the tests do not involve modifications that would hinder the progress of 

the water-reactor safety program. 

ETR deŝ cr̂ l£t2̂ on. The Engineering Test Reactor is owned by the 

AEC and operated by Idaho Nuclear Corp, at the National Reactor Testing 

Station. The reactor has been used for research and Isotope production 

since 1958. ETR Is a 175-MWt water-cooled and -moderated test reactor 

that has no transient overpower capability. There are about 50 fuel 

assemblies, each 3.04-ln, square, composed of uranlum-alumlnum-alloy 

plates. The uranium Is fully enriched. The active core height is 36 in, 

ETR accoiiiiii£d£t2̂ 0£S . ETR has nine high-flux test holes suitable 

for loop installation. The holes vary In size from 3 to 9 in, square. 

Since all work in servicing a loop installed in the ETR must be performed 

from the top head, the design and operation of a sodium through-loop poses 

formidable problems, A more suitable approach Is a packaged sodium loop 

of the type being designed in the Fuel Element Failure Propagation program. 

Vertical clearance for a large loop is adequate and the reactor coolant has 

an adequate heat-removal capability for heat rejection from the experiment. 

Also, Pratt & Whitney designed a sodium loop for the ETR, so some of the 

potential safety problems associated with sodium-loop operation have been 

resolved, 

ETR £n£r^et^i£ £a£aMU_tl£s, ETR has a thermal-neutron flux 

of about 4 X 10*"* n/cm^-sec and a fast-neutron flux greater than 2 x 

10 n/cm -sec. Two methods are available to overcome flux-depression 

effects in clusters of experimental fuel elements: enrichment grading 

and thermal-neutron filters. Calculations supported by tests in the 
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Argonne Thermal Source Reactor indicate that either enrichment grading or 

a combination of grading combined with the use of a filter can be used to 

equalize average fission density among the three rows of elements in a 

19-element cluster. In one design, a 0.64-cm-thick boron filter combined 

with enrichments graded from 53 to 70% resulted in the uniform generation 

of 2000 W/cm^ (16.3 kW/ft) in each of 19'LMFBR elements of Sj-in. diameter. 

Therefore, it can be concluded that there is adequate energy capability 

to simulate full-power LMFBR operating conditions. There is associated 

with such capability a variation in flux density across individual pins 

that probably can be limited to less than 20%. 

_ETR, £p£r£t2ri^ jL-'-Sl̂ .t̂ i-'̂ £"£ ̂ A ay£iJ^aM].i_ty. There appear to 

be no operating limitations that would preclude the performance of LMFBR 

safety experiments in the ETR if scheduling arrangements with other users 

can be worked out. 

Future program. The initial emphasis will be on determining the 

required test conditions and schedules for the tests recommended under 

programmatic definition and justification. Also; the evaluation of the 

capability of existing and firmly planned facilities, including reasonable 

modifications, will be completed. Then recommendations for their use will 

be prepared. Then detailed consideration will be given to the facility 

capabilities required to perform experiments that cannot be carried out in 

existing or modified facilities. Recommendations on the need for new 

facilities will be developed on the basis of these considerations. An 

integrated report of the study will be distributed for comment; a final 

report will be prepared. 
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XI. FUEL-COOLANT INTERACTIONS* 

(R. 0. Ivins and R, W, Wright) 

In-pile Tests 

(J, J, Barghusen, R, W, Wright, C. E, Miller, J, F, Boland, and 

R, W, Mourlng) 

Pressure and work energy (S series), A series of TREAT meltdown ex

periments, which simulate reactivity-accident conditions, are being con

ducted using stainless-steel-clad UO2 fuel rods contained in a sodium-

filled piston autoclave. These experiments are designed to provide 

information on the pressures and mechanical energies that result from the 

interaction of molten fuel and coolant under such conditions. For the 

analysis of the simulated reactivity accident, data are obtained on 

pressure-time histories, the momentum transfer to a movable piston, the 

magnitude of failure threshold energy, and the coolant temperatures. 

êŝ cr̂ i£ti_oii £f_pi^st_on a^u£o£l£V£, The piston autoclave used in 

the experiments is a double-containment assembly. The outer autoclave 

serves as an insulating jacket and a secondary containment vessel in the 

event the primary container Is ruptured. The inner autoclave holds the 

fuel-rod cluster and sodium coolant (Fig, 108), 

The autoclave contains a pressure transducer and rupture diaphragm 

(rated at 6000 psi) at the bottom. Above this Is the fuel-rod cluster 

consisting of five fuel rods and four dummy rods (containing helium at 

15 psia) arranged as In Fig, 109, The dummy rods were constructed from 

single sections of Type-304 stainless-steel tubing 12-ln, long, with 

0,29-in, OD and a wall thickness of 12 mils. Each fuel rod consisted of 

two separate sections joined by a dowel-pin fitting, an upper or blanket 

*For references for this chapter, see p. 371. 
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Fig. 108, 
Piston Autoclave for High-energy 
Meltdown Experiments and Measure
ment of Transient Pressure and 
Sodium Expulsion, ANL Neg. No, 
113-2610, Rev. 1, 

Fig. 109. 
Top View of 9-rod Fuel Cluster for 
Fuel-meltdown Studies in Sodium. 

Autoclave 

section 6 l/8-in. long, and a 5 7/8-in.-long fueled section containing sin

tered pellets of 10%-enriched UO2. Each fuel rod contained 41 gm of UO2. 

The cluster is positioned between two support grids and contained within a 

Zircaloy-2 sleeve and the entire unit is submerged in sodium. Immediately 

above the fuel-rod cluster is a piston, made of tungsten-30% molybdenum al

loy, which is attached to a connecting rod passing through a shock absorber 

to a differential-transformer linear-motion transducer. The shock absorber 



323 

is designed to absorb the major portion of the kinetic energy imparted to 

the piston during normal experiments and to sieze the connecting rod, thus 

preventing piston rebound. Four tungsten-5% rhenium-tungsten-26% rhenium 

thermocouples are located in the sodium, among the fuel rods, at distances 

from 3 to 12 in. above the bottom of the autoclave. 

The complete inner autoclave, including external band heaters to heat 

the sodium to TJ200°C, is placed in the secondary autoclave. The inner auto

clave is spring-loaded against its bottom support inside the secondary 

autoclave to permit 3/8-ln. travel before it contacts a shock absorber 

mounted between the upper heads of the two autoclaves. This free travel 

space was provided to allow for thermal expansion. 

SumaaTY^ oi_e^eriMental^ £.e£u]̂ t£. Four meltdown^ experiments have 

been performed in the piston autoclave, A calibration test (SI) was per

formed to determine the factor relating reactor integrated power was 

fission-energy input into the fuel. The first set of three experiments 

(S2, S3, and S4) was directed principally toward determining the effect of 

increasing fission energy on- the consequences of, fuel failure: fission-

energy levels of 340, 460, and 720 cal/gm UO2, respectively. The most re

cent experiment, S5, was made to examine whether fuel-coolant Interaction 

will produce large pressures and work energies in the absence of bond gas. 

Principal results of the four experiments are presented in Table XXIII. 

Test S2 used the piston autoclave and consisted of three 

transients of progressively higher energy (312, 481, and 495 MW-sec, 

corresponding to average fission energies of 214, 330, and 340 cal/gm 

UO2). After each transient, a neutron radiograph was taken of the 

autoclave assembly to determine the condition of the fuel. The central 

fuel rod failed during the third transient. 
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TABLE XXIII, Experimental Conditions and Results from Piston-autoclave 
Tests S2, S3, S4, and S5 

S2 S3 S4 S5 
(He bonded) (He bonded) (He bonded) (Evacuated) 

Reactor characteristics 
* 

Peak power, MW 

Period, msec 

Integrated power, MW-sec 

Reactivity, % 

Fuel and autoclave properties 

Internal pressure of fuel and 
dummy rods, torr 

Mass of UO2 fuel, gm 

Uranium enrichment, %^^^\J 

Mass of sodium in autoclave, gm 

Mass of piston, gm 

Sodium temperature at start of 
test, °C 

Results 

Total fission energy, cal/gm UO2 

Amplitude of largest pressure 
pulse, psi 

Impulse from largest pulse, 
dyne-sec 

Sum of Impulse from all pulses, 
dyne-sec 

Fission energy at first pressure 
pulse, cal/gm UO2 

Calculated fractional conversion of 
nuclear to mechanical energy 

Period during which major pressure 
pulses occur, msec 

2310 

62 

495 

2,1 

2664 

53 

669 

2, 4 

6650 

34 

1050 

3 . 3 

3357 

45.6 

740 

2.7 

780 

205 

10 

198 

260 

190 

340 

180 

0.25 X 10^ 

0.33 X 10^ 

234 

780 

205 

10 

201 

260 

165 

460 

540 

780 5 X 10'5 

205 

10 

200 

260 

165 

205 

10 

199 

263 

170 

720 

1800 

509 

2940 

0.68 X 105 1,84 X 10^ 3,3 x 10̂  

2,39 X 105 10.4 X 10^ 24.2 x 10̂  

440 480 430 

2.1 X 10"5 2.5 X 10'"* 1.9 X 10-

18 12 285 

Values for Tests S5 and S4 are corrected to provide consistency with the calibration 
factor and TREAT fuel loading for Test S3. 

Impulses calculated from pressure-response data based on application of the impulse to 
the area of the piston (0.601 in.^). 

• Only central pin failed by tear in cladding. 
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Figure 110 shows the motion, pressure, and reactor power recorded 

during a portion of the third transient. An apparent pin failure about 

30 msec after the power peak is indicated by the first pressure pulse 

(80 psi). The energy input at this time was only 234 cal/gm, and the 

energy input at the time of the second pressure pulse (180 psi) was 

280 cal/gm. The first pressure pulse occurred before fuel melting 

should have occurred, so it is postulated that this pulse resulted from 

escape of pressurized helium from a weak point in the cladding and the 

second pressure pulse was caused by contact of sodium and fuel. 

a -1000 

I -1400 

i 1800 

1000 

Peak power 

Fig. 110. 
Motion, Pressure, and Reactor 
Power during Third Transient 
of Test S2. 

The first pressure pulse coincided with an increase in velocity of 

the piston from 8 to 86 cm/sec, while the second pulse caused the velocity 

of the piston to Increase to 193 cm/sec. At the second pressure pulse, 

the change in momentum of the piston and the effective accelerated sodium 

mass was 3,7 x lO"* dyne-sec. This is to be compared with the measured 

impulse of the second pressure pulse of 2,51 x lO"* dyne-sec. 

The center rod of the cluster failed during the third transient, al

lowing 24.3 gm, or 59.5% of the UO2 in that rod to escape. Figure 111 

shows the split in the cladding located at the top of the fueled section 



Fig. 111. Portion of Ruptured Fuel Rod Showing Failure. ANL Neg. No. 
113-1449. 

of the rod. No sign of cladding, melting, or expansion of the rod was 

observed. 

Test S3. Meltdown Experiment S3 involved two transients 

of 344 and 669 MW-sec, equivalent to fission energies of 236 and 460 

cal/gm UO2, respectively. The first transient Indicated that all instru

ments responded properly. 

The 460 cal/gm UO transient caused the rupture and destruction of 

all five fuel rods. The pressure response (Fig, 112) shows five separate 

pressure pulses, which perhaps were caused by the separate failures of 

the five fuel rods. The first two pressure pulses, I. and I2, occurred 

almost simultaneously near the end of the transient (at 645 MW-sec, 

444 cal/gm UO,) ; the first pressure spike also coincided with a rapid 

acceleration of the piston from a velocity of 6 to 302 cm/sec. The third 

pressure pulse (I3), the largest, had an amplitude of 540 psi and a pulse 

width of 2.7 msec, and caused the piston velocity to increase from 302 

to 472 cm/sec. The final two pressure pulses (I. and Ic) occurred after 

the piston was locked in its final position; Pulse I5, which occurred con

siderably later than the previous pulses, was essentially identical to 

Pulse Ii(, As in Test S2, the pressure-response data could be correlated 

with the change in momentum of the piston. 
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Fig. 112. Linear Motion, Pressure Response, and Sodium Temperature for 
Test S3. ANL Neg. No. 113-2352. 

The sum of the Impulses of the five pressure pulses was 2.39 x 10^ 

dyne-sec. If this impulse is assumed to act on the free piston mass of 

260 gm and an effective expelled sodium mass of 88 gm, then the fractional 

conversion of nuclear to mechanical energy for the test is 2.1 x 10" . For 

inertial loading, the effective sodium is taken to be all the sodium in the 

autoclave except for that in the chamber below the fuel-pin bundle and 

that in the bottom quarter of the fueled section of the bundle. In calcu

lating the effective inertia of this sodium, the effective length of sodium 

in each cross section is weighed inversely as the area of that cross section 

relative to the piston area. The effective sodium mass to be added to the 

piston mass for estimating the conversion of nuclear to mechanical energy 

is 88 gm. The calculated kinetic energy of the piston and the effective 

mass of accelerated sodium is 8.2 joules. 

The calculated kinetic energy of 8.2 joules is approximately equal to 

the work potentially available from the expansion of the high-pressure bond 



gas in the five fueled pins. For an Isentroplc expansion of the 0.8 cm 

(STP) of helium in each fueled pin from 1000 psia at 3000°K to 15 psia, 

this work is 1.46 joules per pin, or 7,3 joules for all five pins. How

ever, the agreement does not prove that the observed pressure pulses in

volved no sodium vaporization by the hot UO2, The work calculated from the 

isentroplc expansions of the bond gas in all five pins is not strictly ap

plicable to the partially voided system that existed after the initial 

pressure pulse, or to the Incoherent pin failures that occurred. 

A peak sodium temperature of 1100°C was recorded by a thermocouple 

located at the upper part of the fueled section of the fuel rod 0.8 sec 

after peak power. All other thermocouples recorded temperatures below 

500°C. 

The residue from Test S3, as shown in Fig. 113, Indicated that the 

five fuel rods were completely destroyed during the transient. Only small 

(•̂ O.S-in. long) cylindrical sections of fused UO2 remained (see Fig. 114); 

these sections were hollow (3/16 in. ID) and had an outside diameter of 

0,265 in. This behavior might be explained in the following manner: 

the UO pellets apparently expanded by virtue of partial melting and, 

upon contact with the cladding (cladding ID was 0,260 In,), the cladding 

melted, and the outer portion of the U0_ solidified. The hollow core 

was the result of molten oxide flowing from the solid oxide annulus. 

All dummy rods suffered cladding failure in the form of melted 

sections at the lower portions of the rods, as shown in Figs, 113 and 115. 

A section of one fuel rod was welded to the dummy rod (Fig. 115). Most 

likely, the mechanism of failure of the dummy rods was by contact with 

molten UO, expelled from the fuel rods. 

Test S4. Experiment S4 involved a reactor transient of 

1050 MW-sec, resulting in a fission energy release in the test fuel of 
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Fuel rods 

Dummy rods 

Dummy rod 

U n l l - . . . 1 I r t ' i . Hollow UO2 
cylinders 

Fig. 113. Residue of Fuel and Dummy Rods from Test S3. ANL-ID Nea No 
103-7S35, Rev. 2. 



Fig. 114. UO2 Residue from Test S3 in Form of Hollow Cylinders. ANL-ID 
Neg. No. 103-7534A. 

720 cal/gm UO2. The value of peak reactor power was 6650 MW, and the 

reactor period was 34 msec. The fuel loading and configuration for 

this experiment were identical to those used for Experiments S3 and S2. 

The high-energy transient caused the rupture and destruction of all 

five fuel rods. The pressure-response record (Fig, 116) shows five large 

discrete pressure pulses, and several minor pulses of amplitudes less 

than 550 psi. The first two pulses (I and I ) occurred about 30 msec 

after peak power. The Integrated reactor power at the instant of the 

first pulse was about 705 MW-sec, equivalent to a fission-energy 



iKhltlitiiiltliliirtii 

331 

Fig. 115. Section of Fuel Rod Welded to Dummy Rod by Melting of the Clad
ding. ANL Neg. No. 113-1804A. 

release in the test fuel of about 480 cal/gm UO2. These pulses were 

followed by a large pulse composed of two peaks less than 0.3 msec 

apart. The first peak of the double pulse occurred 34.4 msec after peak 

power and had an amplitude of 1060 psi; the second peak had an amplitude 

of "1̂ 1800 psi. Impulse Ij, 1280 psi, occurred 42 msec after peak power. 

The final pulse (Ic) was significantly delayed, occurring about 2,4 sec 

after peak power. This pulse might be the result of flashing of super

heated liquid sodium. At the instant of the pulse, the temperature of 

the sodium decreased from ^,1700 to '»'1000°C. Flashing of sodium at 1700°C 

would generate a pressure pulse of '>.'900 psi. 

The output of the linear-motion transducer is reproduced in Fig. 116. 

As in the case of Experiment S3, acceleration of the piston occurred 

simultaneously with the generation of the pressure pulses. The maximum 

piston velocity was 807 cm/sec (Interval D in Fig. 116), which occurred 

coincidentally to the 1800-psi pressure pulse (Impulse I^), The impul

sive deceleration of the piston from 807 to 400 cm/sec for the final 

2 cm of piston travel was probably caused by contact of the piston or 

the connecting rod with a burr. 
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Fig. 116. 
Linear-motion and Pressure-
pulse Data from Test S4. ANL 
Neg. No. 113-3137, Rev. 1. 
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Temperatures greater than 3000°C were recorded by the two thermo

couples in the upper portion of the sodium cavity, at the 11-in. and 

17-ln. levels. A peak temperature of 3400°C was recorded by the 11-ln. 

thermocouple 0.6 sec after peak power. The 17-ln, thermocouple recorded 

event temperatures greater than 3600°C about 0,1 sec after peak power. 

These temperatures would result in melting of the tantalum sheath, 

beryllla insulation, and the W-Re thermocouple Itself. Therefore, these 

very high readings cannot be considered meaningful. 

The sum of all Impulses for Test S4 was 10,4 x 10^ dyne-sec. If 

it is assumed that this impulse acts to accelerate the piston and an 

effective sodium mass of 88 gm, then the fractional conversion of nuclear 

to mechanical energy is 2.5 x 10""*, a factor of ten greater than in 

Test S3. The calculated kinetic energy for Test S4 is 154 joules. This 

is 21 times greater than the 7.3 joules potentially available in an 

isentroplc expansion of the helium bond gas in the five fueled pins. 

Test SS. The objective of Test S5 was to determine 

whether fuel-coolant interactions will produce large pressures and work 

energies in the absence of bond gas. It had been hypothesized that gas-
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blanketing of the molten fuel by the bond gas in Tests S3 and S4 pre

vented extensive fuel-coolant interactions and that this accounts for 

the low pressures and mechanical energies that occurred in these tests. 

Test S5 was performed with fuel pins and dummy pins that had been sealed 

in vacuum. Although there was no bond gas in the evacuated fuel pins, 

the UOj pellets were of 93% theoretical density. The vacancies in the 

UO matrix contained gas that would not be removed by the evacuation 

procedure, but which would be released upon fuel melting. Therefore, 

Test S5 is not completely free of the effects of gas upon fuel-coolant 

interactions and cladding failure. To provide a valid basis for com

parison of the effect of bond gas. Test S5 was performed under conditions 

otherwise nearly identical to those employed in Test S3. 

The fuel specimens and configuration used in Test S5 were Identical 

to those used in Tests S2, S3, and S4, except that the fuel rods, 

dummy rods, and "blanket" sections were evacuated to 5 x 10"^ torr prior 

to welding the end caps. In all previous tests, the fuel rods, dummy 

rods, and blanket sections contained helium at 15 psia (780 torr). 

The test was performed at 740 MW-sec (509 cal/gm UO ), slightly 

higher than the energy for Test S3, A total of 16 pressure pulses of 

amplitudes greater than 50 psi were observed on the output of the pres

sure transducer. The appropriate sections of the pressure-response data 

are shown in Fig. 117, with the pulses Identified sequentially by letters 

a through p. The Initial pulse (69 psi) occurred 100 msec after peak 

power at a fission-energy input of 430 cal/gm UOj. This pulse occurred 

coincidently with the acceleration of the 263-gm piston to a velocity of 

206 gm/sec. The piston became seated before the second pulse occurred. 

The change in momentum of the piston and the effective mass (88 gm) of 



Fig. 117. 
Pressure-response Output from 
Test S5 with Evacuated Fuel 
Pins. ANL Neg. No. 900-435. 

370 380 390 4 0 0 410 4 2 0 

Time otter Peak Power, msec 

the expelled sodium (72,000 dyne-sec) agrees reasonably well with the 

measured value of the first impulse (85,000 dyne-sec). The fission-

energy input to the fuel at the instants of Pulses b and c were 451 and 

483 cal/gm UO . The transient was completed prior to Pulse d. 

The apparent damped oscillations following Pulses d and k in Fig. 117 

are not yet understood. These oscillations occurred after the piston 

had been seated at its maximum travel. Somewhat similar but smaller-

amplitude pressure oscillations were observed in Test S4, The 4-msec 

period of the oscillations Is an order of magnitude too large for 

acoustic oscillations in the vapor cavity within the autoclave at full 

piston travel. No spring-mass oscillations of the system in this 

period range have yet been identified. 

The largest pulse (Pulse d) had an amplitude of 2940 psi and an 

impulse of 3.3 x 10^ dyne-sec. The Impulses calculated from the pressure-

response data were based on the application of the pulse to the area of 

the piston (0,601 in.^). The largest pulse observed in Test S3 had an 

amplitude of 540 psi and an impulse of 0.68 x 10^ dyne-sec; the sum of 

Impulses from all five pressure pulses in Test S3 was 2,39 x 10^ dyne-sec. 

The total impulse from the pulses in Test S5 (24.2 x 10^ dyne-sec) is 
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ten times that observed in Test S3. If this Impulse is assumed to act 

on a free piston mass of 263 gm as well as the effective expelled 

sodium mass of 88 gm, then the fractional conversion of nuclear to 

mechanical energy for Test S5 is 1.9 x 10"^, This fraction was 

2.1 X 10"^ in Test S3, In Test S4, performed with helium-bonded fuel 

at a total fission-energy input of 720 cal/gm UO , the fractional 

conversion was 2,5 x 10""*. If the damped oscillations observed in 

Test S5 are considered extraneous, so that only the initiating pulse 

in each train acts to accelerate the load, then the total impulse 

in the test is reduced to 11,3 dyne-sec, and the fractional converstion 

of nuclear to mechanical energy is reduced by a factor of 4,6 to 

4.2 X 10-'+. 

As shown in Table XXIII, removing the bond gas in Test S5 increased 

the time interval over which pin failure occurred by an order of mag

nitude to 285 msec from 18 msec in the comparison run, S3, This long 

time before failure must be due partly to the fact that the total 

energy input to the fuel in the S5 transient waS" apparently just 

sufficient to fail all the fuel. The initial pin failure associated 

with the first pressure pulse at 430 cal/gm may be anomalous. The 

pulse is very broad and has a peak pressure of only 69 psi, but Pulse 

c at 483 cal/gm is similar in shape and of low magnitude. In any 

case, the difference between Tests S3 and S5 indicates that pressur

lzatlon of the cladding by bond gas produces greater coherence of 

pin failure than would occur without bond gas. It should be noted 

that gas within the UO2 matrix that would be released upon UO2 melt

ing would be expected to produce some gas pressurlzatlon of the clad

ding even in Test S5. 



