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LEGAL NOTICE

Thia report was prepared as an account of Govern-
ment sponsored work. Neither the United States,
nor the Commission, nor the Air Force, nor any
person acting on behalf of the Commission or the
Air Force: ' ' : '

A. Makes any warranty or representation, express
or implied, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of any
information, apparatus, method, or process

disclosed in this report may not infringe

privately owned rights; or

Assumes any liabilities with respect to the
use of, or for damages resulting from the use
of any information, apparatus, method, or
process disclosed in this report.

v

As used in the above ‘‘person acting on behalfl of
the Commission or Air Force' includes any em-
ployee or contractor of the Commission or Air
Force to the extent that such emplcyee or con-
tractor prepsres, handles, or distributes, or pro-
vides access to, any information pursuant to his
employment or contract with the Commisasion or
Air Force.
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ABSTRACT

This report contains a description of the Advanced Core
Test assembly and an evaluation of the hazards associated
with the operation of this assembly.
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1. INTRODUCTION

This report presents an evaluation of the radiological safety aspects of the testing
planned for the D140E1 Advanced Core Test assembly. The test assembly is a prototype
of a direct-cycle divided-shield aircraft power plant in which the engine air is directly
heated by the reactor and the shielding is divided between the reactor and the crew com-
partment in order to minimize the total shield weight. The assembly consists of reactor,
shield, X211 engine with chemical interburners, and accessory equipment. The reactor
contains ceramic fuel-moderator elements consisting of beryllium oxide impregnated
with a uranium oxide - yttrium oxide fuel additive.

The test program includes (1) preliminary operation with the chemical interburners,
(2) low-power nuclear tests at powers to 10 megawatts to obtain aerothermal and nuclear
data, and (3) operation at full power for 1000 hours to determine performance and endur-
ance capabilities. The reactor power during most of these tests will be that required to
simulate reactor conditions during cruise, about 50 megawatts; but some tests will be
made at 110 megawatts to simulate emergency conditions. The energy accumulation used
in the calculations of fission product inventory was based on a power level of 50 megawatts,
whereas the analyses of potential system malfunctions are based on power levels near 100
megawatts. In normal service the temperature levels throughout the system are the same
for both power levels, the difference in power being produced by the difference between
the density of air at 35, 000 feet altitude and air at 5, 000 feet altitude, which are the de-
sign-point altitudes for the cruise and emergency conditions, respectively. Cruise condi-
tions will be simulated in Idaho by restricting airflow to the compressor or by bypassing
air around the reactor.

Both the continuous fission product release rates and the physical characteristics of
the fuel that were used in the analyses reported herein are based on experimental data
acquired from many laboratory and in-pile engineering tests of fuel elements and fuel
assemblies.

Release of radioactive material during ACT operation occurs under the following cir-
cumstances.
1. Normal operation:
Acceptable low-level release of fission products from the fuel elements.
2. Abnormal operation:
a. Local overheating of one or more fuel tubes as a result of air blockage.
b. A meltdown caused by failure of afterheat-removal mechanism.
¢. A nuclear excursion caused by control failures or core deformation resulting
from meltdown.

The analysis provided in the report shows that the normal low-level release of fission
products produces only a fraction of the tolerance dose for essentially unrestricted oper-
ations. The analysis also shows that by proper exercise of safety measures and opera-
tional control, the hazard involved with any of the abnormal situations discussed can be
limited to acceptable levels. t3
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2.SYSTEM DESCRIPTION

The Advanced Core Test assembly, shown in Figure 2. 1, is a single-engine integral in-
line arrangement in which a compressor and turbine of the existing X211 design are used
with a shielded ceramic reactor. The compressor and turbine are connected by a hollow,
cooled shaft. The reactor, side shield, end shields, and chemical interburners are ar-
ranged concentrically around the shaft. Reactor control is accomplished with multiple
poison rods in the reflector that are moved by actuators symmetrically distributed around
the rear frame of the compressor.

Fig. 2.1 -D140kE1 Advanced Core Test assembly

Primary air flows from the compressor discharge annulus through an annular passage
in the forward shield and into the reactor. Air, discharged from the reactor through a
similar annular passage in the rear shield, flows through the chemical interburner sec-
tion and then into the turbine. After expanding through the turbine, the air passes through
the afterburner and tailcone and is exhausted through a stack to the atmosphere. A portion
of the primary air bypasses the reactor core and provides cooling for the front shield, rear
shield, reflector, control rods, and associated mechanical structure. Subsequently, this
air is collected in the rear annular duct, where it is mixed with reactor discharge air. The
mixture then enters the turbine. Turbine cooling air and scal leakage air arc bled from
the compressor. The hollow shaft is cooled™Sy ninth-stage compressor bleed air.

The mechanical, thermodynamic, and nuclear characteristics of the assembly are
listed in Table 2. 1.
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TABLE 2.1

ACT TEST ASSEMBLY

MECHANICAL, THERMODYNAMIC, AND NUCLEAR CHARACTERISTICS

Mechanical

Engine type
Engine speed (military), rpm
Test assembly maximum diameter, inches
Test assembly length, inches
Test assembly design life, hours
Reactor active core outside diameter, inches
Reactor active core inside diameter, inches
Reactor active core length, inches
Fuel tubes
Base material
Fuel additive
Number of tubes
Inside diameter, inches
Across flats, inches
Clad material
Clad thickness, inch
Control rods
Number
Material
Length of stroke, inches

Thermodynamic

Engine airflow, lb/sec

Reactor power, mw

Engine compressor ratio

Turbine inlet temperature, OF

Turbine-to-compressor pressure ratio

Compressor discharge temperature, °F

Compressor discharge pressure, lb/in.2

Reactor active core airflow area, in.2
Reactor-outlet-to-inlet pressure ratio

Reactor inlet air temperature, OF

Reactor inlet pressure, psia

Total reactor flow, lb/sec

Fuel tube airflow Mach No.