A maximum event temperature of 1875°C was observed 0.45 sec after 

peak power by the thermocouple located in the vicinity of the fueled 

section of the fuel array. As in the case of Test S4, the upper thermo

couple indicated event temperatures greater than 3000°C. 

A portion of the residue from Test S5 is shown in Fig, 118. It 

is apparent that the extent of oxide fuel breakup and dispersion and 

the damage to the dummy pins was much greater than in Test S3. 

Comparison of the results of Test S5 (evacuated fuel pins) with 

Test S3 (helium-bonded pins) at an equal energy level shows that the 

presence of the bond gas strongly decreased the extent of Interaction 

between the molten fuel and coolant. The peak pressure was reduced 

from the S5 value of 2940 psi to 540 psi, and the calculated con

version of thermal to mechanical energy was reduced by a factor of 

." f ' " 
.**• '* 

.•'•"• '• 

» * - • • • • • » • • • , i \ t . ' - • " • • • . 

Fig. 118. Residue from Test S5 with Evacuated Fuel Pins. ANL-ID Neg. No. 
103-7643. ^ 
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100 to 2 X 10-5. (These latter values can be compared with the thermo

dynamic upper limit of about 0.1 for this conversion ratio as given 

by Hicks and Menzies). The S5 residue was highly fragmented while the 

S3 residue was not, in accord with these results. These observations 

are consistent with the hypothesis that the bond gas forms an in

sulating layer between the molten fuel and the coolant that prevents 

extensive interaction between them. 

Pressurlzatlon of the cladding by bond-gas heating decreased 

by an order of magnitude the time period over which pin failure 

occurred, even though the initial pin failure occurred at essentially 

the same energy in both cases. 

D̂ l̂ ctisŝ l£n_o_f work_etier̂ gŷ . One of the principal objectives 

of the in-plle experiments is to obtain data that can be used to 

provide a reasonable estimate of the work-energy produced by fuel-

coolant interaction following a reactlvity-insertlon-type accident. 

In our estimates of work-energy, we have conservatively assumed that 

the sum of all Impulses performed work by Impartihg kinetic energy to 

the piston and an effective expelled mass of sodium. Thus the 

mechanical energy produced by virtue of fuel-coolant interaction 

is U (Impulse)^/Mass, 

From these values, we can obtain an estimate of the fractional 

conversion of nuclear energy (total fission-energy input into the 

fuel) to mechanical energy. For the three tests (S2 excluded) in 

which data were obtained, the conversion factors ranged from 

2,1 X IQ-^ to 1.9 X 10-5, The largest val-ue represents the test 

with evacuated fuel and suggests that the bond gas in certain situ

ations inhibits contact of molten fuel and sodium and thus the con

version of thermal energy to mechanical energy. 



These conversion values for the molten fuel-coolant interactions 

observed in these simulated power-excursion tests are too low to 

give destructive energies, Other modes of contact of molten fuel 

and coolant, such as impact of coolant upon molten oxide following 

coolant reentry might be more energetic. This contact method is 

being investigated in in-pile experiments and is described in the 

following section. 

Impact of sodium on molten UOo (1 series). A series of in-pile 

experiments has been started to measure the pressures and mechanical 

energies resulting from the Impact of a sodium column on a pool of 

molten UO2 in vacuum. The experiment simulates a worst-case reentry 

impact of sodium on molten fuel. It also is clearly defined simple 

system suitable for direct comparison with analytical models. The ex

periment is conceptually similar to the TRW water-molten aluminum 

shock-tube experiment^ that was performed to Investigate the frag

mentation and pressure generation in the SPERT-ID destructive test.^ 

This experiment is performed in-pile so that the UO2 can be melted by 

a TREAT transient. 

The experimental apparatus for these experiments (Fig. 119) basically 

consists of four parts: a high-pressure primary autoclave constructed 

of stainless steel, a high-strength steel liner, a graphite crucible 

for accommodating the molten UO2, and a chamber for the column of 

sodium. The sodium is supported in the chamber on a stainless-steel 

diaphragm 2-mils thick. About 540 gm of sodium, forming a column 

22-in. deep, will be contained in the chamber. The chamber is 

wrapped with heating wire to provide a sodium temperature of about 

200°C. 
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Impacting on Molten UO2. Not to 
scale. ANL Neg. No. 113-3138, Rev. 1. 

The principle of operation is to melt the oxide in the crucible 

by means of a TREAT reactor transient, and at a predetermined time 

initiate a device to shear the diaphragm, thereby releasing the sodium 

column onto the molten UO2. The magnitude of the impulse generated 

by the impact of the sodium with the molten oxide is obtained by the 

pressure transducer mounted at the top of the sodium chamber. 

The diaphragm shear device consists of a sharp-edged membrane 

cutter attached to a steel rod. The device is initiated by firing an 

explosive-actuated piston motor that applies a 20-lb load over 3/8-in. 

travel. 

The autoclave assembly has been constructed, and a calibration 

test in the autoclave has been performed at the TREAT Facility. Of 

major concern is specifying a neutron transient that will produce, 

at a predetermined time, a pool of molten UO2 so that, when the ex

plosive device is initiated, the sodium contacts molten oxide. Arrange

ments for the first impact tests are underway. 



Laboratory Experiments 

(D. R. Armstrong and D. H. Cho) 

Fragmentation of molten UO, upon contact with sodium. An experiment 

has been performed in which small quantities of molten UO2 are dropped into 

a pot of sodium, and the fragmentation of the UO2 is measured. Pressure 

pulses in the pot that result from the fragmentation events are also mea

sured. Two tests have been made at each of three sodium temperatures: 

200, 400, and 600°C, 

The device that has proved most successful for the dropping operation 

is shown in Fig, 120, The apparatus consists of a tungsten crucible 

(contains the UO2) mounted on a motorized shaft, and an induction coil 

operated from a 1000-kW generator. When the UO2 becomes molten ('\-2850''C) , 

the motor attached to the shaft is activated and the crucible moves down 

from the induction coll and then rotates, allowing the molten UO2 to fall 

into a pool of sodium positioned below the crucible. 

During each test, continuous measurements were made of the 

pressure in the sodium container, the force exerted on the sodium con

tainer, and the overpressure in the gas space above the sodium. The 

entire sequence of events following the dropping was photographed 

with high-speed motion-picture film at 1000 frames/sec. After the 

test, data were obtained on the UO2 particle-size distribution and 

the spatial distribution of sodium within the glovebox. 

The experimental conditions and results for the tests are suimn

arized in Tables XXIV and XXV, In each test, there were several separate 

violent ejections of sodium mixed with UO2 particles from the sodium 

container. The quantity of UO2 involved in each ejection was es

timated from the size of UO2 drops falling into the sodium on the film. 
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Induction coil 

Rodiotion shields 

Crucible 

^ 

.^< 

Pressure transducer 

Force transducer 

Fig. 120. Apparatus for Pouring Inductively Melted UO2 into Liquid Sodium. 

TABLE XXIV. Experimental Conditions for Dropping of UO2 into Sodium 

Run 
No. 

1 
2 
3 
4 
5 
6 

Sodium 
Temperature, 

"C 

200 
200 
390 
395 
600 
600 

Quant1 ty 
of Sodium, 

gm 

290 
280 
280 
280 
252 
250 

UO2 • 
Temperature, 

°C 

2940 
2900 
2900 
2900 
2900 
2900 

Quantity of 
UO2 Dropped, 

gm 

8.8 
7.4 
10.2 
16.5 
23.6 
7.5 

The number of ejections in each test was also determined from the 

film. The total quantity of UO2 dropped was determined by difference 

in the weight of the tungsten crucible. The total mass of sodium 

ejected was determined in a similar way. 



TABLE XXV. Results of Experiments on Dropping Molten UO^ into Sodium 

Particle-size distribution 

'""'°'">' •" Quantity of 3'Z^J,ll Mechanical Hecl,anical _ , ^ O 0 2 J L H i | H J ^ 
UO, involved , „„ „,,'t.d sodium enerev eiergv „ Total tjecteo 

L each "™'>" °f ^ 2 ejected ejected Peak energy ^ ,„i,.„iated) "= particles, particles, 
violent Ejection,a ^ " l ™ t from tank j„„ta„k, pressure Impulse (calculated), (calculated), u _ 

ejections gm ^^ psi lb-sec joules T""̂ *̂ ^ 
Run 
no. gm 

<0.1 

1.2 

<0.1 

3.8 

7.9 

<0.1 

51 350 0.15 

2.6 200 0.10 0.3 

86 655 0.38 5 

124 h 0.42 8 

1 h 0.10 0.4 

a. Estimated by analyses of film. 

b. Calculated from impulse data and the total mass of sodium and ejected UOj. 

c. Calculated from distribution pattern of ejected sodium assuming hermispherlc ejection. 

d. Instrument records did not correlate with film. 

f „=H in Runs 1 and 2 Value in Run 2 estimated from pressure data. 

e. Force transducer not used in Runs 1 ana i. 

f. No analysis performed on residues from Run 1. 

g. No film record obtained in Run 2. 

h. Pressure transducer did not operate in 600'C sodium. 

i. Film showed most of ejected sodium impacted on the radiation shield. 

j. Film showed most of ejected sodium fell back into tank. 

0.07 

0.8 0-'' 
195 510 

370 

355 225 

195 2''0 

300 
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It was observed that, of the two experiments at each temperature 

level, one was significantly more energetic in that substantial 

quantities of UO2 and sodium were ejected from the sodium container. 

This is also noted by the values of the impulse and peak pressures. 

Analyses of the UO2 particles indicated that fragmentation of the 

ejected UO2 particles occurred while the particles were in the liquid 

state, whereas fragmentation of the particles remaining in the sodium 

tank occurred largely while the particles were in the solid state. 

Therefore, the particle-size distribution of the ejected particles 

more closely represents the size distribution at the time when pressure 

pulses were generated causing the violent ejection. The size dis

tributions of the ejected UO2 particles from the more energetic runs 

(Runs 2, 4, and 5) are presented in Fig. 121. The particle-size data 

show that the median diameter of the ejected particles decreases 

markedly as the temperature of the sodium is increased from 200 to 400°C, 

but that further increase in temperature to 600°C does not result in 

a significant change in particle size. 

3000 Fig. 121. 
Size Distribution of UO2 Parti
cles Resulting from Interaction 
of Molten UO2 with Sodium. 

2 10 30 50 70 90 98 

Cumulotive Moss Percsnl Less than Indlcoted Diometer 



The pressure and impulse data (Table XXV) show an increase in mag

nitude with an increase in sodium temperature. To provide an in

dication of the mechanical energy equivalent to the impulses, two 

estimates of the mechanical energies involved in the molten U02-sodium 

interaction are presented in Table XXV. For one estimate, it was assumed 

that the impulse accelerated the entire mass of sodium, and therefore 

the value of energy was \ (I)^/m, where m is the mass of sodium and 

I is the impulse. The second estimate of mechanical energy was based 

on the observed distribution pattern of ejected sodium and UO2, 

assuming hemispheric expulsion about the sodium tank. Both estimates 

show an Increase in mechanical-energy conversion with an increase in 

sodium temperature. 

The next series of runs will examine the forces and pressures 

produced upon contact of molten stainless steel with sodium at the 

same three temperatures. 

Fragmentation experiments with materials having different 

thermal properties, A small amount of molten tin was quenched in 

subcooled water and the resulting fragments were analyzed for the 

extent of fragmentation. The temperatures of molten tin and water, 

as well as the entrance velocity of the molten drop, were varied. 

The purpose was to identify the key variables affecting the spontaneous 

fragmentation observed upon contact of molten UO2 with sodium (p. 321). 

The results show that fragmentation was greatly enhanced when the tin 

temperature corresponded to the maximum-heat-flux region of nucleate 

boiling. Also, the extent of fragmentation increased with increasing 

subcooling of the water. 
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Ex£̂ e£̂ imeritâ l_p£̂ o£edu£̂ e_aiid_dâ tâ  mi^l^sl^s. A 0.3-gm sample of 

tin was melted in a 3/8-in.-diameter stainless-steel crucible heated by 

electric resistance coils. A 1/4-in. hole at the bottom of the crucible 

was fitted with a ball valve. The valve was lifted to let the molten sample 

fall into a pool of laboratory-distilled water. The quenched sample was 

collected in a regular filter paper. 

The method of determining the extent of fragmentation involved several 

steps: (1) prepare a 35-mm photograph of the fragmentation residue, (2) 

analyze the photograph by the CHLOE apparatus,* (3) generate the projected 

area of each particle from the CHLOE output on a CDC-3600 high-speed com

puter, and (4) compute the particle-size distribution from the projected 

area of individual particles. Also derived are such quantities as the 

total projected area per unit mass, the total number of particles, and 

various average diameters. 

Re^u^^t^ and̂  d̂ iŝ cusŝ lon. Figures 122 and 123 summarize the re

sults obtained with molten tin quenched in water. The extent of fragmenta

tion (expressed in terms of total projected area-per gram of tin) is plot

ted against the initial temperature of molten tin. Each data point 

represents an average value of at least five identical runs. Solid curves 

show the general trend of the results; the broken lines indicate the region 

where the extent of fragmentation was the greatest in a given series of 

runs. 

Figure 122 shows the effect of the entrance velocity at which the 

molten tin was quenced in 22''C water. The entrance velocity was varied by 

changing the distance over which the drops fell. Generally, the extent of 

*CHL0E is an automatic picture scanner, originally designed at Argonne for 
analyzing nuclear-particle tracks in spark-chamber photographs. 



fragmentation increased with increasing entrance velocity or Weber number. 

The Weber number, N,, ,* represents the dimensionless ratio of inertial to 
We 

surface forces. The Inertial force is the dynamic pressure that water 

exerts on the impinging drop of molten tin. Figure 122 also shows that, 

for a given entrance velocity, the extent of fragmentation differed with 

initial tin temperature. Fragmentation was enhanced at tin temperatures 

Fig. 122. 
Effect of Entrance Velocity on 
Fragmentation of Molten Tin 
Quenched in 22°C Water. ML 
Neg. No.900-71, Rev. 1. 
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Fig. 123. 
Effect of Water Subcooling on 
Fragmentation of Molten Tin 
Quenched in Water. Entrance 
velocity was 99 cm/sec and 
Weber number was 7.5-9.0. ANL 
Neg. No. 900-72, Rev. 1. 
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* \ e ' ^^^ ^°' "̂ '̂̂ '̂  P ®̂ density of water, D is diameter of tin drop, V 
IS entrance velocity, and a is surface tension of the molten tin. 



347 

between 400 and 500°C. This behavior was the same at each level of entrance 

velocity. The temperature range 400 to 500°C, at which greatest fragmenta

tion occurred, appears to correspond to the maximum-heat-flux region of 

nucleate boiling in water. 

Figure 123 shows the effect of water subcooling on fragmentation of 

tin. The entrance velocity was kept constant at 99 cm/sec, but the 

water temperature was varied. The Weber number, which ranged from 

7.5 to 9.0, was below the critical value (13 to 22), so the dynamic 

pressure was not large enough to cause hydrodynamlc breakup of the tin 

drop. Nevertheless, fragmentation was observed for a certain range 

of tin temperatures, with the extent of fragmentation increasing with 

an increase in subcooling of the water. When the temperature of the 

water was 70°C (30°C subcooling), little fragmentation occurred at any 

tin temperature. As the degree of subcooling was increased, enhance

ment of fragmentation apparently occurred at higher tin temperatures. 

Similar effects of subcooling on the maximum heat flux and wall super

heat have been observed during quenching of a heated solid sphere.^ 

The results of these experiments on the fragmentation of molten 

tin in water indicate that the extent of fragmentation is affected by 

the entrance velocity as well as by the temperatures of the molten tin 

and water. The effect of the entrance velocity can be considered purely 

dynamic. Increasing the entrance velocity increases the dynamic pressure 

exerted on the drop of molten tin, which is the hydrodynamlc driving 

force for fragmentation. Although detailed mechanisms of the tempera

ture effect are not clear. Figs. 122 and 123 suggest a relationship be

tween the temperature effect and the boiling characteristics of sub

cooled water. 



A limited analysis of the particle-size distribution of the frag

ments was made. Figures 124 and 125 show a typical example. In Fig. 124 

the cumulative percent of the number of particles (open circles) or 

the projected area of particles (solid circles) is plotted against the 

particle diameter on log-normal probability graph paper. The particle 

diameter here means the diameter of a circle having the same area as 

the projected area of the particle ("projected-area diameter"). 

Figure 125 is a frequency distribution plot of the same data based on 

the number of particles. 
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Fig. 124. 
Particle-size Distribution of 
Tin Fragmented in Water. Metal 
temperature was 38S°C, water 
temperature was 22°C, entrance 
velocity was 244 cm/sec, at
mosphere was air, total number 
of particles was 860, and 
projected area was 431.0 
mm^/gm. 

Diometer, m m 

Both Figs, 124 and 125 show that the particle-size distribution is 

bimodal in nature. The double distribution is indicated by the break 

in the curves of Fig, 124, One part of the distribution consists of 

a large number of small particles, the median diameter being about 

0.21 mm. The other part represents a small number of large but thin 

pieces of the fragments whose median diameter is about 6.7 mm. It ap

pears that the first part of the double distribution follows a log-

normal distribution. 
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11111 "h^ 

Fig. 125. 
Percent Frequency vs Log 
Diameter for Tin Fragmented 
in Water. Test conditions 
were the same as in Fig. 124. 
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Simulation experiments of coolant entrapment in molten fuel. 

Laboratory experiments were performed to examine the hypothesis that 

the entrapment or inclusion of coolant in molten fuel might result in 

fragmentation and mixing of the fuel and coolant and an explosion. 

The experimental procedure consisted of injecting a small amount of 

room-temperature water into various molten materials. The results of 

initial survey studies are summarized here. It appears that explosions 

occurred when the entrapped water was suddenly d'ispersed in the molten 

material. 

Ex£er^imerita^l_p£^0£edure_and_m£a^ur^emerits^. A 50-ml sample of 

molten material (metal or salt) was prepared in a 1- or 1.5-in.-ID 

stainless-steel crucible heated inductively. Also employed was a 

1.25-in.-ID graphite crucible heated in a resistance furnace. Water 

(1 to 5 ml) at room temperature was Injected into the molten mass 

through an 18-gage stainless-steel hypodermic needle. The water was 

injected above as well as under the surface of the molten mass. The 

injection was made either manually or mechanically. The mechanical in

jection employed a spring-loaded rod triggered by a solenoid, which 



pushed the plunger of a hypodermic syringe. The experiments were per

formed in an enclosure shielded with 0,25-in.-thick aluminum plates, one 

of which had a 0,5-in,-thick plexiglas window for observation, 

A Hycam high-speed motion-picture camera photographed the events 

following the Injection, The bottom of the crucible was connected to 

a Klstler force transducer by a 0,5-in,-diameter stainless-steel rod, 

8-in, long. The transducer measured the thrust (reaction force) re

sulting from the molten material-water explosion. The thrust is equal 

to the rate of momentum outflow from the crucible into the atmosphere 

that occurs during an explosion, 

R.ê u]̂ t̂  £nd^ d^i£Ciis£i£n. Table XXVI summarizes the observations 

made. Each observation was rated as violent, mild, or none, depending 

on its explosive nature. It is emphasized that the explosion rating 

was not only qualitative but very subjective. 

Calculations indicate that the impact force of the water jet used 

was of the order of 0,1 lb. Also, up to 5 ml of water was Injected 

into a stainless-steel crucible (same one as used for the experiments) 

filled with water. The resulting forces were not greater than 0,6 lb. 

Thus, the observed thrusts exceeding about 1 lb should be attributed 

to some type of molten material-water interactions: bubbling, 

splashing, or explosions. 

Figure 126 shows five selected frames from the motion picture taken 

in the experiment with molten tin at 600°C, The explosion was suffici

ently violent to shatter the upper half of the graphite crucible, 

A high-speed photographic test was conducted with molten sodium 

chloride in a transparent quartz tube to observe the course of the 

vapor-exploslon phenomena. This test enabled detailed observation 



TABLE XXVI. Molten Material-Water Explosions in Water-injection Tests 

Molten 
Material (and 
amount. em) 

Aluminum 
(100) 

Aluminum 
(100) 

Tin 
(200) 

Tin 
(100-200) 

material 
Initial 

temperature °C 

1000 

740-800 

300 

500-600 

Water 
Amount and 

methods of injection 

1-2 ml mechanically 
injected 1-0.5 in. above 
the surface 

1 ml manually inject
ed "̂ 1/8 in. both above 
and under the surface 

1 ml manually inject
ed 'V'1/8 in. under the 
surface 

Same as above 

No. of 
tests 

2 

4 

1 

5 

Observation 
Explosion 
rating 

No explosion; 
aluminum surface 
bulged 

Same as above 

Mild explosion 

Thrust 
peak value, lb 

2.2 

Violent explosions 
(in one case, the graphite crucible 
was shattered; see Fig. 19) 

2 Mild explosions 

2 None 

Tin 
(300) 

Tin 
(380) 

600 
& 
800 

600 
& 
800 

3 ml mechanically in
jected '̂'0.5 in. above 
the surface; also 2 ml 
manually injected under 
the surface 

5 ml manually inject
ed both above and under 
the surface 

No explosion 
surface bulging; 
some splashing of tin 

No explosion 4 pulses ranging 
from 3 to 6 lb 
(at 800"C) 



TABLE XXVI. (Contd.) 

Molten material 

Material (and 
amount, gm) 

Silver 
(400) 

Initial 
temperature, 

Zinc 
(370) 

Wood's metal 
(4 parts Bl, 
1 Sn, 2 Pb, 
1 Cd) 

(500) 

Brass (yellow; 
63% Cu, 37% Zn) 

(50) 

1100 
& 

1200 

1100 

600 

& 
800 

220 

400 
600 

1000 

1100 

Water nhservatlon 

Amount and 
methods of injection 

No, of Explosion 
tests rating 

3 ml mechanically inject
ed "̂ 0,5 in, above the 
surface 

5 ml manually Injected 
under the surface 

3 ml mechanically 
Injected 

3 ml mechanically 
injected '̂'0.5 in. 
above the surface 

Same 
Same 

3 ml mechanically in
jected above the surface 

Same 

No explosion; 
violent boiling 
on the surface; 
some splashing 
of silver 

No explosion 

Thrust 
peak value, 

2.5 

3.6 

lb 

1 / No explosion; Two peaks 
20% of wood's 5.6 & 4.5 

{ metal splashed 

I ^ No"explosion; black oxide film on the 
surface virtually prevented mtxmate 
contact between water and the molten 
material 

No explosion;30% 
of brass splashed 
out 
Mild explosion 
accompanied by a 
noise; 40% of brass 
blown out 

Several pulses 
3, 4, 3,7 

One major peak 
(14 lb) followed 
by two minor ones 
(both 2,8 lb) 

Potassium iodide 
cioo:) 

800 
1 ml manually injected 1 
'v.1/8 in. both above 2 
and under the surface 

Violent explosion 

Mild explosions 



TABLF XXVI. (Contd.) 

Molten material 
Material (and 
amount , pm') 

Initial 
temperature. 

Silver chloride 
100) 

Sodium chloride 
(80) 

600 

1000 

Sodium chloride 
(100) 

Sodium chloride 

900 

1000 

Water 
Amount and 

methods of injection 

2 ml manually injected 
'>'l/8 in. above the sur
face 

5 ml (in two increments) 
manually injected above 
the surface (first in
jection was 3 ml; second 
injection was 2 ml 2-3 
sec after first) 

No. of 
tests 

3 ml mechanically in
jected ""3/1* in. above 
the surface 

3 ml mechanically in
jected "̂-O.S in. above 
the surface 

Observation 
Explosion 
rating 

Violent explosion 

Thrust 
peak value, lb 

Both first and 
second injections 
resulted in violent 
explosions accom
panied by a loud 
noise; more than 
half of NaCl was 
blown out 

Two peaks on first 
injection: first 
peak had max. 44 
lb composed of damp
ed oscillation pulses; 
second peak was 24 
lb. On second in
jection, max. was 
50 lb composed of 
damped oscillation 
pulses 

Violent explosion; the container (a 
quartz tube) was completely dis
integrated and propelled away; see 
Fig. 20 

Violent explosion 
80% of NaCl 
blown out 

4 peaks: 11 Ib̂  max. 
122 lb composed of 
4 positive pulses, 
22 lb, and 6 lb 



Molten m a t e r i a l 
Mater ia] (and 

amniint , gm) 

Sodium chloride 
(65) 

Initial 
temperature, 

1000 

TABLE XXVI. (Contd.) 

Water 
Amount and 

methods of injection 

1 ml mechanically in
jected '̂'0.5 in. above 
the surface 

Observation 
No. of Explosion 
tests rating 

Violent explosion; 
70% of NaCl blown 
out 

Thrust 
peak value. lb_ 

4 peaks: max. 
205 lb composed 
of 7 positive and 
negative pulses, 
22 lb, 8 lb, and 
12 lb 

Sodium carbonate 
(110) 

1000 3 ml mechanically in
jected 'V'0.5 in. above 
the surface 
5 ml (in three in
crements) manually 
injected under the 
surface 

No explosion; 
violent boiling 
on the surface; 
some splashing 
of sodium car
bonate 

1-2 lb 

'\,1 lb 
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1959 msec 233.6 msec 

303.7 msec 304.2 msec 337.5 msec 

Fig. 126. Events after 1 ml of Room-temperature Water was Injected Just 
under Surface of 600°C Molten Tin at Various Times from Start 
of Injection. Immediately after injection (195.9 msec), tin 
surface bulged, probably because of sudden generation of steam; 
surface continued to bulge (233.6 msec) until certain size was 
reached, whereupon (303. 7 msec) sudden explosion occurred 
(304.2 msec, which is only 0.5 msec later); at 337.5 msec can be 
seen pieces of shattered crucible flying in a cloud of mixed 
steam and tin particles. ANL Neg. No. 113-1355, Rev. 2. 

of the behavior of the injected water in the molten material until 

the explosion occurred. 

A 100-gm sample of sodium chloride was melted by torch heating 

in a rectangular quartz tube (1-1/4 in, by 1-9/16 in. and 1/16 in. 

wall). When the molten sodium chloride reached about 900°C, 3 cm^ 

of water at room temperature was mechanically injected into the melt, 

and a Hycam high-speed motion-picture camera photographed the sub

sequent events. 

Water injection resulted in a violent explosion, a loud noise, 

and the quartz tube was completely disintegrated and displaced from the 



original location. Figure 127 shows selected frames from the motion 

picture. Before the explosion, the sequence of significant events was: 

(a) when the water was injected into the molten mass, it was Immediately 

surrounded by a cloud of water vapor, which spread through the molten 

mass with small, sporadic, burstlike expansions, (b) when the injection 

was completed after about 0,1 sec, the vapor cloud had penetrated about 

two-thirds of the molten mass (it is possible that the water as liquid 

was dispersed as fine droplets within the vapor cloud), (c) the molten 

mass became relatively transparent, as though most of the vapor cloud 

had disappeared (probably most of the injected water reached near the 

bottom of the tube), Cd) a new vapor cloud was formed near the bottom 

of the tube, and (e) the cloud became dispersed throughout the molten 

mass. No appreciable expansion of the system was observed during this 

interval, except for slight bulging of the upper surface. It appeared 

that the vaporization and expansion of the injected water was arrested. 

No significant changes were observed until the explosion occurred. Dur

ing the Interval of about 0.19 sec between 252.4 msec and the start of 

the explosion sequence at 446,0 msec, only sporadic burstlike expansions 

and small-scale turbulences were observed. The explosion started at 

about 0,45 sec after the start of the injection and reached its final 

stage about 0,6 msec later. 

When there was no explosion, the injected water was quickly 

driven out of the molten material rather than mixed with it. This 

was evidenced by close examination of the solidified material remaining 

in the crucible. On the other hand, when there was an explosion, the 

injected water was dispersed into fine droplets in the molten material. 

Moreover, the droplets remained in an apparently stable state during 



Fig. 127. Events after 3 ml of Room-temperature Water were Injected into Molten Sodium Chloride at 900°C 
(at various times from start of injection). ANL Neg. No. 113-23S3. 



a period of the order of 0.1 sec preceding the explosion ("delay period"). 

It appears that sudden dispersal of the droplets triggered the ex

plosion, although it was not obvious from the motion picture. Com

parison of several explosions indicates that the longer the delay 

period the more violent was the resulting explosion. 

Model Development 

(D. H. Cho and R, W. Wright) 

Rate-limited model of interaction of molten fuel and coolant, A 

major safety problem for LMFBRs concerns large pressure pulses and work 

energies that might be produced when molten fuel comes in contact with the 

sodium coolant, A model of such an interaction between molten fuel and 

coolant is needed, especially in core-disassembly-accident analyses or in 

fuel-element failure propagation studies. 

Earlier models have used the thermodynamic approach to estimate 

the maximum work available from molten fuel-coolant interaction.^'^ 

The present model has been developed to determine to what extent the 

mechanical work is reduced below the thermodynamic limit by the inclu

sion of finite heat-transfer rates and system constraints for the ex

pansion of the heated coolant. Pressure-time histories are calculated 

in this model. This form of output is needed for realistic assessment 

of structural damage, both from shock and from slug motion. This 

approach is similar in many respects to that used by Padilla.^ 

In this section, the model is formulated, incorporating various 

limiting rate processes. Preliminary calculations of pressure generation 

and voiding histories are also presented. The calculations were made 

considering a 35-cm-long molten zone in an FFTF subassembly. Realistic 

calculations with the model depend upon understanding the individual 
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rate processes. Major uncertainties lie in the complicated processes 

of molten fuel-coolant mixing and fragmentation, and in the processes 

of heat transfer. However, these unknown rates have been incorporated 

into the model as input parameters, and parametric studies of pressure 

generation in molten fuel-coolant interactions can be performed for 

reasonable assumed ranges of these parameters. 

F̂ ornmlâ tl̂ oii ̂ f_the_mode^l. Consider a volume of molten fuel-

coolant mixture formed in a certain zone of the reactor core. As the 

coolant is heated rapidly by the fuel, the pressure in the mixing zone 

increases, The mixing zone then expands against a constraint given by 

the surroundings. The course of pressure generation and coolant 

expansion is determined by the interaction between two competing 

processes: the heating of the coolant by the fuel (which produces pres

sures) and the expansion of the heated coolant (which reduces pressures). 

If the volume change of the molten fuel is neglected, the expansion 

of the mixing zone is due only to the volume change of the heated 

coolant. It is also assumed that the heated cocflant is in a state 

of uniform thermodynamic equilibrium throughout the mixing zone and 

that the mixing zone does not exchange heat or mass with the surround

ings. The change in the volume of the heated coolant, V, is related 

to the changes in the enthalpy, H, and pressure, p, by 

dH ^ d£ VdB. ,.. 

dt dt dt ^ •" 

(first law of thermodynamics) 

and 

H = H(p,V) (2) 

(equation of state) 



where all quantities refer to unit mass of the heated coolant; dQ/dt 

represents the overall heating rate of the heated coolant. The form 

of dQ/dt depends on the processes of fragmentation and mixing as well 

as on the heat-transfer mechanisms. 

Consideration of the constraint of the surroundings provides a 

dynamic relationship between p and V. 

-^(v.^. 0 ) C3) 
(equation of constraint) 

Equations 1-3 can be solved for H, p, and V with appropriate forms 

of dQ/dt. The forms of Eqs. 2 and 3 to be used are discussed below. 

The ai;tual form of the equation of state for computational use 

depends on available experimental data and correlations. For a pure 

liquid or vapor phase, it is convenient to use a p-V-T rather than p-V-

H relationship. In this case, Eq. 1 is rewritten as 

c r̂ ^ f + TVc ^ (4) 

p di: dt p dt ^ ' 

where the thermodynamic relation, dH = c dT + [V - T( — ) ] dp, 

has been used, and a is the thermal expansion coefficient, 

% - v.(4 
Eq. 2 is replaced with 

V = V(p, T) (5) 

or 

^ = - ^ T V ^ . . ^ v f C6) 

where Q^ is the isothermal compressibility. 
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For an ideal gas a = — and 3_ = —. For a real gas, a useful form 

of the equation of state is 

pV = ZRT (7) 

where Z is the compressibility factor. 

For a two-phase mixture, Eq. 1 may be used as it stands. For 

the equation of state, it appears convenient to use the following 

forms of empirical correlations. 

P = p(T) (8) 

(vapor pressure equation) 

H = xH + (1 - x) H„ 

dH dHv , . £ dx ,„, 
- = X — + (1 - X) — + AH^^ — (9) 

with 

H = H (T) (enthalpy of saturated vapor) (10a) 

Ĥ  = H (T) (enthalpy of saturated liquid) (10b) 

where x is the weight fraction of vapor and AH = H - H 
Si^7' V I 

and 

V = xV + (1 - x )V. 
V i 

^v dV dV, , 
dV _ V , ,1 ^ L . , , , dx , , , , 
TT ^ Tr~ + (1 - x) -J— + AV„ -T- (11) 
d t d t d t Jlv d t 

w i t h 

V = V (T) (volume of saturated vapor) (12a) 

(12b) 

where AV = V - V 
Iv V £ 

Generally, the constraining effects of the surroundings must take 

into account the unheated coolant, intact fuel pins, and other structural 

materials. Here we assume the surroundings to be the unheated coolant, 

and consider two methods of formulating the constraint. 



Compressible liquid; acoustic formulation. The expansion of 

the heated volume produces compression (acoustic) waves in the surrounding 

unheated coolant. Nonlinear propagation velocity and convective motion are 

negligible under conditions of Interest, Reflected waves are not consider

ed in the equation given here. Hence this acoustic formulation is valid 

only for the period of time up to 2L/c , where L is the distance to a re

flecting surface and c is the speed of sound of the unheated coolant. 

The acoustic formulation is accurate during the initial shock phase of 

the molten fuel-coolant Interactions, It can be extended to longer times 

by taking into account reflected waves and center-of-mass motion. 

Incompressible liquid; inertial formulation. The surround

ing unheated coolant is assumed to be Incompressible. The expansion of the 

heated volume is resisted by the inertia of the surrounding coolant. Vis

cous forces are neglected. This formulation is accurate when the time is 

large compared with 2L/c and the liquid velocity is small compared with 

that of sound. The inertial formulation is a good approximation during the 

later two-phase expansion stage of the interaction. 

For both formulations, one-dimensional or three-dimensional symmetric 

constraints may be considered. Figure 128 summarizes pertinent dynamic 

relations for volume change of the heated coolant, each of which represents 

a special case of Eq, 3, 

P̂ r£Um_ina,r2. £al̂ ciila,tl̂ ons, Preliminary calculations have been 

made that consider a molten fuel-coolant Interaction that might occur fol

lowing sodium reentry into a 35-cm-long molten zone at the core mldplane of 

an FFTF subassembly. The calculations represent a first step toward ex

amining the effects of various limiting rate processes. 



If surrouniliflg liquid is coiiipressitile: 

acoustic formulation 

( t < 2 L / C ) 

If surrounding liquid is iitcompressible: 

inertial formulotlon 

I t » 2 L / C I 

With ont-dimtnsional constraints 

^ p i t r 

dZ P(t)-Po 

dt ft Co 

/>.= dinsit, I ^, , „ , 

Co = sound spied J "•"""""t I ' l" '" 

Z(t] ^0 ' P^'isu''' <" the untlisturbed liquid, 

—r or -fhe initial pressurs 
^P^t> 

i 

Z(t) 

d^Z 

dt^ 

P(tl-Po 

ftL 

With three-dimenstonol symmetric constroints 

dR P l t ) - P „ 

dt p.Co 

OR 
~0 

•j I P i t ) - P o l o 

p. Po 

Rl«) 

3 / d R \ 2 . P W - P Q -m-

Fig. 128. Dynamic Relations of Volume Change of the Heat Coolant with 
Constraints by the Surrounding Liquid. 

Two different approximations were used for the heating of sodium in 

the fuel-coolant mixing zone. The first approximation considered quasi-

steady-state heat transfer with the heat flux given by 
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1 = *̂ (̂ f - V ' 

where h is the effective heat-transfer coefficient, A is the heat-transfer 

surface area, and T, and T„ are the average fuel and sodium temperatures. 
' f Na 

The heat-transfer coefficient was given in the approximation by 

k̂  
h = 

R 



where k is the thermal conductivity of the fuel and R Is the fuel-

particle radius. This approximation accounts for a finite rate of 

fragmentation and mixing. The second approximation considered in

stantaneous fragmentation and mixing followed by transient conduction 

from the fuel particles into the sodium. The integral method was 

used to solve the transient conduction problem. Initially, in this 

case, 

1 

In both approximations, the heat-transfer process did not include 

any heat transfer cut-off such as might occur at the time of unloading 

or onset of sodium vaporization. The heat-transfer resistance in 

the sodium was neglected (even after vaporization of the sodium had 

begun), so that the temperature of the heated sodium was uniform 

throughout the mixing zone and single state point could be used to 

represent the heated sodium. 

The calculations assumed a uniform dispersion of fuel particles 

of radius 117|j in the liquid sodium, and used a fuel-to-sodium mass 

ratio of 8.3. The initial temperatures used for the sodium and fuel 

were 1100 and 2900°K, respectively. 

Figure 129 is a p-V plot* of the results obtained when a one-dimen

sional acoustic constraint of infinite extent was assumed, both up

ward and downward. Table XXVII summarizes the parameters and initial 

conditions used and the peak pressures calculated. The equation of 

constraint used is 

*The critical pressure shown in Fig.' 129 is somewhat lower than Dillon et 
al.'s value (350 atm) (ANL-7025, p.42), because the calculations used the 
sodium vapor pressure equation of Stone et̂  al. (ANL-7323, p. 18) up to the 
critical point. 
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^Transient conduction with no gas present 

^Tronsient conduction with 2 0 % (vol.) gos 

Fig. 129. 
Effect of Heating Rates on Pres
sure Generation; Acoustic 
Constraints. 

4 5 6 7 

Volume, cmVgm 

P(t) - P = p c ^ , 
o o o dt 

where P(t) is the pressure in the mixing zone, P is the initial pressure 

throughout, p and c are the density and sonic velocity of the unheated 

sodium in the loading column, and Z(t) is the position of the interface 

between the mixing zone and the loading column. 

Figure 129 shows that the peak pressures occur during the liquid-phase 

heating and expansion. The high initial heat flux into the sodium produces 

a large pressure with rapid thermal expansion of the liquid sodium in the 

mixing zone. The initial rate of pressure rise is determined by the sodium 

thermal pressure coefficient and the initial rate of temperature increase 

of the liquid sodium in the mixing zone. (The thermal pressure coefficient 

is the quotient of the thermal-expansion coefficient, a , and the isothermal 

compressibility, B_.) Therefore, the peak pressures might differ 

considerably, depending on the equation of state for sodium used. 



TABLE XXVII, Calculational Results for Acoustic Constraint* 

Conditions 

Peak pressure in the 
liquid region: 

Time, msec 
Pressure, atm 
Sodium temp,, "K 

Vaporization starts: 

Time, msec 
Pressure, atm 
Sodium temp, , ''K 

Peak pressure in the 
two-phase region: 

Time, msec 
Pressure, atm 
Sodium temp,, K 

Heat-transfer assumptions 

Quasi-steady state 

V = 0 

0.35 
472 
1306 

5,28 
127 
2193 

14.9 
169 
2321 

V = 20% of V 
go ° 

1,79 
312 
1792 

5,25 
127 
2195 

14. 
169 
2321 

Transient conduction 

V = 0 

0,056 
3286 
1751 

2,84 
163 
2304 

5,0 
169 
2322 

V = 20Z of V 
go 5 

0,231 
1221 
1995 

239 
174 
2335 

4.6 
182 
2358 

*Ratlo of masses of fuel and sodium W is 8.3; fuel-particle radius R is 117 microns; flow area S is 

0 077 cm^/gm of Na, which corresponds to a 35-cn,-long molten zone in an FFTF subassembly. V^„ is the rnit.al 

™lume Of !oncondensable bond gas. Initial conditions: sodium temperature T,^ was llOO^K. fuel temperature 

T was 2900°K, sodlun. pressure P^ was 1 atm, and the specific volume of sodium V^ was 1,35 cm /gm, 
fuel 



367 

Only after the mixing zone has expanded for several milliseconds 

does the pressure relax sufficiently to allow the heated sodium to 

vaporize. 

The transient-conduction approximation gives an order of magnitude 

higher peak pressure and a larger amount of work than does the quasi-

steady-state heat-transfer approximation, because of its higher initial 

heating rate. The very high peak pressures for the transient-

conduction approximation result from the assumption of instantaneous 

fragmentation and dispersion of the fuel in the sodium. Use of the 

quasi-steady-state heat-transfer approximation accounts, in a very 

rough way, for a finite fragmentation and mixing time. A low rate 

of fragmentation and mixing would reduce the peak pressures considerably. 

The calculations considered only the thermal resistance in the 

fuel particles. Additional thermal resistance in the mixing zone, 

such as vapor blanketing or other fuel-sodium contact resistances, 

would reduce the heat flux into the sodium and, therefore, the 

resulting pressure. • 

The broken curves in Fig. 129 indicate the compliance of a non

condensable gas present in the fuel-coolant mixing zone; the case of 

no noncondensable gas present is indicated by solid curves. The 

initial volume of the noncondensable gas was 20% of that of the liquid 

sodium. The presence of the noncondensable gas reduced the peak 

pressure and also delayed its time of occurrence. For the quasi-

steady-state heat-transfer approximation, the peak pressure was re

duced from 472 atm to 312 atm, and the time at which the peak pressure 

occurred changed from 0.35 msec to 1.79 msec. For the transient-

conduction approximation, the peak pressure was reduced from 3286 atm 



to 1221 atm, and the corresponding time changed from 0.056 msec to 

0.231 msec. 

Figure 130 shows voiding histories resulting from molten fuel-

sodium interactions in a 35-cm-long molten zone of an FFTF subassembly. 

It is assumed that the coolant columns above and below the fuel-

coolant mixing zone are incompressible and do not exchange heat or 

mass with the mixing zone. The heated coolant in the mixing zone 

expands against the inertia of the unheated coolant columns (one-

dimensional inertial constraint). A macroscopic momentum balance 

gives the equations of motion of the constaining coolant columns. 

dU2 

d t - g + 

P - P 
ex 

(^ex - ^2> 2 'Si 

and 

dUi P -
= E + 

dt * pZi 

A L . _i.n2 l_ 

300 

200 

100 

n 

1 
I Transient conduction 

— ^^^"^'^ 

1 ' Two phose 

Tronsient conduction- -

1 1 1 

OSS heof transfer 

Voided region 

-^^_^ _ - ' QSS heot transfer 

^ \ 1 ^ s 

Fig. 130. 
Voiding Histories in an 
FFTF Subassembly. 

10 15 

Time, msec 
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where P is the exit plenum pressure, P is the inlet plenum pressure, 

P is the pressure in the fuel-coolant mixing zone, p is the density of the 

unheated coolant, Z is the position of the exit plenum (measured from the 

inlet plenum), Z2 is the position of the interface between the mixing zone 

and the upper coolant column, Zj is the position of the interface between 

the mixing zone and the lower coolant column, U2 is the ejection velocity 

of the upper coolant column, Uj is the ejection velocity of the lower cool

ant column, g is the acceleration due to gravity, f is the friction factor, 

and R^ is the hydraulic radius of the coolant channel. The calculations 

used the following parameters based on FFTF conditions: P = 1.456 atm, 

P = 7.485 atm, Z = 420 cm, Z2(t = 0) = 215 cm, Zi(t = 0) = 180 cm, 

f/R̂  = 0.0542 atm~^ (estimated). Other initial conditions were identical 

to those used for Fig. 129. Figure 130 gives the voiding histories for 

both approximations of quasi-steady-state heat transfer and transient 

conduction. The lower channel becomes completely voided in 25 msec for the 

quasi-steady-state heat-transfer approximation, and in 18 msec for the 

transient-conduction approximation. • 

Fuel failure analysis. An analysis has been made of cladding failure 

in a hypothetical accident involving a sudden complete loss of coolant 

capabilities. The failure mechanism considered here was the rupture of 

the cladding due to a combination of increased internal gas pressure and 

decreased ultimate strength of cladding, as a result of elevated 

temperatures. 