Average fuel element discharge temperature, OF
Average-fuel-channel maximum surface temperature, °F
Maximum estimated fuel element surface temperature, O°F
Maximum estimated fuel element temperature, °F

Nuclear

Excess multiplication constant,% Ak
Clean core at 680F
Poiscned, depleted core at 200007
Control capacity
Fueled core composition
Fuel loading (93. 2% enriched uranium), Ib
Volume fractions
Void
Fuel elements
Reflector thicknesses, inches

Front - Be

BeO
Rear - BeO -
Radial - BeO i

Fuel element average power density, Btu/in.3-sec
Active core average power density, Btu/in.3-sec

X211
5000
111
4217
1000
45
17.2
30

BeO

55 Y903 - 45 UOg
170, 000

0, 167

0.249

85 ZrOg - 15 Y904
0. 003

48
E11203"Ni

24

173
50
12:1
1740
0.75
583
73.3
545
0. 857
583
69. 2
154. 6
0. 121
1896
2210
2500
2530

+ o+
e 8
O =1 O

192

0.418
0.582
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2.1 COMPONENT DESCRIPTION

2.1.1 REACTOR

2.1,1.1 General Description

11

The general configuration of the D140E1 reactor is shown in Figures 2.2, 2.3, and 2.4,

and dimensions are given in Table 2,2, The reactor is composed of an active core, a

central island, side and end reflectors, and external structure.

The active core is an annular cylindrical region containing beryllium oxide fuel ele-
ments. Each fuel element is a small hexagonal tube, 0.249 inch across flats and 4.28
inches long with an inside diameter of 0.167 inch. There are nearly 25,000 airflow
passages through the reactor and approximately 170,000 separate fuel elements in the

active core.

The central island, surrounded by the active core, provides a through-hole for the
shaft of the turbomachinery. The island is composed of an annular region of aluminum
oxide tubes and bars (with the same over-all dimensions as the fuel elements), a metal
liner, and a metal shaft tunnel. The alumina tubes and bars provide thermal insulation

TABLE 2.2

SUMMARY OF D140E1 REACTOR DIMENSIONS

(Dimensions in inches)

Radial Dimensions

Shaft OD 11:26
Tunnel ID 12.50
Tunnel OD 12,63
Liner ID 158 3
Inner reflector ID (equivalent) 13.64
Inner reflector thickness (AlgO3) 1.79
Active core ID 17,22
Active core OD 45.00
Radial reflector thickness (BeO) 8.50
Reflector OD 62.0
Pressure pad thickness (hominal) 0.25
Pressure pads OD 62.50
Spring gap thickness 1.625
Structural shell ID 65.75
Structural shell thickness 0. 125
Over-all diameter of structural shell (nominal) 66. 00
Longitudinal Dimensions

Forward hardware (screen and instrumentation) 0.50
Front reflector (Be) 3125
Expansion gap 0.20
Forward transition (BeO Adapter) 1.50
Active core 30.00
Rear reflector (BeO) = 1.50
Rear support structure 2.50
Total reactor length (nominal) 39.45




Fig. 2.2-D140E]1 reactor

for the metallic components in the center of the island. The tubes also function as a
gamma shield and reduce the heating rate in the metallic componegts. The liner functions
as an arch so that the tubes can bridge the central hole. The tunnel is a structural com-
ponent as well as part of the air-ducting system for the shield, It carries part of the
longitudinal loads on the reactor from the aft retainer to the front shield. The tunnel and
liner form an annular duct that channels cooling air from the front shield to the rear
shield. The tunnel is kept concentric with the liner so that the airflow in the annular
passage is not affected by deflections of the reactor under flight loads.

The side reflector is an 8.5-inch thickness of unfueled beryllium oxide tubes. Absorber
rods are placed at 48 locations within the side reflector 1.75 inches from the boundary of
the active core. These rods, which are Eu203 in a nickel matrix with an 80 Ni - 20 Cr
cladding, are withdrawn or inserted for reactivity control. A larger BeO tube (1.5 inches
across flats) provides the cavity for the control rod guide tube.

The rear reflector is a 1. 5-inch thickness of unfueled beryllium oxide in the form of
a transition segment that takes air from 19 fuel element tubes and collects it into a single
large-diameter passage. Transition pieces are also used at the forward end of the reactor
between the metallic reflector and the active core. The transition ﬁiece permits the use
of larger-diameter holes in the forward and rear structural components and thus facili-
tates a better structural and aerodynamic desig \
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Note: Dimensions in inches
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The front reflector is composed of a 3.25-inch thickness of beryllium metal and a
1.5-inch thickness of beryllium oxide. The beryllium slabs are divided into several seg-
ments and are perforated to admit cooling air to the active core. The front reflector also
serves as a structural component to restrain fuel elements against forward motion.

The external structure of the reactor is composed of a radial support system and a
longitudinal support system. The radial structure maintains the ceramic reactor com-
" ponents in a compressed unit assembly and resists lateral loads. The longitudinal
structure resists aerodynamic drag on the reactor and axial inertial loads.

The radial structure is composed of a structural shell, leaf springs, and pressure
pads. The structural shell, which envelops the reactor, is cantilevered from the flange
connection to the shield at the forward end. The springs are loaded against the shell and
impose a load that is transmitted through the pressure pads into the tube bundle. The
pressure pads, which are borated (1 weight percent B10) to suppress neutron heating
in the side shield, distribute the spring loads over several tubes.

The main component of the longitudinal support system is the aft retainer structure.
This structure, which resists the aft loads on the reactor, is made in 30-degree seg-
ments that are supported near the center by the shaft tunnel and near the outside by the
rear-shield outerbody.

The aft retainer is a fabricated structure of plates and tubes. The tubes act as shear
ties and spacers for the parallel plates, The discharge air from the fuel elements
passes through the tubes of the aft retainer, and the structure is cooled internally
by air taken from the reflector region of the reactor.

2,1.1.2 Thermal Design

Performance Requirements

Reactor performance requirements tabulated in Table 2.3 correspond to power plant
operation at an altitude of 35,000 feet (standard day) and a flight Mach number of 0.8.

Reactor Airflow Distribution

Estimates of reactor airflow distribution and associated air temperatures are shown
in Table 2.4. Fuel element thermal design is based on the fuel element airflow and exit
air temperature given in the table.

Current design proposals anticipate the use of air exhausted from the control rods
and guide tubes, and from the outer portion of the radial reflector for cooling the aft
retainer. Air exhausted from the springs, pressure pads, and shell is used to cool the
outer body of the aft shield.

TABLE 2.3
REACTOR PERFORMANCE REQUIREMENTS

Reactor Flow Rate, Ib/sec 154. 6
Fuel Element Flow Rate, lb/sec 129.9
Core Inlet Pressure, psia 69. 2
Core Pressure Ratio 0. 857
Core Inlet Temperature, OF .- 582
Turbine Inlet Temperature, OF 1740

Total Reactor Power, mw 50. 4
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TABLE 2.4
REACTOR AIRFLOW DISTRIBUTION
Exit Air

Airflow Percent of Temperature,

Ib/sec Total Airflow OF
Center Island 1.4 0.9
Fuel Elements : 129.9 84.0 18962
Reflector 7.5 4.6 1350 (inner portion)

900 (outer portion)
Control Rods and

Guide Tubes 2.8 1.8 970
Springs, Pressure Pads,
and Shell 2.0 1.3 750
Bypass for Shield Cooling 11.4 3 7.4
Total 154. 6 100. 0

4Fuel element power equals 96 percent of reactor total power.

Reactor Temperatures

A longitudinal temperature profile through the length of the reactor-is shown in Figure
2.5. This temperature profile is calculated for an average channel. An average channel
is defined as a channel that produces average power and that handles average airflow.
As shown in Figure 2.5, the maximum temperature of this channel is 2210°F. This is
referred to as the average-channel maximum temperature.

Figure 2.6 shows the temperature distribution in a radial cross section. The radial
section through the reactor has been cut at the position of maximum temperature in the
FRONT REAR
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Fig. 2.5 — Average longitudinal temperature distributj ACT assembly
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Fig. 2.6 - Radial temperature distribution, ACT assembly

longitudinal direction. The left edge of Figure 2.6 represents the shaft axis. Outward
radially from the shaft axis the temperatures are relatively low in the shaft, tunnel, and
liner. The temperature then rises through the aluminum oxide island in order to meet the
active core temperatures. The temperature then decreases through the radial reflector
to a relatively low value in the area of the springs and reactor shell. The fuel element
temperatures shown in this figure indicate the gross effect of control rod movement.
When the control rods are fully inserted early in core life, the power and consequently
the temperatures are highest near the center of the core. As the control rods are re-
moved, the power and temperatures shift gradually; the other curve shows the temper-
atures for the extreme position of the control rods, namely, completely withdrawn, which
occurs at the end of core life. The average of these two curves is 22109F, which is the
average-channel maximum temperature mentioned previously. The fuel element tem-
peratures shown in Figures 2.5 and 2.6 are predicted for ideal reactor behavior. Devia-
tions from this ideal behavior are discussed later under "Fuel Element Thermal Pre-
dictions," where a fuel element maximum temperature of 25300F is identified,

Predicted maximum design temperatures for the several reactor components are
given in Table 2.5.

Fuel Element Thermal Design

Sizing of the fuel element flow passages required additional conditions and assumptions.
Subsequent design modifications, such as changes in the area for flow of fuel element air
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TABLE 2.5

PREDICTED COMPONENT MAXIMUM DESIGN TEMPERATURES

FOR ACT ASSEMBLY

Temperature, OF

Active Core

Fuel elements 2530
Central Island
Shaft tunnel?® 800
Shaft linera 1200
Alumina tubes
Adjacent to shaft liner 1200
Adjacent to fuel elements 2300
Side and End Reflectors
Side reflector
Adjacent to fuel elements 2300
Adjacent to pressure pads 1200
Front reflector 650
Rear reflector 2100
Radial Support System
Pressure pads 1200
Leaf springs 1200
Pressure shell? 1100
Aft Retainer
Structure? 1600
Insulation 2050
Poison Rod Group
Poison rod - center of poison core 1800
Clad 1650
Guide tube 1500
Insulation 2000
Radial arch? 2300

AThese temperatures are the maximum values used for design.
Operating temperatures may be adjusted to lower levels.

through the aft retainer, may later modify some of the assumptions. Data shown in Table

]

2.6 represent the assumptions associated with the thermal design data shown in Table 2.7,
and are not necessarily consistent in all detail with configuration data shown elsewhere in
in this report.

Design requirements and assumptions listed above permit the determination of required
fuel element free-flow area and hydraulic diameter. These data plus other thermal data
are shown in Table 2.7,

Identification of fueled volume fractions for the active core together with coating assum-
tions and the above flow passage dimensions establishes the thermal characteristics of the
fuel tubes as shown in Table 2.8.

Fuel Element Thermal Predictions i

Radial temperature distributions in the active core are shown in Figure 2.7 in some-
what greater detail than was shown in Figure 2.6. The two gueves shown in Figure 2.6,
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TABLE 2.6
FUEL ELEMENT THERMAL DESIGN ASSUMPTIONS

Configuration

Length of active core, in. &)
Length of forward reflector, in.

Length of aft reflector, in.

Aft retainer thickness, in.

[l o S =]
[ IR 1]

Nuclear

Longitudinal power distribution Chopped cosine curve symmetrical about
reactor midplane with maximum-to-mini-
mum ratio of 2

Radial power distribution Uniform

Thermal

G\0. 8/Tp\0. 8 Cp 0.4
Heat transfer coefficient ?{D 0. 0205 ( ]i ) ( T ) (TF )
(Smooth tube, f f f f

Subscripts b and £ refer to bulk
and film temperature, respectively.
T¢ = (Ts + Tb)/Z)

-0.2
Friction factor f=1.15 x 0. 046 NRe

(f = 1.15 x fgmooth tube)
Inlet Loss Coefficient (based on fuel
dynamic head at fuel tube inlet) 0. 36

Exit Loss Coefficient (based on fuel
dynamic head at fuel tube exit) 0. 40

Average-Channel Maximum
Temperature 2210°F

i

the distribution for the case of control rods fully inserted and for the case of control rods
fully removed, are reported in Figure 2.7. They were modified slightly to reflect an im-
proved radial fuel distribution. A third curve for an intermediate rod insertion of 10
inches was added. The predicted radial power shifts due to control rod movements resuit
in an average fuel element surface temperature within a radial region of about 2290°F,
or 80°F in excess of the average maximum temperature of 22100F,

Superimposed on these three curves are some of the fine detail expected in the tem-
perature profiles. Since it is necessary to make discrete steps in fuel loading, power
gradients will occur across regions of constant fuel loading. The local temperature de-
viations shown here correspond to those power gradients and indicate that a deviation
from region average temperature of about 40°F will result. The concept of temperature
flattening is best illustrated by the curves shown in Figure 2.7. Control rod insertion and
removal to compensate for nuclear poisons produces variations in temperatures. At the
beginning of core life the temperatures are highest in the inner regions of the core, and
at the end of core life they are highest in the outer regions of the core. The aim of the
temperature flattening is to equalize these two maximum temperatures and maintain
temperatures in the remainder of the core as near to these temperatures as possible.
These kinds of temperature deviations are built-in temperature deviations because they
are known characteristics of the reactor design.
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i TABLE 2.7