In this analysis, a single FFTF-type fuel rod (unirradiated stainless-

steel-clad UO2-20% Pu02, helium bonded), cooled by sodium and operating 

at steady-state power, was subjected to a loss of coolant and the time 

to cladding failure threshold was determined. Two cases of operating 

conditions were considered: (1) fuel power density of 304 cal/sec-cm^ and 



sodium coolant at 400°C, and (2) power density of 696 cal/sec-cm and 

sodium coolant at 645°C. It was assumed that the fuel rod would continue 

to operate at the same power level after the accident, and that there was 

no heat loss from the rod. Radial temperature profiles across the fuel, 

gas gap, and cladding, in addition to gas pressure within the cladding, 

were calculated at various time increments after the loss of coolant. 

Figure 131 gives the cladding yield strength and the internal gas pres

sure required for the cladding failure threshold as a function of the clad

ding temperature. Also plotted in Fig. 24 are the changes in the internal 

gas pressure for the two cases considered (corresponding times after loss 

of coolant are indicated). The failure threshold is reached when the in

ternal gas pressure curve crosses the pressure curve corresponding to the 

cladding yield strength. 

For Case 1, the threshold was reached 2.2 sec after loss of coolant 

by virtue of loss of strength of cladding. The cladding temperature at 

this time was I330°C; the yield strength of stainless steel at that tem

perature was not sufficient to sustain the internal gas pressure without 

permanent deformation. During the Interval between loss of coolant and 

threshold of failure, the fuel centerline temperature increased only 

slightly from 1690 to 1850°C. In Case 2, the failure threshold was attain

ed -̂0.36 sec after loss of coolant by the same mechanism as in Case 1. The 

cladding temperature at this time was 1150°C. 

These calculations show that the principal cause of fresh fuel failure 

is elevated cladding temperatures and the concomitant loss of cladding 

strength. The internal gas pressure at the threshold of failure was not 

much different from its steady-state value. 
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Yield strengtii 

.Gos pressure inside cladding at yield streiigth for 
^ » 0 . 2 0 0 - i n l D . 0.23O-in.-O.D. 304 SS \ 

claddir^g \ 

700 800 900 1000 1100 1200 1300 1400 

Cladding Temperature, "C 

Fig. 131. Yield Strength of 304ss and Gas Pressure in Active Section of 
Fuel Pin. At steady state, for Case 1: 304 cal/sec-cm^, 400°C 
Na temp; for Case 2: 696 cal/sec-am^, 64S°C Na temp. Note: For 
Case 1, the inclusion of thermal stress would locate the thres
hold of failure at a cladding average temperature of 1030°C, a 
gas pressure of 66 Ib/in.'^, and a total tensile stress (at the 
outer wall of cladding) of 2760 Ib/in.'^, 1.24 sec after complete 
loss of coolant. 
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Nuclear Safety Research and Development—LMFBR Safety 

XII. POSTACCIDENT HEAT REMOVAL* 

(J. C. Hesson) 

In a sodium-cooled fast reactor, an accident could result in a loss 

of core integrity and effective core cooling surface. This could cause 

a problem of decay-heat removal from, and the containment of, the core 

material after reactor shutdown. Types of accidents that could result 

in such a loss of core integrity are: (1) a blockage of or loss of cool

ant flow to a subassembly or to the whole core followed by a delayed or 

partial scram or a failure of emergency coolant circulation, and (2) a 

reactivity-excursion accident. Changes in core geometry in the first 

type of accident could result from melting or slumping, and, in the second 

type of accident, from melting, slumping, or fuel-vapor explosion. A 

change in core geometry, loss of cooling surface, loss of coolant flow, 

or change in coolant-flow pattern could result in lack of adequate re

moval of the heat released during the accident as well as fission-product 

decay heat in the fuel. To assess, identify, and-study the problems of 

postaccident heat removal and core-material containment following a loss 

of reactor-core integrity, engineering analyses are being conducted and 

interactions of fuel and structural materials are being studied. For 

this work, the parameters and needs of the FFTF are used as a reference 

design. 

In the event of an accident that causes a loss of core integrity or 

a loss of core-cooling capability, the reactor would be shut down 

(nuclear); however, heating from the fission-product decay in the fuel 

would continue to heat the core fuel material. This continued decay 

heat along with heat generated during the accident would need to be 

*For references for this chapter, see p. 387. 



removed to maintain control of the core or core debris. The conditions 

of the core after shutdown, resulting from an accident, that would require 

special heat-removal consideration would depend on the severity of the 

accident. The condition of the core could range from a blocked sub

assembly to a dissembled and molten core. In addition, coolant flow to 

the core might be more or less impaired. 

In the case of a blocked subassembly, particularly with impaired 

coolant flow to the remainder of the core, the decay heating, under cer

tain conditions, would cause melting of the fuel in the subassembly. 

This blockage and melting might propagate to adjacent subassemblies and 

eventually involve melting of a large portion of the core. Accidents of 

a nature more severe than a blocked subassembly could cause extensive 

and continued melting of the core and formation of a molten mass due 

to decay heating. 

Extensive melting of the core would cause: (a) a release of gaseous 

and volatile fission products, (b) formation of a molten mass due to in

corporation of structural materials such as cladding, subassembly cans, 

and supports, (c) redistribution of core residue due to melting, flo

tation, and boiling, (d) a possible reassembly criticality accident, (e) 

interactions, possibly violent, between the molten mass and sodium cool

ant, and (f) interactions with and meltthrough of structural supports 

such as lower grid plates and containment vessels, which could result in 

a loss of fission-product containment. 

The basic problem becomes one of analyzing the -probable normal 

course of events following accidents of various severities with respect 

to postaccident heating and to investigate means for removal of decay 

heat and containment of the damaged core, core debris, or molten mass 

that would result. 
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For a milder accident involving a small portion of the core, such as 

a blocked subassembly, an analysis is needed to determine under what cir

cumstances the blockage would propagate, and studies must be made of means 

to remove decay heat and to prevent such propagation to avoid further core 

involvement. 

For a severe accident that leads to melting of a significant fraction 

of the core, analyses must be made of circumstances under which critical 

reassembly would occur and the conditions under which the molten core 

debris could penetrate the reactor vessel. Studies must be made of ways 

and means to remove heat, contain the core debris, and prevent or retard 

penetration of the reactor vessel. 

In the event of penetration of the reactor vessel, the core debris 

must be retained within the secondary containment vessel. This requires 

analyses .and studies of the containment of the molten mass within the 

secondary containment. 

Engineering Analyses 

Engineering analyses are being conducted to examine postaccident heat 

removal and core-material containment following a loss of reactor core in

tegrity. The engineering analyses consist of studying and assessing the 

work needed to identify and define the problems, the experimental informa

tion needled, and methods of obtaining it. The analyses include: (1) 

assessment of the conditions of the core after assumed accidents, (2) 

studies of fission-product decay-heat source magnitudes and distribution in 

solid, molten, and volatile phases by element as a function of time, and 

(3) the possible criticality of collapsed and molten core geometries. The 

analytical work includes heat-transfer and heat-removal studies, together 

with studies of thermally stable sizes and geometries of pieces, piles, 



and pools of heat-generating fuel materials in sodium coolant and in con

tact with structural materials, as well as decay-heat removal from a 

blocked subassembly. It also includes developing models of interaction 

between molten-fuel debris and structural materials and of meltthrough or 

penetration of bottom supports. 

For the study, initial core-geometry changes are assumed for accidents 

of various severities: (1) the core assembly essentially intact, but 

coolant circulation to the core impaired, (2) partial or complete blockage 

of one subassembly with coolant flow to the remainder of the core either 

Intact or impaired, (3) several subassemblies blocked with coolant flow 

to the remainder of the core either intact or impaired, (4) the core 

partially or largely collapsed with some displacement and melting, and 

(5) the core disassembly and partially or largely molten, with the follow

ing three associated conditions (a) core debris on grid plate as either a 

loose pile of pieces or as a molten mass, (b) the core debris in the 

reactor-vessel head as either a loose pile of pieces or as a molten mass, 

or (c) the core debris on concrete or structural material in the secondary 

containment below the reactor-vessel head. 

In considering the problems of cooling and retaining core debris, it 

is assumed that reactor and guard vessels retain a pool of sodium that 

covers the core debris and that this sodium is provided with sufficient 

cooling to avoid its loss by evaporation. The problems of retaining and 

cooling gaseous and vaporous fission products are not being studied at 

this time. 

The above assumed postaccident core geometries lead to fuel in con

figurations as follows: (1) individual pieces of fuel material in sodium, 

(2) porous piles of fuel material in sodium, (3) fuel in a blocked 
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subassembly as either a porous bed of pieces or as a iaolten mass, and (4) 

pools of molten fuel debris on the lower grid plate, on the pressure-vessel 

lower head, and on concrete or sacrificial material of construction in the 

secondary containment vessel. 

Analyses are being made of the behavior of fuel debris in these con

figurations, as well as of the problems of cooling and containment. 

The preliminary analyses that were made will be described briefly. 

Thermal conduction from and stability of individual fuel-debris pieces 

in sodium. Analyses of the thermal conduction from fuel pieces in sodium 

have been made.^ When individual fuel pieces, with decay-heat generation, 

are in liquid sodium, the heat-transfer coefficient from the surface to the 

sodium is large compared to the thermal conductivity of the fuel, and the 

surface remains near the temperature of the sodium, or at about 900°C in 

the case of boiling sodium. Thick pieces would overheat and erupt into 

smaller and more stable pieces due to interior boiling. Figure 132 shows 

the calculated stable sizes for slabs, cylinders, and spheres as a function 

of decay heat. 

Natural convection from porous piles of fuel debris in sodium. If a 

porous pile of pieces of fuel debris exists under liquid sodium, the 

fission-product decay heat in the fuel debris will cause a thermal-

convection circulation of the sodium up through the porous pile, if the 

sodium has free access to the bottom of the pile. The driving force for 

this circulation is the pressure due to differences in densities between 

the sodium in the pool and the heated sodium in the porous pile. The re

sistance to the circulation is the flow friction loss through the porous 

pile. The circulating sodium removes heat from the pile and, for a pile 

sufficiently small, will keep the pile from overheating and melting. An 

equation for maximum depth of the pile was developed.^ 



Fig. 132. 
Calculated Maximum Thickness 
or Diameter of a Slab, Cylin
der, or Sphere for No Fuel 
Boiling, where T = 900°C, 
T. = 3179°C, ancTk = O.OOS 
cal/seo-am-°C. ANL Neg. No. 
900-610. 
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A Simplified version of the equation for depth of the pile for 

odium at its boiling point of 900°C (at 1.18 atm) is 

1.621 Q.621 
(4)D) , cm L = ^ (^) 

q l-£ 

and for pool sodium, at 300°C, which j u s t reaches i t s b o i l i n g p o i n t 

(900°C) as i t leaves the top of the p i l e . 

1080 
(T^> 

1,621 
(4>D) 

where q i s decay heat in cal/sec-cm^ E i s p i l e poros i ty , ((i i s p a r t i c l e 

shape factor (1 for spheres)^ and D i s p a r t i c l e e f f e c t i v e diameter in cm. 

Change in e f f ec t i ve thermal conduct iv i ty due to nonfuel m a t e r i a l in 

the d e b r i s . Calcula t ions have been made of hea t removal from s l abs of 

so l id fuel containing s t e e l , assuming a d d i t i v e conduc t iv i ty r e l a t i o n s h i p 

(fuel and s t e e l in laminae p a r a l l e l to d i r e c t i o n of hea t conduction) and 

addi t ive r e s i s t i v i t y r e l a t i o n s h i p ( fue l and s t e e l in laminae perpendicular 

to d i r e c t i o n of heat f low) . In the case of an a d d i t i v e - r e s i s t i v i t y 

r e l a t i o n s h i p , the heat-removal r a t e i s reduced by the s t e e l . However, in 
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the case of an additive-conductivity relationship, heat removal can be 

improved and the maximum improvement occurs at a volume fraction of fuel 

dependent on the ratio of steel-fuel conductivities. 

For a steel-fuel conductivity ratio of 10, the maximum improvement 

in the heat-removal factor of 1.66 occurs at 0.55 volume fraction of fuel. 

For the same conditions for an additive-resistivity relationship, the 

heat-removal factor is 0.97. Because in an actual mixture the conditions 

would be somewhere between the additive-resistivity and -conductivity cases, 

the presence of steel in solid fuel would affect the heat removal only 

moderately. 

Heat conduction from porous beds of fuel pieces in sodium. In a 

previous section (p. 377), natural heat convection from a porous pile of 

fuel pieces in sodium with free entry of sodium at the bottom of the pile 

was discussed. The question arises as to how well a flat porous bed of 

fuel pieces on a solid support without free access of sodium liquid at 

the bottom would be cooled by conduction only. Equations are available^ 

for estimating the conductivity of material with void volumes; however, 

in this case, the conductivity of the bed was assumed to be half additive 

resistivity and half additive conductivity in nature. Calculations in

dicated that a bed having 35% porosity in sodium at 300°C could contain 

about twice as much fuel as a solid bed for equal heat removal at tem

peratures below the boiling temperature of sodium. However, the bed 

would be limited to a few centimeters thickness. In thicker beds, sodium 

boiling would occur and the bed might dry out and overheat. Boiling of 

the sodium would set up some circulation in the bed, depending on par

ticle size and porosity, and some dispersal of fine bed particles into 

the sodium might occur, resulting possibly in a thicker bed that would 

not dry out. 



Heating in a blocked subassembly. Heating in a blocked subassembly 

due to fission-product decay has been investigated. For an accident-

damaged subassembly, a number of fuel-structural configurations would be 

possible. The fuel might be present as a porous bed of fragments that 

would be cooled by forced sodium coolant flow or by natural convection, as 

discussed on p, 377, or the subassembly might be partially blocked so that 

the sodium flow through the subassembly is insufficient for adequate cool

ing. In this latter case, the decay heat would need to be transferred to 

adjacent subassemblies, particularly in the event that sodium were prevent

ed from entering the top of the blocked subassembly due to "vapor locking" 

or solid blockage. In this case, the heat flux to adjacent subassemblies 

might be great enough to cause meltthrough, particularly early in an acci

dent when the decay heat is great and at places where fuel vapor, formed in 

the blocked subassembly, condensed on the subassembly walls. Figure 133 

shows the estimated heat flux as a function of decay heat. 

Heat transfer from pools of fuel debris. When the penetration of a 

barrier, such as concrete or steel, by a pool of molten fuel debris is 

analyzed, the rate of heat transfer from the molten pool to the barrier 

material is Important because this heat transfer heats and melts the 

barrier material. Preliminary models were developed^ to describe the 

heat transfer from the melt or pool to the bottom melting interface for 

both boiling and nonbolllng conditions of the pool. The models are 

based on inversion layers at the bottom of the pool, and convection 

above the Inversion layer due to rising vapor in boiling pools or 

temperature gradients in nonbolllng pools. 

Tlie heat flux from the melt to the bottom of a pool is 

Qĵ  = /2k(T - T )q, cal/sec-cm2 



381 

12 16 20 

Decoy Heot,q,col/sec-citi3 

_ ] 1 I L _ 

Fig. 133. 
Heat Transfer from Blocked Sub
assembly to Adjacent Subassem
blies (for 4.335-in. subassem
bly). The approximate burnout-
flux region for heat transfer 
to boiling sodium is 38-75 
cal/sec-cm^. 
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Percent 

where k i s the thermal conduc t iv i ty of the molten fuel in ca l /sec-cm-°C, 

q i s the s p e c i f i c - d e c a y - h e a t - g e n e r a t i o n r a t e in ca l / sec-cm^, and T i s the 

bottom ( b a r r i e r mel t ing) temperature in °C. In the case of a b o i l i n g 

pool , T i s the b o i l i n g temperature T of the pool . 

In the case of a nonbol l lng poo l , T i s the i n v e r s i o n - l a y e r upper 

tempera ture , T . , i n C. 

T. = T + 1 
0^X3/4 

2 10.068 -gBk 

1/4 

where T i s the sur face temperature of the molten pool in °C,y i s the 

v i s c o s i t y i n p o i s e , p i s dens i ty in gm/cm^, 3 i s the c o e f f i c i e n t of 

thermal expansion i n °K, g i s the a c c e l e r a t i o n due to g rav i ty (980 

cm/sec^) , and Q i s the hea t f lux from the sur face of the pool i n 



cal/sec-cm2. x determines Q̂ . and we note that Q^ + Q̂ , = Lq, where L is 

the total depth of the liquid pool. Because Q̂ . >> Qj^, then Q̂ . = Lq. 

The value of T depends on the method of heat transfer from the 

surface of the pool. If it is by radiation to an ambient temperature, T^, 

It 

I/T^ + 273̂  
Q = 1.37E r ^ 1000 j \ 1000 Jj 

r = 1°̂  [T37E ^(^r) J 

and ,/4 

where T is the crust surface temperature. If there is no crust, T = T . 
r s r 

The term E is an emlssivity factor that depends on the geometry 

and emlssivity E. For parallel surfaces and a constant value of E, 

E = E/(2 - E ) . The term Q is the heat flux from the surface of the 

crust of thickness L ; 0 equals Q + qL^. If there is no crust, 0^ = Q^. 

If heat is transferred to boiling sodium, the maximum heat flux, 

hAT, Is approximately 38-75 cal/sec-cm^. For values of Q greater than 

this, a vapor blanket would form and heat transfer would be by radiation. 

For lesser values of Q , T would be approximately 900°C (just above the 

boiling temperature of sodium), 

If the calculated value of T is greater than T the pool is 

boiling at the surface and T = T = T If T is greater than T (the 

s r 0 r m 
melting temperature, °C) but l e ss than T^, T = T , I f the ca l cu l a t ed T 

b s r r 
IS less than T , a crust forms on the pool and T = T , 

•" s m 

The relationship between Q , Q^, T , and T for a crust is 
r c r m 

'^r= \/2k(T^- V <1 + Qt 

and 
Q - Q r ^ t 

c q 

2k(T - T ) 
m r 

Q + Q ^ r ^ t 



383 

where k is the thermal conductivity of the crust. A trial-and-error 

solution is required, but for thin crusts (which might usually occur) 

one can assume Q = Q.. for calculating T and L . 
^r t "re 

These models for heat transfer depend largely on the assumptions 

made regarding the thermal convection in the pool. Simulation experiments 

are planned to verify these assumptions for convective heat transfer in 

heat-generating liquids. 

The models are being used to make preliminary computations of the 

penetration of concrete (silica-type aggregate) and depleted-UC^ barriers 

by core debris. 

Meltthrough of uncooled thin semisupported steel plates by molten 

fuel debris. A simplified equation was developed for the time required 

to heat an uncooled thin steel plate to its failure temperature by molten 

fuel debris. It is 

2pC 

/2k K-v'^'-"b-vn,.f'^^-^ 
where C is plate specific heat in cal/gm-°C, p is density of the plate 

in gm/cmj T is the plate initial temperature in °C, T is the plate 

failure tenperature in °C, L is the thickness of the plate in cm, k is 

the fuel thermal conductivity in cal/sec-cra-°C, T is the fuel temperature 

in °C, and q is the fuel decay heating in cal/sec-cm^. 

Penetration by molten fuel debris of sacrificial barrier material 

such as concrete or depleted UO^. Preliminary analyses were made of the 

penetration of concrete (silica aggregate) and depleted-U02 sacrificial 

barrier material.^ In these analyses, it was assumed that the barrier 

material and fuel debris were completely miscible, that the decay-heat 

sources were uniformly dispersed in the molten pool, and that heat was 



removed from the top of the pool by radiation. The equations for heat 

transfer from the pool to barrier (p. 380) were used. Cases where 100% 

and 50% of the decay heat remained in the molten mass were assumed. 

Figures 134 and 135 show the penetration results of these analyses for a 

reference reactor design. 

Fig. 134. 
Pool Radius for Depleted-U02 
Barrier. 1007, of decay 
heat; 50% of decay heat. 

„ 80 

too 
pool Radius, r, cm 

Meltthrough of metal plates or trays in sodium. In the case of 

fuel debris resting on support members under sodium, the problem of 

meltthrough of the support member arises, particularly where the depth 

of the fuel is substantial or the cooling of the support by sodium is 

hindered, for example, by sodium vapor. The fuel might consist of a 

solid layer, resting on the support, with perhaps a higher molten central 

layer. If the heat flux from the fuel to the support exceeds the heat 

flux from the support to sodium, the support will overheat and fail. This 

heat flux can be determined from the equations given on pp. 380-382. 
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for boiling and nonbolllng pools. If the metal is in contact with liq

uid sodium lying above It, a potential heat flux of about 38 to 75 cal/ 

sec-cm^ could be expected (boiling burnout flux). For flowing sodium, 

the flux would be higher. However, if the sodium is beneath the plate, 

lower heat fluxes would be obtained. Experiments, are being planned to 

determine burnout heat fluxes to boiling liquids below heated plates. 

Fission-product-decay heating. In the postaccident heat-removal 

studies, the fission-product-decay sources as a function of time and 

distribution in the vapor, liquid, and solid phases of the core debris 

are needed. The decay heating and its distribution can be estimated 

from information on the decay heating as a function of time and fission-

product element together with estimates of the fission-product-element 

distribution in the vapor, liquid, and solid phases. 



The computer code RIBD^ is being used to obtain the decay heating 

(beta, gamma, and total) as a function of nuclide (and element) and time 

for PUO2-UO2 fuels for several Irradiation periods. The distributions 

of the elements (and hence of decay heating) in the various phases is 

being estimated. 

Experiments on Interactions of Fuel and Materials of Construction 

Experiments were started to determine the nature and kinetics of 

interactions of fuel with materials of construction for use in develop

ing information and parameters for use in the study of postaccident heat 

removal and core-material containment. The experiments will Involve 

interactions of solid and molten oxide fuel with steel, concrete, ceram

ics, and possibly other materials of construction to determine melt

through or solution rates, behavior of molten, solid, and unmelted phases 

with respect to flotation of less-dense components, unusual or energetic 

reactions and other phenomena, as well as mlsiclbillty of molten phases 

and the characteristics of molten and resolidified phases. 

Small-scale experiments of Interactions of solid UO2 with molten 

concrete were started. In these experiments, concrete is melted in an 

induction-heated graphite crucible in the presence of solid UO2. Changes 

In melting temperatures due to interactions and posttest examination of 

the penetration and dissolution of the UO2 are made. 

Future program. Plans Include continuing these experiments and the 

construction of a plasma-torch-heated furnace for melting UO2 in contact 

with structural materials (static temperature gradient effects) and for 

melting UO2 to pour onto structural materials (dynamic effects). Experi

ments to Investigate heat transfer from UO2 particle beds under sodium 

are planned. 
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Nuclear Safety—LMFBR Safety 

XIII. lOOO-MWe SAFETY STUDY CONTRACT MANAGEMENT, 
TECHNICAL REVIEW, AND EVALUATION* 

(L. W. Fromm) 

Overall scope. Studies of lOOO-MWe LMFBR plant designs by in

dustrial subcontractors are planned, reviewed, guided, and evaluated. 