THERMAL CHARACTERISTICS OF AVERAGE
FUEL ELEMENT FLOW PASSAGE

Temperatures, °F

Inlet air to forward reflector 582
Exit air from aft retainer 1896
Surface - average maximum 2210
Configuration
Area for airflow, in.2 545
Hydraulic diameter, in. 0. 167
Length, in. 36.5
Forward reflector 4 p
Fuel elements ) 30
Aft reflector 1..p
Aft retainer 1.0 .
Number of passages 24, 881
Heat transfer area, £t2 2720 )
Mass Velocity, 1b/sec-it2 34.3
Heat Flux, Average, Btu/hr-ft2 64, 700 l
Total Pressure, psia
Reactor inlet 69.2
Reactor exit 59. 3 '
Total Pressure Loss, psi 9,93 |
Entrance loss 0.25
Friction and heat addition 8.95 ¥
Exit loss 0.73 l
Reynolds Number
Fuel element inlet 2.37Tx 104 )
Fuel element exit 1.44 x 104 l
Mach Number {
Fuel element inlet 0. 121
Fuel element exit 0.214 ’
Dynamic Head l
Fuel element inlet, psi 0.69-
Fuel element exit, psi 1.79 .

TABLE 2.8
THERMAL CHARACTERISTICS OF FUEL TUBES

-

Configuration
Hydraulic diameter, in. 0. 167
Width across flats, in. 0. 249 \
Coating thickness, in. 0. 003
Inner diameter, fueled matrix, in. 0,173 ;
Total length, in. 30
Volumetric Heating, Btu/sec-in.3
Average ’ 2.04
Average maximum 2, 49
Average Internal Temperature Rise, °F 25.5
Coating = 12.5
Fueled matrix 13

. 3 < ot b | . _—
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Temperature allowances for the built-in deviations and added allowances for other
variables were made in order to arrive at a hot-channel maximum temperature, These
data are summarized in Table 2.9. The built-in temperature deviations total 120°F.
Adding this to the reference temperature of 22109F produces a maximum calculated
surface temperature of 23300F. This temperature represents the maximum tempera-
ture that can be predicted from the known power and flow distributions, assuming that
power and flow are correctly matched. The next items represent allowances for possible
statistical combinations of other variables. The allowance for dimensional tolerances
assumes a completely unfavorable stackup of all the tolerances in a single channel. Since
design practice will be to determine the nuclear power and the airflow distributions ex-
perimentally, the allowance labeled ""measurement uncertainty' accounts for possible
imprecisions in the experimental measurements of local power and airflow,

TABLE 2.9
FUEL ELEMENT HOT SPOTS

Temperature, °F

Average Maximum Temperature 2210
Built-In Temperature Deviations 120
Maximum Calculated Surface Temperature 2330

Allowances
Fabrication Tolerance 100
Measurement Uncertainty 70

Maximum Estimated Surface Temperature 2500

Internal Temperature Rise 30

Maximum Fuel Element Temperature 2530

The addition of these deviations to the average-channel maximum temperature produces
an estimate of maximum surface temperature for the hot channel in the reactor. This
estimate is 2500CF . Since the temperature rise through the fuel element wall is 30°0F, the
highest temperature in the reactor is estimated at 25300F,

Longitudinal temperature distributions for three radial positions, 12,2, 21.02, and
22.28 inches, are shown in Figures 2.8, 2.9, and 2.10, respectively. Consideration of the
longitudinal temperature distributions, the built-in radial temperature deviations, and
the statistical temperature deviations resulting from tolerances and measurement un-
certainties suggests that a small portion of the active core would be at temperatures
approaching 2500°F,

This conclusion is demonstrated in Figure 2.11, in which percentage of the active core
at any given temperature is plotted against the temperature itself. From this curve it was
determined that less than 1 percent of the fuel element surface operates between 24000
and 2500°F and that the average surface temperature is 2000°F,

Radial distribution of temperature of the air issuing from the active core is shown
in Figure 2.12. These data correspond to the built-in fuel element temperature deviations
and do not include any allowance for tolerances and measurement uncertainties.

Advanced Core Test Thermal Predictions i &

Reactor thermal predictions in the preceding discussion have been for an aircraft
cruise condition, The Advanced Core Test will require operation of the reactor at Idaho
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in the Flight Engine Test facility. Predicted reactor thermal conditions for that opera-
tion are compared with the cruise design point data in Table 2.10. Temperature patterns
will be similar to those shown for the cruise design point operation. As is noted in the
table, maximum surface temperature will be less; 24500F compared to 25000F, for
cruise operation.

ACT data shown in Table 2.10 are for standard day conditions at a 5000-foot altitude.
Required reactor power levels for operation on colder days may be 10 to 15 percent
higher than for standard day operation. The ACT thermal conditions shown in Table 2.10
impose about twice the design power level on the reactor. Consequently, it is planned to
approximately simulate design reactor thermal conditions by modifying the power plant
cycle for ACT. One possible modification involves the reduction of pressure levels in
the compressor and reactor by placing a flow resistance forward of the compressor
inlet. Reduction of pressure levels reduces the reactor air mass flow rate and hence
for the same air temperature rise reduces the reactor power level. Although detailed
data are not available for inclusion here, it is planned that the reactor design power
level of 50.4 mw and the fuel element maximum surface temperature of 25000F will be
approximately duplicated, Other conditions, such as reactor inlet air temperature or
engine speed, may not be duplicated. The ACT will be operated with thermal conditions
approximating the design thermal conditions for most of its life and will be operated at
the ACT conditions shown in Table 2.10 for only a small percentage of the total oper-
ating life.
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TABLE 2. 10

COMPARISON OF ADVANCED CORE TEST THERMAL CONDITIONS
WITH DESIGN THERMAL CONDITIONS

Aircraft Cruise Advanced Core

on Station Test, Idaho

Flight Condition Standard Day Standard Day
Flight Mach Number 0.8 0
Altitude, ft 35, 000 5000
Reactor Power, mw 50. 4 96. 2
Reactor Inlet Total Pressure, psia 69. 2 142. 17
Fuel Element Airflow, Ib/sec 129.9 273.8
Reactor Inlet Air Temperature, OF 582 649
Turbine Inlet Air Temperature, OF 1740 1695
Fuel Element Exit Air Temperature, °F 1896 1837
Reactor Total Pressure Ratio 0. 857 0. 868
Average Maximum Surface Temperature, OF 2210 2186
Maximum Surface Temperature, OF 2500 2450
Fuel Element Inlet Mach Number 0. 121 0. 129
Fuel Element Exit Mach Number 0.214 0.213
Fuel Element Inlet Reynolds Number 2.37 x 104 4.79 x 104
Fuel Element Exit Reynolds Number 1.44 x 104 3.08 x 104
Fuel Element Inlet Dynamic Head, psi 0. 69 1.59
Fuel Element Exit Dynamic Head, psi 1.79 3.70
Reactor Inlet Total Pressure Minus

Reactor Exit Total Pressure, psi 9.93 18. 75
Reactor Inlet Total Pressure Minus

Reactor Exit Static Pressure, psi 11.75 22.54

2.1.1.3 Nuclear Design

The principal nuclear characteristics of the D140E1 reactor are determined by (1) the
annular active core with its nuclearly homogeneous mixture of highly enriched uranium
oxide fuel, beryllium oxide moderator, yttrium oxide stabilizer, and coolant air; (2) the
relatively thick end reflectors and side reflectors of beryllium metal or beryllium oxide;
and (3) the neutron resonance absorber rods arranged to move axially in the side re-
flector. The neutron energy spectrum is strongly space dependent because of the moder-
ating effect of the reflectors. The median energy of neutrons causing fission is about 28 ev,
but this parameter varies from a minimum of about 0.1 ev in the active core region im-
mediately adjacent to the side reflector to about 100 ev near the mean radius of the annular
active core and about 46 ev adjacent to the aluminum oxide inner reflector. The fuel in-
ventory is 87 kilograms of U235, and the over-all atomic ratio of beryllium to U235 s

about 110 for the active core.

The flattening of fission power distribution in the radial coordinate is effected by a
particular radial distribution of the fuel. Fuel elements of about 17 distinct fuel con-
centrations distributed in 20 separate coaxial regions of the active core are expected
to produce a radial power distribution within about 8 percent above and 15 percent below
the average, over the operating life of the reactor. The radial power distribution referred
to here is that derived by integrating in the direction of airflow and therefore corresponds
to the power added to air flowing through the reactor. The fuel concentrations in the ele-
ments adjacent to the side reflector are relatively low to compensate for the sharp in-
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crease in power that the proximity of the reflector otherwise would cause. The higher
fractional burnup here will help balance the increase in local power as the absorber rods
are withdrawn to compensate for poisoning and burnup.

The longitudinal distribution of fission power density is somewhat forward peaked be-
cause of the relatively thick front reflector. The control rods have an appreciably, but
not severe, effect upon longitudinal power distribution in the fuel channels near the re-
flector and in the outer active core region.

The homogeneous active core has a predicted, appreciable, negative temperature co-
efficient of reactivity when the reflectors are kept at ambient temperature. This negative
coefficient is the result of increased probability of thermal leakage and thermal expansion
as temperature is increased. Increasing the reflector temperature while keeping the active
core at ambient temperature produces a positive reactivity-temperature coefficient, the
magnitude of which decreases with increasing reflector temperature. The positive tem-
perature coefficient of the reflectcrs is the result of increasing the thermal diffusion
area and an associated increase in statistical weight of reflector neutrons with increasing
temperature. In steady-state operation the reflector temperatures are functions of the
reactor power level and compressor discharge air temperature and reach relatively
high values. The result of these iterations is a steady-state reactivity-temperature
coefficient that is positive for active-core temperatures from 689F to nearly 1000CF;
thereafter the coefficient becomes negative.

Experiment and Analysis

The D140E1 reactor nuclear characteristics presented here are based principally
upon nuclear analysis using evaluated reactor theory and accepted neutron cross
sections. A series of critical experiments that was performed with a good represen-
tation of the gross reactor dimensions and composition but a relatively crude approxi-
mation of fuel element arrangement, has either confirmed or indicated corrections for
analytically derived room-temperature characteristics of reactors of this type.

As design of the D140E1 reactor progresses, increased emphasis will be placed upon
critical experiment measurements. A room-temperature critical experiment designated
the KEY matrix has been constructed. This assembly contains a 60-degree pie-shaped
measurement sector in which an accurate mockup of the reactor with fueled or unfueled
ceramic tubes is installed and the remainder of the core is mocked up with uranium
foil and BeO pieces distributed appropriately. In addition, the KEY matrix is large
enough to accommodate a nuclear mockup of a large part of the reactor shield. The
measurement sector will be power mapped and compared with the analysis. The dif-
ferences between the critical experiment analysis and the measurements will then be
applied as corrections to the design reactor calculations, An iterative procedure of
measurements, analysis, and modification of the critical experiment (primarily fuel
redistribution) will be followed until a temperature-flattened design is achieved. Suitable
approximations of poisoning and fuel depletion will be used to obtain the necessary power
maps with rods withdrawn. The final power maps in this series will be made with pro-
duction fuel elements and reflector pieces in the pie-shaped sector.

An elevated-temperature critical experiment designated the ""zero-power test" will
be performed in the Low Power Test facility at the Idaho Test Station. The active core
and side reflectors will be heated-independently to approximately uniform temperatures
(maximum of 1000°F) for observation of the effects of temperature on reactivity and
power distribution. The elevated-temperature observations will be translated to the
expected full-power test conditions so that the final distributions of fuel concentrations
for optimization of power distribution can be determined and full-power temperature
distributions accurately predicted.
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Composition - The regional composition and geometry of the D140E1 reactor-shield
assembly as used in the combination of one-dimensional analyses is diagrammed in
Figure 2.13. To simplify the figure, the active core is represented as a single region
of average composition. In two-dimensional studies regions not on the principal coor-
dinate axes have been used as well as the regional definition as shown.

Design Reactivity - The excess reactivity changes that the D140E1 reactor will ex-
perience in meeting the performance objectives of the Advanced Core Test and flight
cruise condition are shown in Table 2,11, The data for a power level of 110 megawatts
correspond to that for operation with standard inlet condition at the Idaho Test Station,
whereas the 50-megawatt level corresponds to the aircraft cruise design point.

TABLE 2. 11
DESIGN REACTIVITY CHANGES FOR THE D140E1 REACTOR
Reactivity, % Ak/k

At 110 mw At 50 mw

Equilibrium xenon -2,0%0.7 -1.6 0.5

Fuel burnup, lithiumbuildup, and long-lived
fission products, including U235, y238 py239, -2.8 1.0 2.0+1.0
Li%, sm149, and slag (other stable fission
products) (55, 000 mw-hr)

Reactivity change, ambient to

operating temperature 0Lt 0.8 0+0.6
Reactivity margin for error -0.9 -0.8
Design reactivity (95 percent confidence level) SN 5.2

Equilibrium xenon was determined analytically by subdividing the core in 20 radial
regions. The flux spectrum and power level from an 18-energy-level, multiregion, dif-
fusion calculation was used to determine the regional equilibrium concentrations. These
concentrations were then used in a three-energy-group, multiregion diffusion calculation
in which an iterative procedure is used to establish consistent reflector savings in the
radial and longitudinal coordinates.