Argonne maintains close technical and administrative liaison with the 

subcontractors performing the studies and with the AEC, In this pro

gram, Argonne: (1) prepares scope of work and ground rules so the 

studies will produce information needed to achieve program goals, 

(2) ensures that all subcontractor studies are performed in accord with 

the work scopes, ground rules, schedules, and contract funding, 

(3) assists the subcontractors in obtaining the latest related informa

tion being developed elsewhere, (4) ensures that the studies are real

istic, that appropriate methods of analysis are used, that decisions 

are based on adequate depth of study, and that no study is distorted by 

unjustified assumptions, (5) provides AEC with evaluations of study 

results where appropriate, and (6) recommends further profitable study 

areas, 

Argonne technical specialists meet with each subcontractor 

periodically, review his technical notes and informal monthly and 

quarterly reports, and furnish reviews and guidance. As formal phase 

and topical reports are received, the specialists evaluate them in those 

aspects having an Important effect on the guidance of the national 

LMFBR program, and report the results to AEC. Fiscal and schedule 

*For references for this chapter, see p. 394. 
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control are maintained through subcontractor's monthly and quarterly 

administrative reports.* 

Management and Technical Review of Subcontractors' Studies 

(L. W. Fromm) 

Scope. Management and technical review of subcontractors' studies 

encompasses all activities connected with the initial establishment of 

study programs by the subcontractors, and with the day-to-day technical 

monitoring of the subcontractors' work, exclusive of in-depth eval

uation of formal reports. The management and review work centers on 

the following types of activity: (1) preparation of work scopes and 

negotiation of scopes with subcontractors and AEC to ensure compati

bility with AEC objectives and available funding, (2) review and 

approval of subcontractors' work plans, (3) technical review of sub

contractors' informal documents (monthly and quarterly progress 

letters, and technical notes), and review of results presented at 

periodic review meetings (these reviews are based largely on judgment 

factors, with only minimal rudimentary check calcvlations where 

necessary for support), (4) provision of guidance to subcontractors, 

as appropriate, based on technical reviews, and (5) preparation of 

recommendations to AEC as to further profitable study areas. 

Summary. Contract management and technical-review activities 

were continued with respect to the Babcock & Wilcox safety study 

initiated in FY1969. Negotiations on scopes of work and subcontracts 

for various safety studies supplementing the earlier lOOO-MWe Follow-

on Studies (see p. 443) were completed with General Electric, 

*Budget stringencies after the report period resulted in 
termination of all lOOO-MWe Safety Analysis Study Subcontracts 
(see p. 395) and of this related program. 



Westinghouse, and Atomics International. Contract management and 

technical-review activities were initiated as the subcontractors began 

their studies. 

Preparation and negotiation of technical scopes of work with 

subcontractors. Subcontract negotiations begun with General Electric 

and Westinghouse were concluded. The Westinghouse subcontract covers 

a combined Plant Safety Analysis, Dynamics, and Loop-type Primary 

System study. In the case of General Electric, the earlier scope of 

work was revised to emphasize the probabilistic-safety-analysis study, 

and to include minimal effort in upgrading the GE pool-type primary 

system and in dynamics and control analysis to provide a firm basis for 

the safety study. A scope of work was developed jointly with Atomics 

International for a study of emergency reactivity shutdown systems 

applicable to lOOO-MWe LMFBRs, and a subcontract was negotiated. 

Management and review of Babcock & Wilcox lOOO-MWe LMFBR Accident 

Analysis and Safety System Design Study. Contract management and tech

nical review activities were continued on the Babcock & Wilcox lOOO-MWe 

LMFBR Accident Analysis and Safety System (A^S^) Design Study initiated 

in FY1969. The BiW work plan for the study was received and reviewed, 

and modifications were made to the plan by B&W in response to ANL 

comments, A B&W technical note describing the analytical methods to be 

used in the study was reviewed and comments were forwarded to the sub

contractor for guidance. The B&W TART transient-analysis code for 

reactors was made operational at ANL for checking the B&W calculations. 

In response to an ANL inquiry, B&W proposed an adjunct study to deter

mine the effects that large radiation-induced metal swelling in the 

reactor core and related structures might have on the analytical models 
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and parameter ranges being used in the base A^S^ study. A scope of 

work was developed and a subcontract supplement was executed calling for 

completion of the work by the end of FY1970. The adjunct study con

sidered two models of radiation-induced steel swelling; B&W selected the 

Westinghouse-PNL correlation for cold-worked stainless steel as one 

model, and ANL furnished data based on the latest version of the 

Harkness-Ll correlation to be used as the second model. Toward the end 

of the fiscal year, five additional technical notes on various aspects 

of B&W Phase-II work were received and reviewed. Monthly review 

meetings were held with the subcontractor, including two special 

meetings at which B&W presented its results to the utility participants 

partially supporting the study. 

Management and review of Westinghouse lOOO-MWe Loop-type LMFBR 

Safety, Dynamics, and Primary-system Study. Contract management and 

technical-review activities were initiated upon completion of sub

contract negotiations with Westinghouse for a combined Plant Safety 

Analysis, Dynamics, and Loop-type Primary-system Study. Semiquarterly 

review meetings were initiated and drafts of the Westinghouse work plan 

for the combined study were reviewed. A preliminary partial draft of 

a technical note describing the oxide core designed by Westinghouse 

(at its own expense) to serve as the basis for the combined study 

(in substitution for the Follow-on Study reference carbide core) was 

received and review was initiated. 

Management and review of General Electric lOOO-MWe LMFBR 

Probabilistic Plant Safety Analysis Study. Contract management and 

technical-review activities were initiated upon completion of sub

contract negotiations with General Electric for a probabilistic plant 

safety analysis study. 



Management and review of Atomics International lOOO-MWe LMFBR 

Emergency Shutdown System Study. Contract management and technical-

review activities were initiated upon completion of subcontract 

negotiations with Atomics International for an emergency-shutdown-

system study. 

Future program. Management and technical review of the work of 

four subcontractors on studies initiated in FY1970 will be continued. 

Guidance will be provided to the subcontractors where important to the 

further conduct of the study, and will be reported to AEC in informal 

documents, along with brief comments on the work status and sub

contractors' performance. No work on scope preparation and negotiation 

is expected in FY1971.* 

Technical Evaluation of Subcontractors' Formal Study Reports 

(L, W, Fromm) 

Scope, Subcontractors' studies are generally divided into three 

or four phases, each of which represents a segment of the work program 

that can logically be reported as a technical unit. At the conclusion 

of each phase, the subcontractor is required to submit a formal phase 

report (called "task reports" in the earlier lOOO-MWe Follow-on 

Studies), suitable for open publication. In some cases, the phase 

reports are augmented by formal topical reports covering particular 

technical areas, Argonne technical specialists review all sub

contractors' phase and topical reports to determine whether evaluation 

is appropriate with respect to the guidance of the national LMFBR 

development program. If warranted, evaluations are carried out and are 

directed toward aspects of importance to the national program. The 

*See footnote on p. 389. 
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comments and opinions comprising these evaluations are based on judgment 

and experience, supported as necessary by check calculations. Eval

uations performed during the course of each study are reported to AEC 

Informally as they are completed. At the conclusion of each study, a 

final evaluation report is compiled if appropriate. 

Summary, Evaluations of the safety aspects of the Task-II, -III, 

-IV, and -V reports by the lOOO-MWe LMFBR Follow-on study subcontractors 

were completed (see p, 460). The results were Incorporated into the 

four-volume draft final evaluation report Issued to AEC and the LMFBR 

Program Office. The Phase-I report on the Babcock & Wilcox Accident 

Analysis and Safety System ( A S ) Design Study was reviewed to determine 

need for detailed evaluation. 

Evaluation of safety aspects of 1000-IlWe LMFBR Follow-on Studies; 

preparation of draft final evaluation report. Evaluations of the 

safety aspects of the lOOO-IWe Follow-on Study Task-II, -III, -IV and 

-V reports by Atomics International, Babcock & Wilcox, Combustion 

Engineering, General Electric, and Westinghouse were completed. The 

results of the evaluations were Incorporated into a four-volume draft 

ANL final evaluation report that was Issued to AEC and to the LMFBR 

Program Office. The draft summary volume was also Issued to the sub

contractors for their comments. For reasons indicated on p, 448, 

further work on the Follow-on Study evaluations was terminated at this 

point. Some broad observations of the lOOO-MWe Follow-on Study 

evaluation, including safety, are given on pp, 448-460, 

Evaluation of phase reports on Babcock & Wilcox lOOO-MWe LMFBR 

Accident Analysis and Safety System Design Study, The Phase-I report, 

"Fault Trees and Malfunction Catalog," BAW-1344, of the Babcock & 

Wilcox lOOO-MWe LMFBR Accident Analysis and Safety System (A^S^) 



Design Study was reviewed to identify any aspects of the report having 

importance to the national LMFBR program and that, therefore, warranted 

detailed evaluation. It was decided that no detailed evaluation was 

appropriate at that time. 

Future program. The Phase-1 report of the Atomics International 

Emergency Shutdown System Study, and the Phase-II report on the Babcock 

& Wilcox Accident Analysis and Safety System Design Study will be 

reviewed to determine whether evaluation is appropriate with respect 

to the guidance of the national LMFBR development program. If 

warranted, the evaluations will be initiated, and will be directed 

toward aspects of importance to the national program, but in lesser 

depth than those pertaining to the earlier lOOO-MWe Follow-on Studies. 

No phase reports are expected from Westinghouse and General Electric 

during FY1971.* 

References 

See p, 460, 

*See footnote on p, 389. 
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Nuclear Safety—LMFBR Safety 

XIV. lOOO-MWe SAFETY STUDY SUBCONTRACTS* 

(L. W. Fromm) 

Overall scope. Four industrial subcontractors are performing 

definitive safety studies based upon their reference plant concepts 

developed in the lOOO-IWe LMFBR Follow-on Study program (see Reference 

on p, 460), Limited further engineering and dynamics analysis work on 

primary-coolant system designs is being conducted as needed, to provide 

firm bases for the safety studies, and analytical methods are being 

developed, also to a limited extent, in areas where no suitable methods 

now exist. Detailed accident analyses are being carried out, and 

designs of safety systems are being prepared and evaluated.** 

This activity covers only subcontractors' efforts; ANL contract 

management, technical review, and evaluation efforts are described 

on pp. 388-394. 

The studies performed in this program are related to the LMFBR 

demonstration-plant program in that dialog on LMFBR safety problems will 

be established between manufacturers and regulatory bodies that will be 

helpful in licensing the demonstration plants. Also, these studies will 

identify and help to solve safety problems whose solutions are also 

required for the design of the demonstration plants. The results of 

this program will provide guidance and direction to the Commission's 

overall LMFBR research and development program, and in that sense will 

Influence all future LMFBR research and development, design, 

construction, and applications-study programs of the AEC. 

*For references for this chapter, see p. 403. 

**Budget stringencies after the report period resulted in termination 
of this entire study program. 



The Babcock & Wilcox Co, Subcontract 

(I. Charak) 

Scope, The Babcock & Wilcox Co, is performing a 1000-MWe LMFBR 

Accident Analysis and Safety System (k^S^) Design Study, based on the 

B&W reference plant concept developed under the lOOO-MWe LMFBR Follow-

on Study, Malfunctions and safety problems are being surveyed, using 

the fault-tree technique, and potential accidents are being analyzed. 

Sensitivity studies are being performed to determine effects of varying 

input constants and assumptions. In an adjunct study, the effect of 

radiation-induced metal swelling, now recognized as a major problem in 

large LMFBRs, on the models and parameter ranges used in the accident 

analyses is being assessed. The design basis accidents for the concept 

are being selected and the rationale for the selection is being given. 

Functional requirements for safety systems are being defined, systems 

are being selected, conceptual designs for the systems are being 

developed, and system design descriptions (SDDs) are being written. 

Research and development requirements are being delineated. 

Summary, The A^S^ Design Study commenced the last month of FY1969, 

so essentially all accompllshnents were in FY1970. The work consisted 

primarily of a survey of malfunctions and safety problems (Phase 1) and 

preliminary selection of candidate safety systems. For the purposes of 

this study, the safety systems are categorized as emergency decay-heat-

removal systems, reactor protective features, primary-containment 

safety features, and secondary-containment support systems. The adjunct 

study on metal swelling was completed. 

Program Definition Phase: Preparation of Work Plan, The work plan 

for the A^S^ Design Study (BAW-1339) was prepared by B&W and, after 
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changes were made at the request of the Laboratory, the work plans for 

Phases I and II were approved. 

Phase I: Malfunction and Safety Problem Survey. Phase I was 

completed and resulted in the preparation of the Phase-I report. 

This report presents the results of the survey in the form of a 

malfunction catalog and fault-tree displays. 

Adjunct study to determine effect of metal swelling on models and 

parametric ranges used in accident analysis. B&W completed the adjunct 

study, which was initiated to determine the effects of radiation-

induced steel swelling on the A^S^ Design Study. A technical note was 

prepared summarizing the work performed and a separate proposal pre

sented B&W recommendations for future work in the A^S^ Design Study. 

Phase II: Accident Analysis and Selection of Safety Systems. 

B&W completed studies of accident-initiating conditions due to flow 

abnormalities and reactivity-insertion transients, including sensitivity 

studies thereon, and technical notes were prepared on each subject. 

In addition, the review and identification of candidate safety systems 

were completed. A technical note was prepared for each of the four 

categories of safety systems. Accident analyses and sensitivity 

studies were begun. 

Phase IV: Research and Development Delineation. During the course 

of Phase-II work, new and revised research and development needs were 

identified and compiled for inclusion in the Phase-II Report. 

Future program. The results of the adjunct study on metal swelling 

will be assessed as to their effect on the A^S^ study, and the work plan 

and, if necessary, the work scope, will be revised accordingly. Phase-II 

work will continue with accident analyses and sensitivity studies, 

design-basis-accident selection, determination of safety-system 



functional requirements, safety-system selection, and the writing 

of the Phase-II report. Phase-Ill work on conceptual design of the 

safety systems will begin. Research and development needs will be 

reported as they are identified.* 

Westinghouse Electric Corp. Subcontract 

(J. P. Burelbach) 

Scope, The Westinghouse Electric Corp, is performing a lOOO-MWe 

LMFBR Plant Safety Analysis Study, based on the Westinghouse reference 

plant concept developed in the lOOO-MWe LMFBR Follow-on Study, but 

modified to utilize a mixed-oxide rather than a mixed-carbide core. 

The core redesign was performed by Westinghouse at Westinghouse expense, 

and includes features that allow for radiation-induced metal swelling 

in the core. Malfunctions and faults are being catalogued, and plant 

responses are being analyzed quantitatively. Engineering work on the 

loop-type primary-coolant system is resulting in an upgraded system 

design and an assessment of concept limitations. Dynamics analyses 

include system modeling, control and safety system analysis, and con

sequent upgrading of control-system design. Accidents are being 

analyzed, their radiological consequences determined, and design basis 

accidents selected. Safety-system functional requirements are being 

established, reference systems are being selected, and system design 

descriptions (SDDs) are being prepared. General design criteria devel

oped in the Follow-on Study are being upgraded. A document analogous 

to a preliminary system design description is being prepared and dis

cussed with AEC regulatory groups. Research and development requirements 

are being delineated. 

*See footnote on p. 395. 
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Summary. While awaiting AEC authorization of the study and nego

tiation of a subcontract, the subcontractor at his own expense devel

oped a design for an oxide core for his lOOO-MWe LMFBR Follow-on Study 

reference plant, in substitution for the carbide core specified therein. 

After completion of subcontract negotiations, a work plan for the entire 

study program was prepared and submitted to ANL, and Phase-I work was 

begun. 

Reference-design modification for oxide core. A design for an 

oxide core was prepared by the subcontractor at his own expense to 

replace the carbide core in his lOOO-MWe LMFBR Follow-on Study refer

ence plan; concept and to serve as a basis for the study program. 

Preparation of a technical note was initiated, describing the oxide 

core in its neutronic, thermal-hydraulic, and mechanical aspects, and 

showing plant modifications necessary to accommodate the revised core 

design. 

Program Definition Phase: Preparation of Work Plan. A work plan 

was prepared describing Phase-I work for the combined study program 

comprehensively and for later phases in a more general manner. The 

plans for the later phases will be updated in detail before the start 

of work on those phases of the program. 

Phase I: Preparation for Accident Analysis and Safety System 

Development, and Related Work in Concurrent Dynamics and Loop Studies. 

Phase-I work was initiated in limited areas pending approval of the 

work plan. 

Future program. Phase-I work begun near the end of FY19 70 will 

continue. Potential malfunctions and faults will be catalogued, fault-

tree displays will be constructed, initiating conditions for reactor 



accidents will be defined, and plant responses will be analyzed. 

Block diagrams illustrating safety-system concepts to be examined will 

be prepared. Computer programs for safety-system simulation and 

accident analysis will be obtained. Inherent plant dynamic behavior 

will be determined. Mathematical models for components will be im

proved; an overall code will be developed. Reference features of the 

primary-coolant system will be evaluated and upgraded as necessary to 

provide a firm basis for safety analysis. New R&D needs will be 

identified.* 

General Electric Co. Subcontract 

(I. Charak) 

Scope.. General Electric Co, is performing a lOOO-MWe LMFBR 

Probabilistic Safety Analysis Study, based on the GE reference plant 

concept developed under the 1000-MWe LMFBR Follow-on Study, with the 

core design modified to accommodate the radiation-induced metal swelling 

now recogni-zed as likely in large fast reactors. Methods for proba

bilistic analysis are being obtained, adapted, and developed where 

necessary. Reliability data are being compiled. Malfunctions and 

faults are being catalogued in the form of fault trees, and the fault 

trees are being analyzed quantitatively. Accident-frequency criteria 

are being developed; probabilities of occurrence of various accidents 

are being established and their acceptabilities are being judged against 

these criteria. Engineering work on the pool-type primary system, and 

certain dynamics analyses, are being carried out to the extent 

necessary to provide a firm basis for the safety study. Safety-system 

functional requirements are being established, and the reference-

*See footnote on p. 395. 
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system designs are being upgraded. AEC General Design Cri teria are 

being assessed as to their applicabil i ty to the contractor 's upgraded 

reference design. Research and development requirements are being 

delineated. 

Program Definition Phase: Preparation of Work Plan. After com

pletion of subcontract negotiations, the preparation of a comprehensive 

work plan for the ent ire study was begun. 

Future program. The work plan wil l be completed. Phase-I work 

will begin. Accident frequency c r i t e r i a wil l be established. Potential 

malfunctions and faults wil l be catalogued and fault trees will be 

constructed. Codes for probabil is t ic analysis and re l i ab i l i ty data 

will be obtained, and the fault trees wil l be quantitatively analyzed. 

In i t ia t ing conditions for reactor accidents will be defined. Work wil l 

be started on assessing the feas ibi l i ty of safety systems and i te ra t ing 

the designs to identify necessary changes. Primary-coolant-system 

dynamic analyses wi l l be performed, and reference features will be 

evaluated and modified as necessary to provide a firm basis for safety 

analysis. New R&D needs wil l be identif ied.* 

Atomics International Subcontract 

(J. P. Burelbach) 

Scope. Atomics International is performing a lOOO-MWe LMFBR 

Emergency Shutdown system Study, based on the Al reference plant con

cept developed in the lOOO-MWe LMFBR Follow-on Study, but also applic

able to other LMFBR power-plant designs. The Al reference-plant core 

design wil l be modified to accommodate the radiation-induced metal 

swelling now recognized as likely in large fast reactors, if such 

*See footnote on p. 395. 



modification is deemed important to the emergency-shutdown-system 

study. Initially, the subcontractor is updating the safety analyses 

prepared as part of the Follow-on Study to reflect the effects on the 

design basis accident (DBA) of the modifications made to accommodate 

metal swelling, A fault-tree analysis of the primary (control and 

safety rod) shutdown system is being performed, and the need for an 

emergency shutdown system is being evaluated. Functional requirements 

for such a system are being developed, potential design approaches are 

being Identified and evaluated, and the most promising approaches are 

being selected. Conceptual designs for these approaches are being 

developed and system design descriptions (SDDs) are being written. 

A fault-tree analysis is being made of the emergency shutdown system 

as applied to the subcontractor's modified reference plant, and the 

effects of the system on the DBA for the plant are being determined. 

Research and development requirements are being delineated. 

Program Definition Phase: Preparation of Work Plan, After com

pletion of subcontract negotiations, the preparation of a comprehensive 

work plan for the entire study was begun. 

Future program. The work plan for the study will be completed. 

Phase-I work will be carried out and reported. The primary shutdown 

system of the modified reference plant will be analyzed by fault-tree 

techniques, and the need for an emergency shutdown system will be 

evaluated, Phase-II work, including development of functional require

ments and identification and evaluation of design approaches, will be 

started.* 

*See footnote on p, 395. 
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Engineered Safety Features-Safety Features Technology-R&D 

XV. REACTOR SYSTEM AND CONTAINMENT STRUCTURAL DYNAMIC RESPONSE* 

(S. H. Fistedis) 

The fast-reactor program is geared to the ultimate development of 

safe and economic fast-reactor power plants. Although these plants are 

designed for continuous safe operation, additional safety provisions are 

made to safeguard public health and safety. This program on fast-reactor 

containment provides this additional safeguard over and above reactor 

control. Containment is provided to confine the effects of hypothetical 

reactor accidents. 

Some of the safety issues that are being resolved in the containment 

program are: (1) accurate assessment of the energy-absorption capability 

of the primary system, (2) accurate prediction of the response of the 

reactor-vessel cover and cover-holddown mechanism to work-energy releases, 

(3) calculation of the amount of sodium that can escape past the cover 

during an energy release, and (4) prediction of secondary-containment 

response to temperatures and pressures resulting from fires due to sodium 

spillage past the cover. 

To gage the effects of the excursion on the primary-system components, 

a two-dimensional hydrodynamlc code and a two-dimensional inelastic code 

were developed. The hydrodynamlc code ignores shear stresses and the 

material strength and is applied to high-energy excursions. The inelastic 

code includes shear strength and is more suitable for medium-energy excur

sions. Emphasis had been placed on the completion of the hydrodynamlc 

code. Development of the inelastic code will benefit from experience 

obtained on the hydrodynamlc code. 