The evaluation of fuel burnug, lithium buildup, and long-lived fission products in-
cluding U235, U236, Pu239, ) ot Sm149, and "slag" (lumped stable fission products)
was made using the flux spectrum and regional procedure described above. The slag
cross sections used for the relatively stable low-cross-section fission products have
an absorption resonance integral of 268 barns per fission and a capture cross section
of 50 barns per fission for 2200-meter-per-second ncutrons.

Results of the temperature-reactivity analysis are shown in Figure 2.14. The reac-
tivity effect of temperature includes two contributions: a positive contribution due to
the reduced absorption in the reflector at high temperatures and a negative contribution
due to thermal expansion and increased thermal leakage. The steady-state analysis was
based upon isothermal operation until the compressor discharge temperature of 600°F
was reached; thereafter component temperatures were proportional to specific power
levels. In a reactor runaway the corc temperature rises rapidly while nonfucled com-
ponents such as the reflectors experience little change. As a result the temperature-
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reactivity curve for a runaway has a steeper negative slope than exists at any point on
the steady-state curve.

In Table 2.11 the reactivity allowance for temperature is based upon the temperature-
reactivity curve corresponding to end-of-life conditions. This curve varies from that of
the clean core primarily because of the change in xenon cross section with temperature.
Doppler effects have been neglected but are expected to be slightly negative, about -0.2
percent Akg¢s over the full temperature range.

The uncertainties listed with items in Table 2.11 correspond to the maximum ranges
expected; oy, the standard deviation, is one-third this range. A 95 percent confidence
level corresponds to 2 0 whereo = /2012'

Available Reactivity - The calculated reactivity has been corrected by a comparison
of analysis with experiment in a critical mockup using materials identical to those as-
sumed in the analysis and having similar geometry. The analysis shows that a system
excess reactivity of 6.5 percent Ak/k is available at the cold (68°F) clean condition,
Final adjustment of system reactivity will be made during the final design period after
the operation of the nuclear mockup.

Control Rod Worth - A total worth of 9 percent Ak/k is expected for the 48 rods com-
prising the control system. This value is based upon an extrapolation of critical experi-
ment measurements to values for the design configuration. Each rod that is worth 0.188
percent Ak/k in the bank, for a 24-inch stroke would be worth approximately 0.25 per-
cent Ak/k if it were unshadowed. A longitudinal importance curve derived from a two-
dimensional, three-energy-group analysis is shown in Figure 2.15.

100

by yssay

H

A

CONTROL ROD WORTH, percent

o

Hiill

ROD INSERTION AS FRACTION OF CORE LENGTH

Fig. 2.15—Percentage of control rod worth versus fraction of longitudinal insertion
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Power and Flux Distribution - The fission density distributions given below were
derived by three-group diffusion theory analysis in cylindrical (R,Z) geometry. The
relative power density is given on a volumetric basis and is directly interpretable in
thermodynamic studies since the volume of fuel-bearing material per fuel element is
a constant,

The longitudinal relative power distributions in Figures 2. 16, 2. 17, and 2. 18 show the

effect of control rod position in the hot clean reactor.

The radial distributions of relative power density in Figure 2.19 incorporate the com-
bined effects of control position and composition changes due to 50-megawatt power for

the operating histories indicated. The discontinuities in power distribution are due to

changes in fuel concentration for the purpose of flattening the radial power dsitribution.

The region between about the 38.2-centimeter radius and 47.6-centimeter radius has

the peak fuel concentration of 10.0 weight percent highly enriched uranium dioxide in the

fuel element; fuel concentration decreases toward both the side reflector and island
reflector.
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Fig. 2.19 — Gross radial power distributions for three conditions during D140E1
operation at 50 megawatts

The radial distributions of three-group neutron fluxes are shown in Figure 2.20 for
the hot clean reactor without control rods. These flux distributions were derived from
18-level, 1-dimensional analy.éis. The normalization of computed flux is such that the
product of flux and fission-production cross section integrated over the full energy
range and over core volume produces k.¢¢ neutrons. The absolute flux levels for a
power of 50 megawatts are 7.62 x 1015 n/cmz-sec times the relative values plotted.
The peak total flux of about 8.5 x 1014 n/cmz—sec for 50 megawatts occurs at a radius
of about 40 centimeters (15.75 inches from the power plant axis, and longitudinally at
about the middle of the active core).

Reactor Kinetics - The predicted kinetic characteristics of the D140E1 reactor are
shown by the plot of steady-state period versus reactivity in Figure 2. 21 and by Table
2.12, which gives the effective delayed neutron fractions and the neutron generation
times. The data in Figure 2. 21 are for the multiregion system at 680F. For elevated-
temperature operation, the change in neutron generation time from 5. 6 x 10-9 second
at 680F to 4. 3 x 109 second at 2000°F results in a reduction in reactivity for a given
period that is significant only for periods of less than 0. 01 second. The delayed neutron
data incorporated in this kinetic data are discussed in section 8. 6 "Reactor Physics."

Secondary Heating - Listed in Table 2.13 are nominal average secondary heating
rates in the D140E1 reactor. The data represent heating caused by gamma rays and
neutrons,

About 18.5 Mev of energy in the form of gamma rays is released per fission, with
most of the energy from gammas originating in the active core (prompt, decay, and
nonfission capture gammas) and the rest from capture gammas originating in the shaft
liner, reflectors, pressure pads, springs, shell, and rear grate,

Also included in Table 2.13 is the heating associated with neutron kinetic energy loss
during slowing down and with the (n, «) reaction in the borated pads.

2.1.1.4 Fuel Element Characteristics

The fuel elements for the ACT consist of a mixture of beryllium oxide containing a
solid solution of yttria-stabilized UOy. The fuel element is a hexagonal tube with 2
circular bore. Air flows through the bore, which is coated with ZrO5 to which about
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TABLE 2. 12
DI40E1 KINETIC CONSTANTS
Delayed Neutron Data Decay Constant,
Index Actual Delay Fraction Effective Delay Fraction sec-1
1 0. 00023 0. 00025 0. 01260
2 0. 00142 0. 00149 0. 03110
3 0. 00126 0. 00135 0.1134
4 0. 00264 0. 00280 0. 3060
5 0. 00080 0. 00086 1. 253
6 0. 00022 0. 00023 3.381
B, et = 0. 00657 Bags = 0. 00698

Neutron Generation Time

1=5.6x 10-5 sec at 680F
1=4.3x 10-5 sec at 20000F

TABLE 2. 13
D140E1
AVERAGE SECONDARY HEATING RATES
f ¥ watts
Heating Rates, =i

Component Weight, grams Neutron Gamma Total
Core 1.36 x 106 0. 014 0. 047 0. 061
Forward reflector

3.25 in. Be 8.3 x 104 0. 006 0. 008 0. 014

1.50 in. BeO 5.4 x 104 0. 006 0.018 0. 024
BeO aft reflector 5.4 x 104 0. 005 0. 013 0. 018
Rear grate 6.0 x 104 0. 010 0. 010
Shaft 4,2 x 104 0. 0008 0. 022 0. 023
Tunnel and liner 6.1x 104 0. 0009 0. 025 0. 026
1.8 in. AlyOg island 1.4 x 105 0. 005 0. 030 0. 035
Be shaft shielding

Front 1.1 x 104 0. 006 0. 010 0. 016

Rear 8.2 x 103 0. 005 0. 006 0. 011
Radial reflector 1.7 x 106 0. 002 0. 011 0.013
Pressure pads 1.7 x 105 (0.25 in nominal) 0. 0182 0. 0026 0. 021

(1% B10)

Springs 3.3 x100 0. 0020 0. 0020

Shell 1.1 x10° 0. 0015 0. 0015
Absorber rod 3 0. 068 0. 068

2(n, o ) reaction in B10,
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15 percent Y203 has been added. The over-all diameter of the fuel element across
flats is 0.249 inch, the diameter of the bore is 0.167 inch, and the coating thickness

is 0.003 inch. The tube and coating are formed simultaneously by an extrusion process.
After extrusion, the tubes are heated to approximately 1100°F for removal of moisture
and organic binder materials and are then fired at a temperature of about 2800°F to
achieve final sintering to high density and final dimensions,

The function of yttria in the fuel element is to prevent volatilization of the urania
from the fuel element at high temperatures. The function of the yttria in the coating is
to prevent change of the zirconia crystal form that otherwise would occur within a
certain temperature range. Because the coefficients of thermal expansion of the sta-
bilized-zirconia coating and that of the beryllia-yttria-urania underbody are essentially
the same (differing by less than 1%), there is no differential thermal expansion to cause
the coating to flake off of the tubes. Moreover, since the coating and the underbody are
extruded at the same time, there is a very intimate contact between the two materials;
and this also acts to assure a high degree of adherence to the coating. The coating has
proved very adherent, and in only a few of the several thousand tubes so far produced
and tested has there been any noticeable flaking off, even in tests at the highest temper-
atures expected in the reactor.

The fuel elements have been subjected to other very careful investigations. For
example, the phase equilibria among the various oxides (urania, zirconia, beryllia, and
yttria) in the fuel element have been worked out in an effort to ascertain whether any
low-melting components that might weaken the fuel element are possible. The lowest-
melting eutectic possible is that of 17 percent beryllia and 83 percent yttria, which has
a liquidus temperature of 28700F, Since the fuel elements run at 2530°F (at the hottest),
there is a comfortable margin between the lowest possible eutectic temperature and
the maximum possible operating temperature. Moreover, experimentally it has been ob-
served that the tubes can be heated to 38000F for 15 minutes with some softening of the
material being the only gross mechanical effect. Other indications also point to the con-
clusion that the eutectic, although theoretically possible at 28700F, probably forms
slowly even at somewhat higher temperatures, and even when formed, does not cause
disintegration of the tube material, but tends to exude as a liquid from the tube wall,
which remains sound.

The retention of fuel by the fuel elements likewise exceeds that required in the
reactor by substantial margins, For example, tests made at 26000F showed that in
1000 hours, less than 0.03 percent of the fuel was lost by volatilization. A loss up to
10 percent could be tolerated from the standpoint of reactivity. Even at 30009F a loss
of only 3 to 5 percent was experienced in 10 hours in this series of tests.

' The possibility that the tubes would bond together at high temperatures and over
long periods under the action of the radial forces imposed on the tube bundle in the
reactor has been investigated. At forces between the tubes that are roughly twice the
maximum expected within the reactor and at a temperature of 2675°F (about 1500
above the maximum operating temperature expected), no sticking of tubes to each
other occurred in even 500 hours.

The effectiveness of the zirconia coating in protecting beryllium oxide against water-
vapor corrosion has been measured in tests that have extended up to 1000 hours at
temperatures of 2500°F in air having a dew point of 25°F. In these tests the roughening
of the surfaces of the tubes due to corrosion (this effect is the first one noticeable as a
result of the corrosion process) produced an increase in the friction factor of less than
1 percent. An increase of 10 percent or more could easily be tolerated. Other tests in
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which the weight loss of beryllium oxide coated with zirconia was observed also have
been made, and these prove that the zirconia coating has a high degree of protective
action,

The fuel materials operate at a temperature sufficiently high so that some creep
under compressive forces might be expected. As much as 0.5 percent creep at 22000F,
however, would be acceptable. A large number of measurements have been made at
various temperatures, At 22000F the creep is immeasurably small in 1000 hours (less
than 0.1 percent). At 25000F the creep in 1000 hours also is not measurable, At 26750F,
the largest creep rate measured is about 0.7 percent in 1000 hours. Evidently there is a
very adequate creep margin.

The question of whether nuclear burnup will adversely affect the strength of the fuel
material has been investigated. In a test in which the degree of burnup (fissions per unit
volume) was roughly twice the maximum expected in the reactor over its entire oper-
ating life, the minimum crushing strength of the tubes after the test was not detectably
different from that of the tubes before the test.

A substantial amount of the work on the degree of release of fission products in the fuel
also has been done. This work establishes that, at temperatures below about 2500° to
26000F, there is essentially no diffusion of the fission products within the fuel body to the
surface, although at higher temperatures diffusion becomes noticeable. Since the maximum
operating temperature in the reactor is expected to be 25300F, the fission products ve-
leased from the reactor will be those that are ejected into the airstream as a result of
direct recoil from the surfaces of the fuel tubes. A considerable number of tests leads
to the conclusion that the amount of fission product escape will be considerably less than
0. 1 percent of the fission products formed in the fuel. Other studies indicate that escape
rates of a few tenths of a percent can be colerated for the operation of substantial numbers
of nuclear aircraft from certain bases. Thus the indication is that the fission product re-
tention in the fuel elements in normal use is satisfactory from the standpoint of ulti-
mate utilization.