*For references for this chapter, see p. 425. 
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The preliminary version of the two-dimensional computer code for the 

numerical calculation of hydrodynamlc response of primary containment to 

a high-energy excursion has been completed. Outstanding features of the 

code are that it (a) contains equations of state of reactor materials 

(the present version of the code contains the equations of state of core, 

breeding blankets, plenum, sodium, steel, and argon), (b) gives the energy 

partition at all times, (c) gives the motion of the medium at all times, 

(d) determines whether or not and when the reactor vessel breaks, (e) 

gives the pressure loading on the plug and determines when the plug jumps, 

and (f) provides input to the plug-jump problem. 

The code output is on printed sheets that give the displacements, 

velocities, pressures, internal energies, densities, and strains at every 

time step for all spatial points. The output of displacements and pres

sures can also be given pictorlally, showing the movements and deformations 

or magnitudes of pressure of all spatial points at any instant of time. 

It is believed that this code will give the reactor designer information 

with which to adjust the geometry of the layout and the strength of struc

tural components to achieve a balanced design or a design that will dissi

pate the excursion energy with least hazard to the primary containment. 

The reactor configuration selected for testing the code, as well as 

the initial layout of the Lagrangian grids, is shown for time zero in 

Fig. 136; axial symmetry permits only half the cross section to be shown. 

The core is assumed to have oxide fuels contained in stainless-steel pins 

supported in stainless-steel grid plates (not included in the analysis) 

and to be cooled by liquid sodium. The sodium is covered by argon gas 

and is held in a steel pot within a concrete primary containment that has 

a rotatable shield plug in the platform at the top of the primary cavity. 



t = 810.75/^sec 

Fig. 136. Deformations of Lagrangian Grids at Various Times after Start 
of a Power Excursion in a "Pancake" Core Configuration. ANL 
Neg. No. 113-2382 Revision 1. 

For the excursion model, it is assumed that at the start of the power 

excursion the core is molten, and the sodium has already been vaporized and 

expelled from the core region. However, the blankets are assumed to be 

intact. The energy is released so rapidly in the excursion that the molten 

oxide fuel is assumed to be vaporized and superheated to high temperature 

and pressure. Therefore, at the end of the power excursion, the core 

consists of only high-pressure oxide vapor. 
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Figure 136 shows the time sequence of deformations of the Lagrangian 

grids. Figure 137 shows the pressure profiles along the vertical center-

line at various times. Figure.138 shows the pressure profiles along the 

horizontal axis of the core at various times. The computation was ter

minated at t = 811.28 ;isec because at that time the force acting on the 

plug exceeded the strength of the plug-holddown device. 

To determine the maximum pressure and force that can be produced in 

the excursion, the computation was resumed by assuming that the plug could 

be rigidly secured to the platform. Figure 139 shows the variation of pres

sure at a typical mesh zone underneath the plug from t = 811.28 to t = 

1350 psec; note that the pressure is of an oscillating nature and has 

several peaks. The maximum peak pressure is about 33.3 kbar at 892 psec. 

Once the pressure reaches a peak, the direction of the fluid is reversed. 

When the returning fluid collides with the oncoming fluid, the direction 

of the fluid changes again. The total force acting on the rotating plug 

is shown in Fig. 140. The maximum magnitude of the force is '\'6,44 x 10̂ "* 

dynes. In this case, the plug-holddown device should be designed to re

sist the impulse resulting from such a force. 

To extend the hydrodynamlc analysis to the domain where the tensile 

strength of the vessel material might become Important, the computer code 

has been revised to include the effects of the membrane strength of the 

vessel material in the analysis. The mechanical properties of a solid 

material at high pressures can be described by using a compressible-fluid 

model. Thus, during shock compression, the momentum equation developed 

for fluids also can be used for solids. However, as the material recovers 

from the shock loading, or the material is under tension, the tensile 

strength becomes Important, particularly for a cylindrical shell where 



Fig. 137. Pressure Profiles along 
Vertical Centerline of 
Core at Various Times. 
ANL Neg. No. 900-691. 

Fig. 138. Pressure Profiles along 
Horizontal Axis of Core 
at Various Times. ANL 
Neg. No. 900-691. 
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Fig. 139. 
Variation of Pressure at a 
Typical Mesh Zone underneath 
the Plug. ANL Neg. No. 
113-1947, Rev. 1. 
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Fig. 140. 
Total Force Acting on 
the Rotating Plug as a 
Function of Time. ANL 
Neg. No. 900-791. 
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the radial movement of the shell produces membrane forces, and where the 

tensile strength of the material is the key mechanism for stopping the mo

tion of the shell. 

The revised code has been completed and is being documented. It is 

now available through the Argonne Code Center under the name REXCO-H. 

A PL0T-3D Fortran subroutine has been developed to draw three dimen

sional surfaces. It improves the visualization of the complicated func

tions such as pressure, displacement, and velocity from tabulated data 

on the computer digital printout. The PL0T-3D output subroutine can be 

displayed either by the IBM-2280 Film Recorder or the Calcomp-780 Plot

ter. PLOT-3D draws a three-dimensional surface from an array of points 

(x, y, z), where x and y are the spatial coordinates of a point, and z 

is the value of the function to be displayed at that point. The sur

face can be drawn after arbitrary rotations. Figure 141 shows the surface 

of the pressure at time 810.75 ysec as drawn by PL0T-3D with a Calcomp-780 



Fig. 141. Pressures (z) at Points on x-y Plot as Drawn by PL0T-3D Fortran 
Subroutine. Reactor radial axis is x; axial axis is y. ANL 
Neg. No. 900-590. 

plotter for the sample problem shown in Fig. 136. The surface has been 

rotated first 60° around the z axis and then 30° around the y axis. 

System Geometries and Excursion Magnitudes and Durations 

(Y. W. Chang and J. Gvildys) 

The REXCO-H code developed for containment analysis can be used for 

studies of system geometry. The reactor designer can use the code to 

study the failure sequence of various components and its effects on loads 

imposed on other system components, or to vary a single parameter so that 

its Independent effect can be studied. 

For example, to study how rupture of a reactor vessel affects loads 

imposed on the shield plug, the reactor designer could consider using a 
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reactor configuration with two vessels, as shown in Fig. 142. Figure 143 

shows the force acting on the shield plug for systems with or without the 

inner vessel. The inner vessel directs the kinetic energy of the coolant 

upwards, lifting the coolant and compressing the inner gas blanket much 

harder than does the system without the inner vessel. Thus the force act

ing on the rotating shield plug could be reduced considerably if the inner 

Argon 

Argon 

^ v Top of primary cai 

i 
I. 

Bottom of primary cavity 

Fig. 142. 
Reaator Configuration with Two 
Vessels Is Typical of Arrange
ment for Which REXCO-H Code Can 
Be Used to Study Sequence of 
Failures and Effects of Loads 
Imposed on System Components. 
Inner vessel in this example 
has 390-om diameter and 7.5-
cm-thick wall. ANL Neg. No. 
900-591. 
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Fig. 143. 
How Presence or Absence of 
Inner Vessel That Ruptures 
During Excursion Affects Total 
Force Imposed on Shield Plug. 
ANL Neg. No. 113-3150, 
Rev. 1. 
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vessel were designed to rupture at the beginning of the excursion. By 

varying the numerous parameters involved in the codes, the designer can 

study their effects on the overall safety of the design. 

Automatic Rezoning of Code to Extend Excursion Treatment into Sodium-

momentum Domain 

(Y. W. Chang and J. Gvildys) 

The REXCO-H Code works well in the shock-wave domain and in the early 

part of the liquid-momentum domain. However, as meshes become severely 

distorted, the computer results become Inaccurate. Rezoning of the 

Lagrangian meshes was considered a possible remedy for these difficulties. 

It was decided to develop a rezoning method and a computer code so that the 

rezoning can be accomplished automatically by the computer. Various 

rezoning methods are being studied. 

Code Transformation 

(A. H, Marchertas and J, Gvildys) 

Experience has shown that the Lagrangian method of simulating the 

fast-reactor excursion does not provide all the relevant parameters neces

sary for complete containment design. The Lagrangian solution must be 

terminated prematurely because of excessive distortion of the fluid mesh. 

At the point of termination, the effect of the shock wave on the contain

ment can be determined, but not the other effects that become predominant 

later. 

To follow the progress of the excursion during the subsequent time 

period, consideration was given to use of the Eulerian method of analysis. 

With the Eulerian approach, excessive deformation would not be a problem, 

as in the case with the Lagrangian solution. To use both methods most 

effectively, the study of a given excursion was planned to be conducted 
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by using the Lagrangian method for the Initial stages, up to the time of 

excessive deformation; after the point of termination, the solution would 

continue by means of the Eulerian method. This approach would effectively 

utilize the advantages of both methods. However, transformation of the 

Lagrangian variables into those of the Eulerian would be needed, and this 

preferably should be done automatically. Such a systematic transformation 

could only be accomplished by knowing in advance the specific Eulerian 

method to be used. 

In search of available Eulerian methods, the one called PIC^ 

(particle-in-cell) was found to enjoy considerable success in solving 

numerous practical problems of compressible fluids. In addition, it appear

ed as if this approach could be adapted to the containment problem without 

too much difficulty. Thus, the task of accepting the output of the avail

able hydrodynamlc Lagranglan-coordinate REXCO-H code^ at the instant of 

termination and converting this Information into such form as would be 

needed for the input of the Eulerian-coordlnate solution was the first 

step of the effort. Consequently, the computer program called TRANSF was 

written to accomplish this operation. This program in effect provided a 

means for superposition of the Eulerian mesh over the Lagrangian mesh in 

such a way that meaningful properties of the individual Eulerian grids 

could be obtained. In this way initial data for the Eulerian solution was 

provided. An example of a typical output of REXCO-H is shown in Fig. 144. 

Figure 145 illustrates the corresponding output of the TRANSF code which 

would serve as input to the Eulerian method of solution. The TRANSF code, 

written in FORTRAN-IV language, has been completed and is operational. 

The second step was the construction of an Eulerian-coordlnate code 

for following on the time scale the progression of the excursion. A 



Fig. 144. 
Example of Deformed Lagrangian 
Grid for Containment Study. 

Fig. 145. 
Eulerian Particle Distribution 
Corresponding to Deformed 
Lagrangian Grid Shown in Fig. 
144. 

preliminary version of the Eulerian code Incorporating the PIC method has 

been written and is being "debugged." The name REXCO-P has been given to 

this code to refer to its parent REXCO-H, the code in Lagrangian coordi

nates. The original PIC computer code could not be obtained, so we wrote 

our own program, referring mainly to the description and flow diagrams 
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available.^ Although certain outlines of the PIC procedure were followed 

quite conscientiously, others were not. Adaptations of the outlined pro

cedures were also controlled by convenience and previously established 

methods or specific requirements of the overall containment problem. 

The present version of the REXCO-P code incorporates only hydrodyna-

mical properties of materials. Identical equations of state are used as 

those in the most elementary version of the Lagrangian code. The simplest 

assumptions possible are made at this first attempt so as to provide best 

conditions for success. This version of the REXCO-P code will be thorough

ly examined before any improvements (and hence, complications) are added 

to it. 

At this time, progress in debugging operations of the Eulerian code 

can be described by the following characterizations: Symmetry of all cal

culations with respect to a syimnetrlcal core has been established. Quali

tatively, the Eulerian solution with time is a reasonable one, i.e., 

progression of disturbances and their configurations appear similar to 

those of the Lagrangian solution. 

To test the performance of the Eulerian code, comparison with the 

existing Lagrangian code has been planned. This will involve quantitative 

comparisons of an identical problem using both methods. Although progress 

in this area is well advanced, no meaningful results have been compiled 

as yet. 

Comparison of Codes with Existing Experiments 

(J. E. Ash and R. T. Julke) 

Safety considerations in the design and development of reactor struc

tures depend on knowledge of the loadings and strains imposed throughout 

the system by an accidental rapid energy release. In the past, assessment 



of the structural integrity of the reactor and containment vessel has been 

based on data obtained from model experiments. The general approach in 

these experiments has been to simulate the nuclear-energy release by a 

chemical explosion and the sodium coolant by water, all contained within a 

structurally simplified configuration. Such experiments are difficult to 

perform, the scaling rules are open to question, and the data are limited 

to a relatively few measurements of wall loadings and gross motions, or 

simply consist of visual evidence of structural failures. To provide the 

kind of detailed information necessary to achieve optionally safe designs, 

it is apparent that experimental data must be supplemented by engineering 

computations. Such computations can be provided by reliable computer codes 

capable of numerically predicting the loadings and strains resulting from 

any feasible excursion. In addition to permitting conveniently the contin

uous variation of parameters required for optionally safe design, the com

putation can reveal greater insight into the complex processes involved in 

the shock propagation, pressure waves, and material velocities throughout 

a detailed system. However, the question that must be faced in the appli

cation of a computer code is its reliability, which can be established only 

through comparison with available data from simulated model experiments and 

existing real excursions. 

The data that we have collected to date consist mainly of reported 

results of model experiments performed by the U.K. Atomic Energy Authority 

over a period of years at the Atomic Weapons Research Establishment. The 

experiments are sufficiently basic to contribute to an evaluation of the 

fundamental physical assumptions underlying our computer code, and also, 

to a limited extent, the data might be useful to check the equations of 

state employed in the code. The data are measurements of the wall and 
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roof loadings (on a strong tank partially filled with water) produced by 

the detonation of a small charge of high explosive, A series of experi

ments were run for 1/25- and 1/16-scale models of prototype fast-reactor 

single-tank systems. The models were instrumented with piezoelectric 

pressure gages and strain-gage load cells and the resulting records are 

available for comparison with computer-code predictions. Although the 

models are simplified representations of an actual reactor, they are still 

complex in the sense that a variety of materials (graphite, lead and bronze 

shot, and various crushable materials) were employed to simulate the den

sity distribution of the breeder, reflectors, and core support structure. 

The selection of the correct equation of state for each of these materials 

will complicate the application of the computer code to the experiment. 

Further reservations in the verification of the computer code must take 

into account the lack of cylindrical symmetry in the models and the lack 

of detailed internal measurements. 

Some limited experimental data are available for tests conducted 

jointly by the U.K. and the French CEA in sodium rather than water. 

Although the data for the sodium tests appear to be insufficient for a 

direct comparison with computer-code results, they might be useful in es

tablishing a basis of comparison with water of the effects of the sodium 

equation of state. 

Available U.S. test data appear to be insufficient to establish the 

validity of code predictions. In the early 1960s, the Ballistic Research 

Laboratory of the Naval Ordinance Laboratory and Stanford Research Insti

tute were engaged in research to determine the effects of simulated nu

clear excursions. The work of BRL was directed chiefly toward determining 

the response of steel containment models to internal loadings produced ex

plosively. The SRI experiments were aimed at determining vessel response 



and concrete-fragment sizes and velocities for loadings produced by ex

plosive mixtures in water. The response of water-filled vessels was ex

amined at BRL to both slow-burning propellant loading and fast explosive 

detonations. Plug-jump experiments in both water and sodium were performed 

for 1/30- and 1/15-scale models of the Fermi LMFBR using pentolites scaled 

for an equivalent excursion energy release of 1000 lb of TNT. 

Although no large-scale experimental data are available, analyses and 

interpretations have been made for the SL-1 accident at Idaho Falls. 

A model study of that accident was conducted in Britain.'* Although the 

British model data are for a greatly reduced scale of 1/30, it might be 

profitable to compare both the model test results and the prototype SL-1 

accident with the computer-code predictions. Such an analysis might 

prove of value for mutual verification of the code predictions and to 

assess the reliability of scale-model tests. In the British scale-model 

test of SL-1, the excursion was simulated by the activation of a metal re

sistance tape electrically energized by a condenser bank to achieve an 

improved simulation of the long duration (several millisec) of the power 

pulse. 

A difficulty in the use of a high-explosive charge to simulate the 

nuclear ex,:urslon is the much higher pressure gradient and consequent ex

tremely raoid initial deformations that occur. It is much more difficult 

for the computer code to follow the model experiment than the actual slower 

nuclear excursion. Consequently, numerical stability and rezoning require

ments impose a much more severe test on the code than is necessary for 

verification of code applications to actual excursions. It might be found 

that further experimental data are required to establish reliable code 

predictions. In particular, special tests might be required to reveal 
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intermediate and internal features of the processes and to provide more 

detailed and accurate equations of state, especially for multicomponent-

material mixtures. At present, it appears that the primary objective of 

existing tests has been to determine the end effects of excursions for 

specific reactor configurations. As such, the model configurations have 

been too complex and internal measurements are lacking. It also appears 

that existing tests are predominantly designed to model the mechanical 

energy explosively released by fuel vaporization. Less than 10% of the 

total accident energy is released in this highly transient (fraction of 

millisec) event, and it is conceivable that large volumes of sodium vapor 

can be built up at a slower rate to produce damaging pressures. Hence, 

while the code predictions might be verified for the description of the 

highly transient phenomena simulated by the existing model experiments, 

there will remain the question of the validity of the code predictions for 

the slower-excursion phenomena. The slower phenomena might include sig

nificant heat transfer, change-of-phase processes, bubble dynamics, and 

sodium-droplet dispersion and Ignition. 

The first experimental data to be studied for comparison with the 

code prediction is the simple case of a bare 2-ounce charge of RDX-TNT 

60/40 immersed in water (see Fig, 3 of Ref, 5). The recorded pressure 

trace at Position 3 was measured in this British experiment with a quartz-

crystal pressure transducer (Type M020). The pressure recorded at Gage 3 

can be compared (in Fig. 4 of Ref.5) with our code prediction. Successive 

positions of the decaying pressure wave computed by our code as the wave 

travels toward the gage are shown. Distortion of the cells at the ends 

of the cylindrical explosive charge becomes excessive 35 psec after de

tonation, diminishing the allowable time interval between numerical iter

ations to an impractically small value. At this point, a rezoning of the 



computational grid is required. The rezoning for this particular study was 

accomplished by detailed hand computations, which are tedious and time 

consuming, but have the merit of revealing graphically the influence of 

grid-size selection, numerical-stability criteria, and the effects of grid 

distortion. A supplementary rezoning computer code is being completed to 

facilitate the study of further experiments. 

Heat Transfer in Postburst Accident Analysis 

(T. J. Marclnlak) 

If an accident occurs in a fast reactor that does not have specifical

ly defined initiating conditions but in which reactivity was inserted, the 

accident itself causes all sodium to be boiled out of the core, causing 

further reactivity addition if a positive void coefficient exists. The ex

cursion then continues until the nuclear portion of the accident is ter

minated by core disassembly, but very little core material has actually 

moved outside the original core boundaries. At this point in time, the 

core boundary is moving at some velocity and the state of the core is such 

that the pressure and temperature are high and the core has been vaporized. 

Continuing from this time, a shock wave propagates toward the re

actor vessel and plug that will cause subsequent deformation and, possi

bly, rupture of the reactor vessel, as well as dislodging the plug. The 

time elapsed since the termination of the nuclear portion of the accident 

might be about a few milliseconds, depending on the magnitude of the ex

cursion and the geometry of the system. 

That part of the accident occurring after the nuclear excursion has 

terminated is considered to be the "postburst" phase and is essentially 

the third phase of the accident—the first being the initiation of the 

accident, and the second being the core disassembly and nuclear-burst 
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termination. The postburst phase takes into consideration the effect of 

the shock waves on the primary containment (reactor vessel) and subsequent 

pressurlzatlon of the system and long-term effect of sodium momentum. 

Of prime importance during this phase of the analysis is the deter

mination of the amount of energy available for doing destructive work in 

the system. The energy release in a nuclear burst that causes vaporiza

tion of the core might be about 3500 Mw—sec. If all of this energy were 

converted to work, the containment necessary would be economically pro

hibitive. However, in the actual case, not all of this energy would be 

available. Some fraction, hopefully large, will be absorbed in heating 

up the sodium, blanket, and internal structure of the reactor and will 

not be available to do destructive work. The ameliorating effects of the 

latent heats of vaporization and fusion of the coolant and structure 

would be helpful in reducing the destructive component. 

Analysis of an Accident 

(Y. W. Chang) 

The analysis of a complete nuclear accident involves the coupled 

analysis of each individual phase based on a hopefully realistic model of 

that particular phase. Each of the models is the basis of a code, as in 

the following sequence. 

Phase Codes 

1. Initial stages of accident through SASIA, FORE-II, AIROS 

core voiding and some melting or 

slumping. 

2. High reactivity input rates due to VENUS, MARS (any code based 

core slumping, leading to a high- on some modified Bethe-Tait 

energy release and core disassembly, model) 



3. Postburst phase, including shock REXCO-H and REXCO-I 

propagation and energy partition. 

Coupled together, the above codes in their present form can provide 

a reasonable analysis of a nuclear excursion through the propagation of 

the shock wave and sodium momentum. 

Heat-transfer effects are included in the Phase-I type codes, such 

as SASIA, FORE-II, etc., and they might include rather sophisticated models 

of coolant boiling and ejection. However, the "hydrodynamlc" codes, such 

as VENUS and REXCO-H, do not include heat-transfer effects because the 

times over which their analysis is valid are very short, and thus this 

effect can be neglected. However, continuing the analysis for longer 

times will necessitate including heat-transfer effects into REXCO-H, es

pecially if some estimate of the energy available to do destructive work 

is to be made. 

The Heat-transfer Problem 

(T. J. Marclnlak) 

At the beginning of the time domain in which we are interested, that 

is, the postburst phase, we know the state of the reactor core and its 

surroundings. In the case we are presently studying, the core is gaseous 

UO2 with a maximum centerline temperature of '\'7000°K. At the corners 

there is a small region where the fuel is molten. We also know that the 

core is expanding with a fairly high velocity of the boundary. (A some

what simpler set of initial conditions have the boundary stationary at 

time t = 0, but the pressure gradient across the boundary will accelerate 

it.) This velocity is the cause of the shock wave that propagates from 

the core to the vessel wall. The reflections of this shock wave from the 

vessel wall and core cause a very complicated pressure-time history during 

the time they are present and dissipating. 
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From the above considerations one can delineate two separate heat-

transfer problems in a postburst accident. They are; (1) shock-wave dis

sipation due to heat conduction effects, and (2) heat transfer between 

the hot core and its relatively cool surroundings. 

The first of these effects is rather easily taken care of as an ex

tra term in the energy equation of the hydrodynamlc equations in the form^ 

kv2. dE = -pdv + -V^Tdt 
P 

where in the axisymmetric case 

•2 "" 3r 3̂ 2 

The conduction term has been programmed for use with the REXCO-H code and 

is compatible with it. The differencing scheme provides for an explicit 

solution of the energy transfer due to temperature gradients. The addi

tion of the heat-conduction term will aid in the. stability of the differ

encing scheme, and at the same time will provide a first step in the con

sideration of the more important heat transfer occurring at the boundary 

between the gaseous core and the cool surroundings. 

The second heat-transfer effect has already been mentioned, i.e., 

the energy-partition problem, and, more explicitly, the problem of heat 

transfer at the boundary between the hot gaseous core and the relatively 

cool surroundings. The problem of heat transfer in this zone is complex 

and no experimental data exist at this time on the problem of heat trans

fer between gaseous UO and liquid sodium. 

Due to the state of the core (gaseous and high temperature), one 

would expect rapid heat transfer toward the boundary due to radiation. 



At the 
boundary itself, the problem is complicated by heat and mass trans

fer as the gaseous UO^ is condensed to liquid and solidified while, at the 

same time, sodium is being vaporized and superheated. Mixing and subse

quent heat-transfer rates in this area are not known. However, some 

work has been done on the heat transfer of liquid UO^ to sodium, although 

this work is still preliminary and no data involving heat-transfer rates 

per se have been obtained. Some data involving particle size is known; 

from this one might be able to obtain some estimate of heat-transfer rates. 

Analysis of the Heat-transfer Problem 

(T. J. Marclnlak) 

As far as energy transfer due to conduction is concerned, the problem 

is well in hand because this term is included in the energy equation of 

REXCO-H. The main problem now exists at the boundaries between the core 

and sodium and vaporized sodium and liquid sodium. 

Initially, one should be able to assume some sort of temperature-

difference-dependent heat-transfer rate across the boundary of the form 

q = hAAT, which would be flexible enough to be able to incorporate such 

data, if and when it becomes available. One could also assume, as a first 

approximation, that the sodium and fuel will not mix. This last assumption 

is necessary because the Lagrangian coordinate system currently being used 

will not permit mixing of materials. The degree of error in this 

assumption is not known. 

Once one has an estimate of the energy transfer across the boundary, 

he then can go back to the equation of state of the materials involved 

and calculate a new pressure gradient for the next time-step calculation. 

The vaporization and superheating of the coolant will cause large pres

sures to be developed and will provide the driving force for the sodium-
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momentum stage of the accident. By taking into account the heat transfer 

more realistic evaluations of the amount of energy available for doing 

work might be made (as compared to the conservative Hicks-Menzies ap

proach^). 
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Nuclear Safety Research and Development— 

Effluent Control—Environmental Studies 

XVI. THERMAL-PLUME DISPERSION STUDIES* 

(B. M. Hoglund) 

Scope. Three basic activities aim toward the goal of ensuring that 

effective methodologies are available to predict the plume temperature 

patterns at a power-plant outfall with accuracy suitable for interpreting 

local influences on the aquatic biota: (1) publication and updating of 

state-of-the-art reports on analytical modeling of thermal plumes, physical 

scale modeling of thermal plumes, and field studies of thermal discharges 

at actual power plant sites on the Great Lakes, (2) development of analy

tical techniques for predicting the dispersion characteristics of a thermal 

plume in a large lake and critical evaluation of existing prediction 

methods, and (3) design and analysis of field experiments to measure 

temperature and lake-current patterns in the vicinity of power-plant 

outfalls. 

Numerical Modeling 

(S. M. Prastein, T. H. Hughes, and A. Szewczyk) 

The approach was to search for a general methodology that would be an 

improvement over the existing semlempirical methods. This approach neces

sitated finding the solution of the fundamental three-dimensional conserva

tion equations. Because three-dimensional numerical calculations with 

realistic boundary and initial conditions would require extensive develop

ment, it was decided to experiment with the numerical techniques on a two-

dimensional x-y model that could be compared with scale-model studies and 

available field data. » 

*For references for this chapter, see p. 436. 



The x-y problem treated the flow of a two-dimensional jet in a 

crossflow current. The basic nondimensional equations in the vorticity-

stream-functlon formulation are: 
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where R is the Reynolds number and P is the Prandtl number, the vis

cosity and diffusion coefficients appearing in these nondimensional 

numbers have been assumed to be constant, 6 is the excess temperature 

above ambient, and the remainder of the symbols have the usual meanings. 

The finite-difference solution integrated these unsteady equations 

from an approximate initial solution to an asymptotic steady-state solu

tion. In all cases, the initial solutions assumed the vorticity to be 

zero, with ii and 6 being solutions to Laplace's equation with suitable 

boundary conditions. To obtain results quickly, an explicit finite-

difference method using a variable space step was chosen. The nonlinear 

terms were approximated by directional differences and the diffusion-

term approximation was the usual centered difference. This method was 

conditionally stable with a rather severe restriction on the time step. 

The programming for the first problem (a symmetric two-dimensional 

jet without cross-flow) was completed and steady-state solutions were 

obtained. The problem used a laminar viscosity and was intended to be 



used for comparing numerical results with well-established theory and 

laboratory experiments. It quickly was found that a strongly graded 

variable mesh size would be needed, so this was incorporated into the pro

gram. Subroutines that produce film displays of streamlines, constant-

temperature contours, and velocity profiles were written and debugged. The 

program for a jet with crossflow was completed but testing has not been 

finished. Considerable experimentation concerning the proper boundary 

conditions at the jet inflow have been carried out; it has been found that 

specifying v - 0 and the value of i() at the jet wall boundaries is satis

factory. This permits a definite jet core to persist out from the outfall. 

The calculation of the initial solution was satisfactory and some 

experimentation was carried out in an attempt to choose an initial solu

tion closer to the final steady-state solution. The calculation of the 

stream function, vorticity, and velocities appeared to give reasonable 

answers, but difficulty was experienced in solving the temperature equa

tion. This difficulty was solved by a modification of the differencing 

method used for the nonlinear terms. This is not well understood and 

needs further study. 

As stated before, a simple explicit method was used to solve the 

vorticity and temperature transport equations. The stability condition 

on this method has resulted in excessively long calculation times, so it 

is deemed necessary to try an unconditionally stable implicit method or 

to solve the steady-state equations directly, to improve the computa

tional speed greatly. 

It is felt that the two-dimensional numerical approach can be de

veloped to yield useful results. However, it is imperative that good 

field data and laboratory experiments be available to guide the selection 
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of problems to be studied and to validate the results. Work in this 

area has been temporarily curtailed until such data are available. 

Three-dimensional calculations, using the full Navier-Stokes equa

tions, appear not to be feasible to provide practical results at this 

time. If one has the computing power of Los Alamos or Livermore, then 

it is possible, at this time, to solve idealized three-dimensional un

steady problems in cubes or other regular regions with simple boundary 

conditions (e.g., frictionless lids). The possibility of solving three-

dimensional plume problems with irregular boundaries, inflow and outflow 

boundaries, turbulence, density stratification, etc., within the next 

few years is remote. 

State-of-the-Art Reports 

(J. V. Tokar and D. Miller) 

Physical scale modeling. The state-of-the-art report on physical 

scale modeling of thermal-plume dispersion, developed for ANL at the St. 

Anthony Falls Hydraulic Laboratory, has been completed. The report dis

cusses principles of thermal-plume modeling, fundamental laboratory studies, 

case studies of hydraulic models (a comparison of field data and data 

from the scale models) and concludes with a discussion of the status of 

hydraulic modeling of thermal plumes. Highlights of the conclusions are 

abstracted here. 

To completely model a given plume, it is ideally necessary to model 

three regions—the near field, the joining region, and the far field. 

These may be differentiated by the physical phenomena that they do not hold 

in common. In the near field (close to the outlet), entrainment of ambient 

fluid is very important. In the joining region, entrainment is still 

important, but buoyancy, surface cooling, and convection are also Important. 



In the far field, surface cooling, dispersion, and convection are most 

significant. 

In most situations, these regions cannot all be combined in one 

physical model because the vertical scale of the model needs to be large 

enough to allow room for differentiating stratified layers to prevent sur

face tension forces from controlling the dynamics of flow, and to assure 

turbulent Reynolds numbers. Then, if the horizontal scale were the same 

as the vertical scale, the model surface area would be so large as to make 

the model unwieldy and would prevent placing it under a roof where the en

vironment could be controlled. When parts of a plume are modeled separate

ly, it is very important to place the proper boundary conditions on the 

separate models. Unfortunately, this is not always easy from a practical 

point of view. Table XXVIII summarizes some of the modeling problems. 

A review of the case studies and a summary of the general utility of 

hydraulic models indicates that hydraulic modeling of thermal plumes is not 

merely an application of a set of scale ratios, but requires judgment as to 

the phenomena to be modeled. Comparisons between model and prototype are 

most likely to be qualitatively than quantitatively correct at the present 

state-of-the-art. The basic physical phenomena associated with thermal 

plumes are not apparently understood, but not enough well-controlled model 

studies have been conducted to make possible the tabulation of numerical 

coefficients for use in the applicable equations and the extension of the 

coefficients to full-scale problems. 

To improve this situation: (I) more comparisons between field data 

and model-study results need to be made (such comparisons should be given 

high priority) and (2) a program of fundamental studies needs to be car

ried out to determine the importance and Influence of each of the 

dimensionless numbers on the flow pattern in each region of the plume. 



TABLE XXVIII. Hydraulic Modeling of Thermal Plumes 

Model 

Near field 
(outlet region) 

Joining region 

Far field 

Most important 
physical phenomena 

Important 
parameters* 

Entrainment 

Entrainment, 
buoyancy, surface 
cooling, convection 

Surface cooling, 
convection, 
dispersion 

Remarks 

Geometry; densimetric Froude 
no.; local Richardson nos.; 
boundary conditions at end of 
model. 

Boundary conditions at up
stream and downstream ends of 
model; rate of surface cooling 
local Richardson nos.; pre
existing stratification; pre
existing currents; wind. 

Boundary conditions at upstream 
and downstream ends of model; 
rate of surface cooling; densi
metric Froude no.; preexisting 
currents; wind. 

Can be modeled with any 
two miscible fluids of 
different density. Un-
distorted scale required. 

May be combined with near-
field model to eliminate 
problem of upstream bound
ary condition; this 
complicates the near-field 
model. 

Distorted model usually 
required. Latter part of 
joining region may be 
placed in far-field model, 
but, combination with near 
field is impracticable. 

*It is as sumed that suitably large Reynolds numbers are obtained in each case. 



Experimental field work. A survey of the utilities bordering the 

Great Lakes revealed that very little information is now available with 

respect to plume temperature data to support or verify existing predictive 

correlations. One of the serious problems plaguing the plume field work 

is the lack of permanently and strategically placed continuous recording 

instrumentation to provide adequate current and temperature data. The 

usual procedure of obtaining measurements from a boat traversing the plume 

for a period of several hours can lead to considerable error if the plume 

is not steady. The Waukegan, Illinois, plume, for instance, was observed 

to fluctuate considerably during a 1-hr period. 

Most of the field work is accomplished in several favorable days, 

usually at the planned convenience of the investigators. There appears to 

be no systematic effort on the Great Lakes to choose "representative data 

days." Also, very few coordinated efforts have been undertaken on the 

Great Lakes to coordinate Infrared measurement overflights with three-

dimensional measurements of water temperature, currents, and meteorology. 

A list of power plants (fossil and nuclear) sited along the shores of 

the Great Lakes has been compiled.2 Work is continuing on the compilation 

of information on those power plants that are planning, are doing, or have 

completed thermal-plume transport studies, be they analytical, laboratory 

scale model, or field studies. 

Analytical modeling. The ultimate objective in thermal-plume modeling 

is to obtain spatial and temporal temperature and velocity distributions 

within the affected receiving water that can be used to make biological and 

ecological predictions. The bodies of water receiving the discharge can be 

categorized by their unique characteristics, i.e., lakes, rivers, estuaries, 

etc. Each of these receiving environments presents special design 

requirements and simplifications. 
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The classical analytical approach to such problems involves solving 

the basic equations of continuity, momentum, and energy with the appropriate 

boundary conditions and transport coefficients. Mass, momentum, and heat 

transport within any large body of water can be assumed to be governed by 

turbulent mechanisms, so the needed transport coefficients are not simple 

properties of the water alone, as they would be in laminar flows, but 

depend on the geometrical and environmental characteristics of the flow. 

The functional relationship of the transport coefficients to these 

geometrical and environmental characteristics is complex and not yet well 

defined. To provide solutions to turbulent problems, recourse is general

ly made to "turbulent equations of state"^ that relate the turbulent coef

ficients to local or global mean flow properties. Analytical solution of 

complex turbulent flows by necessity becomes a "trial and error" process 

in which simplifications are made to the governing equations, boundary 

conditions, and transport coefficients in order to obtain solutions. 

Observations of plume behavior show it to meander, with parts of the 

plume occasionally detaching and dissipating by tfiemselves. Over a signi

ficant portion of the plume, a sharp lateral boundary exists, particularly 

at the upstream edge in the presence of a current. The meandering implies 

a need for stochastic analytic models such as that of Gifford^ or that a 

deterministic model be a suitably averaged presentation. One hypothesis 

that allows for a sharp boundary in the presence of entrainment and mixing 

is that of a gravity-driver "head" flow;^ other models assuming "Gaussian 

like" temperature distributions cannot account for these phenomena although 

they have given satisfactory predictions of long time changes. 

It is sufficient to state that the available models are by necessity 

heavily semlempirical in nature, relying on assumed similarity conditions. 



such as Gaussian or other distributions (of momentum, mass, and heat), 

spread coefficients, entrainment coefficients, on eddy dlffuslvities of 

heat, mass, and momentum. 

There does not appear to be a suitable analytical model of the jet 

regime that will provide a priori predictions of "typical" Great Lakes 

outfall designs. The jet regime is of interest because it is the highest-

temperature portion of the plume. Many of the available analytical models 

for the far field region were developed for rivers or estuaries, with 

their unidirectional or strongly periodic currents. Application of these 

models to a lake is questionable. No models are available that consider 

the wind effects on the plumes in the far-field region. Simple analytical 

far-field models, such as the Edinger and Polk model,^ in the absence of 

a priori information about the ambient current and ambient diffusivlty, 

have little predictive value. 

Further development of the numerical modeling of thermal plumes should 

be considered when data suitable for checking the models become available. 

Numerical techniques have the potential capacity to account for nonlinear 

features and complex boundary conditions that often have to be ignored for 

purely analytical approaches.^ Recent advances in the theory of turbu

lence and computation of effects® encourage application to modeling of 

plumes. 

Mass-and Energy-Balance of the Great Lakes 

(J. V. Asbury) 

Lake-wide physical effects of thermal discharges on Lake Michigan, 

particularly as these effects relate to the mass/energy balance, have been 

Investigated and reported.' This study was specifically concerned with 

the heat-assimilative capacity of Lake Michigan relative to present and 
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projected man-made thermal loads. The methods developed for the Lake 

Michigan study were also used to estimate the heat-assimilative capacities 

of the other Great Lakes. 

It was concluded that the lake-wide effects of man-made thermal dis

charges into Lake Michigan are presently negligible and will continue to be 

so for the rest of this century. Man-made thermal discharges can be com

pared with the Lake Michigan energy budget. A one-gigawatt advectlve input, 

averaged over the lake, is equivalent to 0.13 Btu/ft2-day; the naturally 

occurring average rate of increase of lake heat content during the March-

August warming season is 1100 Btu/ft^-day. 

The average annual increase in water surface temperature for the whole 

lake has been determined to be 1.4 + 0.4 x 10-3°F/gigawatt of theirmal 

discharge; the associated annual average Increase in evaporative water 

loss if 9 + 2 ft^/sec-gigawatt of thermal discharge. The existing and pro

jected effects of power-plant thermal inputs on the mass-and-energy balance 

of the five Great Lakes are summarized in Table XXIX. 

TABLE XXIX. Effects of Utility Discharges on the Great Lakes—Present and 
Projected 

Lake 

Utility 
Discharges, 

Year Gw Btu(ft2-day) 

AT , 

ft^/sec 

Superior 

Michigan 

Huron 

Erie 

Ontario 

Whole 
Basin 

1970 
2000 
1970 
2000 
1970 
2000 
1970 
2000 
1970 
2000 

1970 
2000 

0.72 
4.8 
7.0 

90. 
1.25 
54. 
7.0 
95. 
5.2 
70. 

0.066 
0.44 
0.91 
12. 
0.16 
6.8 
2.1 
29. 
2.0 

27. 

0.0008 
0.0053 
0.0098 
0.126 
0.0017 
0.076 
0.022 
0.29 
0.022 
0.29 

6 
34 
63 
810 
11 
460 
63 
850 
44 
600 

187 
2750 
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Component Development—LMFBR—Instrument and Control 

XVII. PLANT DYNAMICS AND CONTROL ANALYSIS* 

(W. C. Lipinski and L. J. Habegger) 

Scope. The control systems that are proposed for the LMFBR plant 

designs in conjunction with the lOOO-MWe LMFBR plant design studies are 

being studied. The proposed control systems will be analyzed to assess 

adequacy to meet the overall control and performance goals of the large 

LMFBRs. In particular, the program will: (a) identify current and poten

tial LMFBR control problems, (b) identify systems where further control 

system optimization would improve the economic and operational aspects of 

the LMFBRs, and (c) identify development required in the area of LMFBR 

reactor and plant control. 

Summary. The lOOO-MWe LMFBR designs were reviewed and the work scopes 

of the follow-on dynamics simulation studies were formulated. Information 

on Individual-component dynamics was compiled and a simplified plant model 

was simulated on a hybrid computer. 

Review and Monitoring of lOOO-MWe LMFBR Follow-oft Studies 

Review of the lOOO-MWe LMFBR follow-on contracts and work scopes was 

completed, as was examination of the proposed schedule so as to ensure 

coordination that will meet the needs of the LMFBR program. 

Compilation of Information on Component Dynamics 

A compilation was made of information on the dynamic behavior of plant 

components and of information on instrumentation performance and component 

dynamics generated by the various test programs. Evaluation of the 

adequacy of the analytical models (by use of test data) was Initiated. 

Development and Simulation of Complete-plant Model 

A simplified complete-plant model for a lOOO-MWe LMFBR was developed 

and is being programmed on the existing ANL hybrid computer. The program 

*For references for this chapter, see p. 442. 



will be used in simulation of mild LMFBR transients that would be grouped 

as resulting from normal or upset conditions according to ASME classifi

cations, with provision for future extension to more severe transients re

sulting from emergency or faulted conditions. General descriptions of the 

major plant-component models being simulated are given below. 

Reactor. For the mild transients to be considered, the single-node 

or point-model description of neutron kinetics with six delayed-neutron 

groups is adequate. The dynamics of the coolant and fuel temperature in 

the core are assumed to be represented adequately by a single-channel model 

using two axial nodes. Average temperatures in the radial direction in 

the channel are used, and changes in cladding and structural-material en

ergy storage are ignored. The dynamics of the temperature of the coolant 

that passes through the reflector, blanket, and bypass channels are modeled 

by an additional representative channel with a single axial node. Feed

back reactivity of the core is a linear function of the temperatures in 

each axial node. Single-node models are also used in describing mixing 

and transport lags in both the inlet and outlet plenums. 

Intermediate heat exchanger (IHX). The dynamics of the secondary and 

primary sodium temperatures in the IHX are also based on the dynamics of a 

single representative channel. Two nodes in the channel will be used, and 

the changes in the structural heat storage are not to be included. 

Reheater. The model of the component for reheating the steam before 

it enters the intermediate- and low-pressure turbines is similar to that 

of the IHX. 

Steam generator. A once-through steam generator, which includes the 

vaporizer and superheater in a single unit, has been selected as the steam 

source for the turbines. Simulation of this component will comprise a ma

jor effort, since it is potentially the most sensitive to instabilities 
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and is difficult to model. The difficulty is due to the change of phase 

in the tube side and the change of heat-transfer coefficients that cor

respond to the transition to different flow regimes. Recent publications 

have demonstrated the advantages of using continuous-space-discrete-time 

(CSDT) simulations for counterflow heat exchangers.^"3 However, this ap

proach complicates the total-plant simulation, because a discrete-space-

continuous-time (DSCT) approach is used in simulation of the remaining 

plant components. A compromise approach that appears to have merit is to 

use a DSCT simulation with parameters based on spatial temperature pro

files computed using the continuous-space model. The parameters in the 

continuous-time simulation would be updated at appropriate intervals based 

on new computations of spatial temperature profiles. The quasi-lineari-

zation procedure for solving nonlinear multipoint boundary-value problems 

may be of use in obtaining the spatial temperature profiles.''"̂  

A simplified model of the steam generator was developed for use in an 

overall-plant simulation prior to completion of an advanced model that 

includes all salient features. The model selected is based on regions, 

which correspond to regions with major differences in heat-transfer coef

ficients between the tube wall and secondary fluid (H2O), are the one-

phase water region, boiling region with 0-25% quality, boiling region with 

25-100% quality, and superheat steam region. 

Coolant pipelines. Included in the simplified plant model are pure 

time delays for the coolant temperatures introduced by transport lags 

through the piping connecting the major plant components. These time de

lays are simulated digitally on the hybrid computer. For the variable 

flow velocities to be used in the simulation, the time delay becomes a 

variable that depends on the flow velocity history. 



Turbine, generator, condenser, and feedwater heaters. These compo

nents will not be modeled in detail in the initial plant simulation, but 

will be included in the advanced plant simulation to provide a complete 

closed loop. 

Control systems. The overall plant simulation will Include the fol

lowing control actuators: a control rod for reactor power control, a pri

mary pump for reactor-coolant flow control, an intermediate pump for con

trol of intermediate coolant flow, a feedwater pump, feedwater pump tur

bine, and control valves for control of feedwater flow, an intermediate-

coolant bypass valve to control intermediate-coolant flow to the steam 

generator, a reheater control valve to control intermediate-coolant flow 

to the reheater, and a main steam-throttle valve and steam-bypass valve 

to control steam flow from the steam generator to the high-pressure tur

bine. Various modes of operation for the above systems and their asso

ciated controllers will be considered to determine overall control-system 

performance and to identify and resolve problems. 

Multiple loops. The advanced simulation will include two IHX and 

steam-generation loops to determine their interaction during transients. 

A single loop is used in the initial simulation. 

Future Program 

The lOOO-MWe LMFBR follow-on studies will continue to be monitored 

for changes and new information. Models and simulation information on 

plant components will continue to be compiled. The model of the plant 

that has been simulated on a hybrid computer will be used to analyze the 

overall control-system performance, and control problems will be identi

fied and resolved. An improved model simulation for an entire LMFBR 

will be started. 
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Systems and Plant Development—LMFBR—Plant and Design 

XVIIl. lOOO-MWe PLANT STUDY CONTRACT MANAGEMENT, 
TECHNICAL REVIEW, AND EVALUATION* 

(L. W. Fromm) 

Overall scope. The lOOO-MWe LMFBR Follow-on Studies, performed in 

FY1967 through 1969, were a group of parallel in-depth investigations by 

industrial subcontractors. In those investigations the subcontractors 

prepared company-favored conceptual designs of LMFBR power plants that 

they expected to be commercially competitive in the 1980s. Trade-off and 

parametric studies were performed to make design selections, and research 

and development programs to provide information vital to the successful 

detailed design, construction, and operation of the plants were delineated. 

The definition of research and development programs was the principal 

objective of these studies. 

The studies were carried out under the management of Argonne National 

Laboratory. In this work, Argonne: (1) prepared scopes of work and 

ground rules so the studies would produce information needed to achieve 

program goals, (2) ensured that all subcontractor studies were performed 

in accord with the work scopes, ground rules, schedules, and contract 

funding, (3) assisted the subcontractors in obtaining the latest related 

Information being developed elsewhere, (4) ensured that the studies were 

realistic, that appropriate methods of analysis were used, that decisions 

were based on adequate depth of study, and that no study was distorted by 

unjustified assumptions, (5) provided AEC with evaluations of study results, 

and (6) recommended further profitable study areas. 

Argonne technical specialists met with each subcontractor period

ically, reviewed his technical notes and informal monthly and quarterly 

*For references for this chapter, see p. 460. 



reports, and furnished reviews and guidance. As formal phase and topical 

reports were received, the specialists evaluated them and reported the 

results to AEC. Fiscal and schedule control was maintained by reviewing 

subcontractors' monthly and quarterly administrative reports. 

Since the Follow-on Studies by the subcontractors were completed at 

the end of FY1969, Argonne's activities under this account in FY1970 were 

limited to (1) preparation and negotiation of scopes of work for further 

definitive studies to be performed by the subcontractors based upon their 

Follow-on study plant designs, and (2) technical evaluation of 

subcontractors' final reports on their Follow-on Studies. 

This account describes the Argonne activities in all technical areas 

except nuclear safety (activities in that area are described on pp. 

388-394). 

Management and Technical Review of Subcontractor's Studies 

(L, W, Fromm) 

Scope. Management and technical review of subcontractors' studies 

during FY1970 encompassed all activities connected with the initial 

establishment of new study programs by the subcontractors, including 

preparation of work scopes and negotiation of scopes with subcontractors 

and AEC to ensure compatibility with AEC objectives and available 

funding. 

Summary. Negotiations on subcontracts and scopes of work for 

various studies supplementing the earlier lOOO-MWe Follow-on Studies 

were pursued with General Electric, Westinghouse, and Atomics 

International. With issuance of the AEC Program Assumptions for FY1971, 

some of this work was terminated, and the remainder was transferred to 
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the contract management and technical review of plant safety analysis 

studies (p. 388). 

Preparation and negotiation of technical scopes of work with 

subcontractors. Subcontract negotiations were continued with General 

Electric for its combined pool-type primary system, plant safety 

analysis, and dynamics analysis and control study program, but were 

deferred for most of the year pending direct negotiations of patent and 

background information provisions between GE and AEC. Negotiation of a 

scope of work for a similar study program by Westinghouse Electric 

Corp., based on a loop-type primary system, was concluded, and sub

contract negotiations were begun upon receipt of AEC authorization. 

A work scope for a refueling-system study was prepared and agreed to 

by Atomics International, and preliminary work was done on a scope for 

a plant-maintainability study. With the issuance of the AEC Program 

Assumptions for FY1971, it became apparent that the refueling-system and 

plant-maintainability studies would not be funded in FY1970, and work 

in connection with initiating these studies was dropped. 

Future program. The Program Assumptions also indicated that the 

GE and Westinghouse studies would be funded in FY1971 and beyond under 

the Nuclear Safety Program. Therefore, activities under this program 

were transferred to the contract management and technical review of 

plant safety analysis studies (p. 388). 

Technical Evaluation of Subcontractors' Formal Study Reports 

(L. W. Fromm and K. A. Hub) 

Scope. The subcontractors' lOOO-MWe Follow-on Studies were divided 

into four phases, each of which represented a segment of the work 

program that logically could be reported as a technical unit. At the 

conclusion of each phase, the subcontractor submitted a formal task 



report suitable for publication. In some cases, the task reports were 

augmented by formal topical reports covering particular technical areas. 

Argonne technical specialists comprehensively evaluated all sub

contractors' task and topical reports. The comments and opinions 

comprising these evaluations were based on judgment and experience, 

supported as necessary by check calculations. Evaluations performed 

during the course of each study were reported to AEC informally as they 

were completed. At the conclusion of all subcontractors' studies, a 

final evaluation report was compiled. 

Summary, Evaluations of the Task-II, -III, and -IV reports by the 

1000-MWe LMFBR Follow-on Study subcontractors were completed, and a 

four-volume draft final evaluation report was issued to AEC and to the 

liffBR Program Office. The draft summary volume was also Issued to the 

subcontractors for their comments. The results of an ANL Plant 

Temperature Study were included in this evaluation report. 

Evaluations of lOOO-MWe LMFBR Follow-on Studies. [These eval

uations, in all aspects except safety, were conducted in this program. 

The safety aspects were evaluated in the program lOOO-MWe Safety Study 

Contract Management, Technical Review, and Evaluation (p. 388). 

However, for convenience, this section covers all aspects, including 

safety.] 

Evaluations of the lOOO-MWe Follow-on Study Task-II, -III, and -IV 

reports by Atomics International, Babcock & Wilcox, Combustion 

Engineering, General Electric, and Westinghouse were completed. The ANL 

Plant Temperature Study conducted as part of this evaluation work was 

concluded with the completion of independent analyses and overall 

screening and integration of the Follow-on Study data with other current 

Information to arrive at best-judgment temperature-range recommendations. 



447 

The results of the evaluations and the temperature study were compiled 

in an ANL final evaluation report in four volumes: Volume I, a summary 

report providing a brief history, general results, and evaluations 

summary of the subcontractors' work; Volume II, a plant design report 

containing the plant descriptions and evaluations of the plants, trade

off studies, parametric studies, safety, and economics; Volume III, a 

report on the R&D programs proposed by the subcontractors; and Volume 

IV, a compilation of backup and contractual material, including tables 

of capital-cost estimates for each subcontractor, an evaluation of the 

capital-cost estimates by an independent architect-engineer consultant, 

descriptions of the subcontractors' reports, and summaries of work 

scopes, guidelines, etc. The draft reports were transmitted to AEC 

and the LMFBR Program Office for review. The draft summary volume 

(Volume I) of the evaluation report was also issued to the subcontractors 

for their comment. 

The primary objective of the lOOO-MWe LMFBR Follow-on Studies was 

the delineation by the subcontractors of the research and development 

programs they believed would be necessary in bringing large commercial 

LMFBR power plants to competitive fruition in the 1980s. Therefore, 

the evaluations of the subcontractors' final Follow-on Study reports 

were originally prepared by Argonne with a view toward providing the 

maximum amount of information, opinions, and comments on the studies 

to the organizations having the responsibility for planning and 

directing the national LMFBR research and development program, i.e., the 

AEC and the LMFBR Program Office. Thus, it was recognized that the 

evaluation reports would require a major revision to make them suitable 

for public release. It had been planned earlier to effect this 

revision after receipt of comments on the draft reports from AEC and the 



subcontractors. However, it was decided to terminate further revision 

efforts and not to publish the evaluations—because the principal 

beneficiaries of the studies and evaluations, in respect to their 

primary objective of research-and-development program delineation, had 

already received the evaluation information, because all information 

developed by the subcontractors had already been published (see 

References, p. 460), and because of the press of higher-priority work 

demanding the attention of the staff that had been involved in the 

evaluations. 

During the Follow-on Study, a very large amount of information was 

generated and documented. The following description provides broad 

observations on design trends, results, conclusions, and recommendations 

in the categories of Plant Design and Safety, Plant Temperature Study, 

Engineering Analysis, Economics, R&D, and Overall, as gleaned in the 

ANL evaluation, 

Plan^ desi£n_and_sa^fe^t;^. The secondary objectives of the Follow-

on Study, which were associated with plant design, were well met. Briefly, 

these were: to encourage originality, to better understand safety problems, 

to supply industry with LMFBR-system functional requirements, and to pro

vide the AEC with plant information for the LMFBR Program Plan. Many 

different approaches were used in these studies, and their diversity should 

provide useful alternatives for industry and the AEC to weigh and compare. 

By way of introduction, a brief review of the significant variations 

in the contractors' plants is worthwhile. Each contractor was responsible 

for design selection of the entire plant, except Combustion Engineering, 

whose scope of work was limited to the heat-generation portion of the 

nuclear steam-supply system. 
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For their reference primary-system configurations. Combustion 

Engineering, Atomics International, and Westinghouse use the loop-type 

system design. Babcock & Wilcox and General Electric use the pool-type 

system design. 

Conventional containment structures are used by all contractors 

except General Electric. GE states that adequate safeguards could be 

incorporated in the design to ensure against any major accident. Based 

on this premise, the GE design has a confinement-type structure 

enclosing the reactor complex. 

All contractors use reheat in their steam-cycle design, except 

Westinghouse, which uses a nonreheat cycle, based on the results of the 

Westinghouse trade-off study of reheat vs. nonreheat. 

The Westinghouse design has a four-module core; all other contractors' 

designs have a single cylindrical core. For the fuel, Westinghouse and 

Combustion Engineering use carbides, and the other contractors use 

oxides. A hexagonal fuel-subassembly design is used by Al, B&W, and GE; 

CE uses a circular design,and W uses a square design. 

The contractors' approaches varied in specifying design require

ments relating to safety. ANL did not attempt to quantify safety items; 

for example, neither fuel-element damage, nor even damage thresholds, 

were calculated. During the course of the Follow-on work, safety 

criteria for LMFBRs were proposed, weaknesses in models and analysis 

became more extensively known, and the economic impact of safety 

restraints under certain assumptions was shown. 

The design of the core and blanket for the LMFBR plant has some 

notable trends. The core heights are generally taller than in previous 

designs because compromises in core geometry might not materially 



improve safety characteristics and/or because of greater reliance on 

instrumentation to avoid or minimize accidents. The fuel-element 

diameters for two of the three mixed-oxlde-fueled reactors are signi

ficantly larger than the 0.250-in. diameter at which most mixed-oxide 

irradiation data are currently being obtained. All five reactors 

have been designed for vented-to-coolant fuel elements, although only 

four reactors will have vented-to-coolant fuel elements in the initial 

core loading. Optimum reactor outlet temperature depends partially on 

the assumed relationship between cladding temperature and fuel life. 

Although different fuel models were used to estimate thermal and 

mechanical performance for the four reactors with orificed cores, the 

range of outlet sodium temperatures was only 1098 to 1150°F. 

Table XXX summarizes the main plant parameters for each of the 

contractors' designs. 

l̂an_t̂  ̂ emp̂ râ tiirê  .£t_ud2.. Based on the results of the contractors' 

work and on ANL's independent investigations, ANL made a plant temperature 

study. The main objectives of this study were to determine the sodium 

outlet-temperature range for a nominal commercial plant and to recommend 

possible changes in the temperature ranges that currently form the bounds 

of the overall LMFBR program. 

The guiding criterion for temperature selection is the cost of electri

cal energy, which defines the competitiveness of the LMFBR with other 

energy systems. This ability to compete is largely unknown; however, a 

reasonable assumption is that competition with other energy systems will 

be intense. 

For the reactors using oxide fuel in the core, ANL studied the 

electrical-energy cost sensitivity vs. reactor outlet temperature. Figure 
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146 shows the contractor and ANL results. The important observation is the 

small variation ( 0.05 mill/kWh) between power-generation costs with 1100°F 

outlet temperature and the optimum temperature. The scale of total costs, 

i.e., 3.3 to 4.6 mills/kWh, is not important, except that it shows apparent 

insensitivity of the variation to absolute cost magnitude. Plant relia

bility and unavailability factors were not included in the cost optimiza

tion because of the lack of data. However, based on conventional-plant 

experience, these factors could be significant in the selection of reactor 

outlet temperature. 

The establishment of research-and-development temperature goals 

for various portions of the LMFBR plant can be considered on two bases: 

the selection of temperatures that assure a good probability of the 

LMFBR becoming competitive at the target date, and the justification of 



453 

a temperature higher than that required for competitiveness because the 

worth of a decrease in power costs is greater than the worth of the R&D 

cost. At this stage of development, the emphasis is naturally on the 

temperature required for competitiveness; however, many questions exist, 

for example, the impact of stainless-steel swelling on design-point 

selections. 

Plant design temperatures are selected within a dynamic framework; 

that is, new information, either cost or experimental data, can alter 

old relationships and thus necessitate a new evaluation of selected 

design parameters. 

The conclusions within the general study limitations are: (1) com

pared with higher temperatures, an 1100°F competitive-target temperature 

will inflict a penalty no greater than 1% of the total LMFBR electrical 

energy cost, (2) temperature rises of 300-350°F in the primary sodium 

appear reasonable from a cost standpoint, (3) secondary-system hot-leg 

temperatures are determined in part by materials selection for the 

superheater and reheater-superheater-evaporator oonfiguration; all 

contractors except B&W used austenitic-type stainless steel rather 

than Croloy 2-1/4 for their superheaters and reheaters, (4) the major 

consideration in establishing plant temperature is the burnup and 

thermal performance of the fuel element at various temperatures; at 

present, the fuel burnup has the greatest uncertainty of all the factors 

considered; maximum cladding temperatures of -1300°F were used by 

the contractors. 

The investigations using temperature-dependent cost functions 

resulted in analytical optimum sodium outlet temperatures of 1125 to 

1150°F. Although the relationships betweep outlet temperature and 



forced-outage rate, and between outlet temperature and unavailability, 

are unknown, forced-outage rate and unavailability are expected to 

increase with increasing temperature. Based on this study, ANL re

commended that a value of 1100°F be selected as the sodium outlet 

temperature goal for competitive LMFBR plants. 

E^n^inee^rin^ ana^lxsis. The mechanical, safety, neutronics, and 

economic aspects of nuclear plant engineering have a number of problem 

areas and analytical weaknesses. 

A major design concern that strongly influences core design is the 

accommodation of stainless-steel swelling; this problem was not con

sidered by any of the five contractors in the design of their cores, 

because its importance was not generally recognized during design. 

Another item that has a strong influence on core design is the fuel 

fabrication cost. The contractors used different models of the 

dependence of this cost on fuel-pin parameters such as diameter and 

length. Their design selections directly reflect these assumptions. 

A core-design area that was not well covered by the Follow-on work 

was reactivity control. Further analytical work must be performed to 

provide suitable control-rod designs, to determine modes of control 

management during normal operation, and to find the overall effects of 

control rods on thermal-hydraulic and fuel-burnup performance. 

Analysis methods varied considerably among the five contractors, 

reflecting the current state of active development. An important area 

of weakness was fuel-cycle analysis; however, ongoing activities will 

soon improve this situation considerably. Methods for predicting fuel 

lifetime in terms of MWd/MT varied among contractors. A large 

deficiency existed in this area of core design at the start of the 
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contracts; however, with the method development and fuel-modeling work 

under way, the analytical predictions should be greatly improved. 

Before the Follow-on activity began, there was a general belief in 

the U.S. that a reasonable safety criterion would be to design a reactor 

with a nonpositive total coolant-voiding reactivity change. During the 

course of these studies, most of the designers took the position that 

satisfying this criterion severely compromised the LMFBR economics. The 

designs of Atomics International, Babcock and Wilcox, and General 

Electric were not modified in any way to reduce the positive-void 

effect. Westinghouse's reference design did satisfy a nominal void-

effect criterion, but Westinghouse showed a strong preference (repre

sented by an alternate reference design) for an unspoiled geometry. 

Combustion Engineering arrived at a system with a fairly small posi

tive-void effect. Physics design is greatly simplified by removing this 

criterion; the criterion is arbitrary in any case, and does not in 

itself guarantee safety against release of contaminants. 

The neutron cross-section data were in a state of important 

changes during the Follow-on Study. The original recommendation by ANL 

was that all contractors use the Category-I file of ENDF/B. This 

recommendation was relaxed when it became apparent that this file would 

not be available in time for general use (also, this file had not been 

fully tested for accuracy when it was released). As a result, the 

contractors used a variety of data files for their analyses. During 

the Task-II work, ANL recommended that the contractors recalculate 

their reference designs with the Revised Category-I file of ENDF/B for 

the purpose of normalization; in general this was done. The comparison 

calculations of the final reference designs that were made by ANL 

employed the Revised Category-I file, with the exception of the Pu^^^ 



data. By the time this work was started, there was general agreement 

that the recent capture-to-fission-ratio measurement of Pu^^^ should be 

incorporated into the data file. Consequently, the ENDF/B file was 

modified to correspond to the ORNL-RPI measurements of this ratio. 

With the exception of Westinghouse, the contractors favor the 

reheat steam cycle (CE did not study steam cycles). Westinghouse chose 

a nonreheat moisture-separation steam cycle. All contractors chose a 

2400-psig turbine throttle pressure and throttle temperatures in the 

range of 900 to 1000°F. 

Although most contractors favor the reheat steam cycle, the total 

cost-of-energy differential is not large. However, the trend toward 

reheat is reinforced by items such as the following: turbine size 

limitations are less severe for the 2000-MWe units projected for the 

future; a reheat cycle will produce less waste heat; and turbine-

generator maintenance might be lower because of less moisture in the 

exhaust steam. On the negative side, none of the contractors adequately 

assessed the effects of the reheat cycle's greater complexity of 

equipment arrangement and its more complex control aspects. While the 

reheat cycle might be desirable for the future 2000-MWe plants, the 

nonreheat cycle has an advantage for the first demonstration plant be

cause of simpler equipment and control. However, the experience with 

the reheat cycle will be lost if a nonreheat cycle is selected for the 

demonstration plant. 

E^ccin£mic£. The capital-cost estimates, after ANL modification, 

averaged $185/kWe, with a deviation from the average of +3.8 and -4.9%. 

The small range of the estimates is not surprising because much of the 

plant cost is not unique to the concept. From an evaluation standpoint, 

the capital costs for all the concepts are approximately equal. 
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The total energy costs reported by the Follow-on Study contractors 

for their reference designs varied from 3.87 to 4.56 mills/kWh. The ANL 

modified total energy costs are based on a cursory evaluation and are 

not necessarily more accurate than the contractor's reported values; 

however, these total energy costs are on more consistent bases. The 

energy cost normalization did not include ANL changes in the contractors' 

reported neutronics or fuel-management schemes. The ANL-modified total 

energy costs varied from 4.6 to 5.0 mills/kWh. 

The economic feasibility of the LMFBR concept depends strongly on 

the plant capital cost. The capital-cost estimates are highly uncertain 

because of the lack of system and safety definition. LMFBR capital-cost 

estimates are difficult to compare with LWR cost estimates because of 

differences in ground rules, design and safety requirements, cost 

escalation, etc. However, to provide a partial reference for LMFBR cost, 

a lOOO-MWe LWR plant based on a revised estimate of WASH-1082* was costed 

according to LMFBR indirect-cost procedure. This comparison indicated 

that the LMFBR would cost $20/kWe more than the LWR. However, a cost 

comparison of different generating-plant concepts is not very meaning

ful for independently prepared estimates. Only by making side-by-side 

capital-cost-estimate comparisons can the cost of the LMFBR be assessed 

meaningfully. 

The fuel fabrication costs vary widely among contractors. This 

variation is not surprising because of the many unknowns affecting the 

fabrication of LMFBR fuels. The cost of reprocessing LMFBR fuels is 

also highly uncertain. 

*USAEC, "Current Status and Future Technical and Economic Potential 
of Light Water Reactors," WASH-1082, March 1968. 



Resear£h_and_deve^lopmen^t. Two of the four primary objectives of 

the Follow-on Study were to assess the relative value of performing the 

R&D in each area, and to estimate the probability of successful achievement 

in each of the R&D areas. These were not well met by each contractor. 

However, collectively there is enough information to allow a qualitative 

insight into the value of performing the R&D and the probability of success. 

To a large extent, this study confirmed the general content of the 

existing LMFBR Program Plan; in addition, the Program Plan should re

ceive much definitive guidance from the various contractors' reference-

design descriptions. A continuing study of large LMFBR plants on the 

part of industry is recommended to augment the existing knowledge on 

safety aspects of the plant and on licensing requirements to further 

define target-plant conditions and to provide in-depth information 

such as the magnitude and duration of temperature transients that will 

be experienced throughout the plant. By further careful work, the R&D 

required will be better defined and R&D money and time will be saved. 

A general comment on the programs of Safety R&D that have been 

proposed by the five contractors is that the specific R&D requirements 

should have been more thoroughly evaluated for the particular reference 

system and the R&D program should have been more coherently and logi

cally planned so as to make optimum use of R&D results both from activi

ties already in progress elsewhere and from the activities within the 

R&D program. A general criticism that cannot be leveled with equal 

force at all the contractors is that wherever feasible and useful there 

should be intimately interacting programs of analysis and experiment. 

The physics research and development sections of the study reports 

generally called for many detailed integral experiments to aid the 
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designers of lOOO-MWe plants. Some of the requests would severely 

strain the capabilities of existing facilities and might require large 

expenditures for special equipment. These requests should be carefully 

reviewed to find whether some of these physics experiments should be 

carried out in early demonstration plants. 

The contractors were required to give a brief description of the 

base of current technology considered to be the starting point for the 

new R&D information needed. These descriptions were generally quite 

brief and lacked detail. The contractors are not in possession of 

enough detailed information about the EBR-II plant and probably the 

Fermi plant. ANL believes that the LMFBR state-of-technology must be 

assessed more thoroughly throughout the industry. This assessment 

would prevent duplication of effort by better defining the starting 

point for new R&D information needed. 

The introduction date for commercial LMFBR plants appears to have 

slipped since the original LMFBR studies. At the present time, the ANL 

expectation of nonsubsidized power operation is bfetween 1984 and 1990. 

In most cases, the earlier studies appeared to expect commercial 

operation sooner; however, one company did state the late 1980s, Inter

pretation of the Program Plan results in a circa-1985 commercial date. 

Competive expectations due to probable U,0 price increases with large 

ore demands in the future, and the uranium-plutonium fuel system 

synergism with LWR and LMFBR plants, will be the two main factors in the 

industrial decisions to move ahead. The commercial target date should 

be intimately tied to the R&D schedule and the timeliness of efforts. 

System studies of LMFBR plants in utility electrical networks should 

be made to keep information on the competitive position and the target 

dates current. 



Oye^r£lj^. The most important primary objective, identifying the 

R&D information needed for the industry-favored reference concept, was 

successfully accomplished. Although it was not possible for the contrac

tors to perform in-depth work in all areas, we do not think that the 

objectives of the study were unduly compromised. 

Future program. Work on the Follow-on program was completed. 

Extension of the work in the safety area is described on pp. 388-394. 
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