A final point of considerable study in fuel elements is related to thermal-stress
cracking. It should be pointed out that the occurrence of cracks in the fuel elements
does not necessarily render them unfit for use in the reactor. To verify this, tests have
been conducted in which bundles of tubes simulating a portion of the reactor have been
assembled and have been put through a variety of mechanical and thermal treatments
aimed at producing a disintegration of the bundles or dislodging pieces of the tubes, if
this could occur under conditions foreseeable in the reactor. It was found that even
when the tubes used in such tests had two full-length longitudinal cracks in them, (so
that each tube was in two parts), the bundle was sound and remained sound throughout
the entire series of tests. However, although of questionable practical importance, the
occurrence of cracks due to thermal stress is an indication of the strength of the tubes
in service and, for this reason, has been studied extensively in the laboratory. These
studies have shown that the critical stress condition for the tubes occurs after they have
been heated for a substantial period to a high temperature and have been brought to an
essentially zero-stress condition (by virtue of piastic flow) at this high temperature
and then cooled. On cooling, tensile stress is developed in the outer fibers of the tube
and, if sufficiently high, can produce cracks. It has been found that this condition can
be predicted analytically with accuracy and that the stresses calculated to produce
cracks are essentially identical with those measured in modulus-of -rupture tests as
being necessary to break the tube. E S

In the reactor the expected stress is a function of position within the core and has
been calculated for appropriately conservative loading conditions. If the radial com-
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pressive loads were uniformly distributed on the fuel elements, the maximum stress
within them would be a 75-psi compressive stress. However, in making stress cal-
culations it has been assumed that the loading can be two-sided as opposed to six-
sided and uniform, It has further been assumed that a load multiplier of 3 applies
because of possible non-uniform load paths through the core. For inertial loading
during flight an additional factor of 4 is used, based on analyses that showed that the
tubes near the top of the core will experience 4 times their normal load during the
transient inertial loading of the core. Bending of tubes due to non-uniform longitudinal
temperature distributions is also considered. The magnitude of the stress and the
combination of mechanical and thermal stress varies axially through the core. The
maximum calculated stress is 15,000 psi, which is primarily bending stress, and which
occurs near the inlet end of the active core. The thermal stress component at this
point is only about 2,000 psi. The point of maximum calculated thermal stress is 6
inches downstream from the inlet end of the core. At this point, the thermal stress
component is 4,000 psi and the total stress is 8,000 psi. Since the modulus of rupture
of the material at the lowest level is approximately 25,000 psi, a considerable margin
exists between the stress calculated on the tubes and their strength as measured. It
should be noted further that the thermal stress component is small enough so that
there is a considerable margin for variation of the power density from that required
for the cruise condition.

2.1.1,5 Instrumentation

Objectives

The general purposes of establishing of instrumentation are (1) to provide thermal
design verification, (2) to identify changes in reactor performance with operating
history, and (3) to provide a broad coverage of localized fuel element surface and air
temperature. Specifically, the detailed objectives of the described instrumentation are
threefold. First, fuel element temperature and fuel element discharge air temperature
distributions should be identified as accurately as possible. Second, core over-all
pressure ratio should be determined. Third, operating temperatures of secondary com-
ponents such as guide tubes, springs, aft retainer, reflector, and others should be
monitored.

Of particular importance is the first objective, that of adequately identifying fuel
element surface temperatures and air discharge temperature distribution. This section
is devoted primarily to a description of the techniques proposed for fulfilling this ob-
jective,

The second objective will be attained by a series of pressure probes within the fore
and aft plenums, The core pressure loss characteristics as well as flow distribution
within the core will be established by developmental testing. These pressure probes
will be used for a check of the design input.

Configuration

The thermocouples to measure the reactor fuel element temperatures and the active
core discharge air temperatures will be noble metal, coaxial-construction thermocouples
with magnesium oxide insulation. The thermocouples will be platinum - platinum-rhodium,
The sheath outside diameter is expected to be 0. 0625 inch, and the wire diameter, 0.012
inch.

- .

Thermocouples used for measuring fuel temperatures will have leads that enter at the
forward periphery of the core and then pass radially between the front face of the forward
reflector and the instrumentation cover. Leads will then enter selected unfueled instru-
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mentation tubes after passing through the front reflector and transition pieces. The un-
fueled tubes will be closed downstream from the thermocouples to prevent airflow in the
dead tube. Thermocouples used for measuring air temperatures will pass axially along
the outer reflector to the rear of the core before turning radially inward. Air discharge
temperatures will be measured at selected aft retainer channels.

Secondary Components

It is planned that a total of 364 thermocouples be used for secondary component and
exit air temperature measurements. Table 2.14 shows the detailed locations and quantity
to be used for each component,

Radial and Circumferential Locations ~ Active Core

Thermocouple locations for fuel temperature measurements are shown in Figure 2.22
Three thermocouples are to be inserted in each instrumentation tube located on the radial
planes marked "A," Within the active core there are six such planes, each with ten in-
strumentation tubes, that thus provide a total of 180 thermocouples. Two thermocouples
are to be inserted in each instrumented tube located on the radial planes marked "'B."
There are also six of these planes, and each has six tubes so that 72 more thermocouples
can be accommodated. Additional thermocouples will be used at points marked "a" on
Figure 2.22 for a total of 12 and at points marked ''b" for a total of 24 thermocouples.
The grand total of fuel temperature measurements is therefore 288. Figure 2.22 shows
additional details of the method to be used for locating thermocouples radially and cir-
cumferentially. Note for instance that in successive radial planes marked A" in a clock-
wise fashion the instrumentation tubes are located at successively larger radii. At least
one thermocouple will be at some circumferential location in every annular zone of dif-
ferent fuel loading. This technique for distributing thermocouples within the reactor core
eliminates having many instrumentation tubes in any given sector.

Longitudinal Locations - Active Core

Each instrumentation tube within the active core along the A" and "B'" radial planes
shown in Figure 2.22 carries one thermocouple for measuring the surface temperature
at the longitudinal location x/1 = 0.80. Thus, there will be 96 measurements at this lo-
cation. Also there will be 96 measurements of surface temperature at the longitudinal
location x/1 = 0.40. The remaining thermocouples located on radial planes marked "A,"
that is, one per tube or a total of 60, will be used for measuring surface temperatures
at various longitudinal locations so that other points in the longitudinal temperature
profile of a given tube may be measured.

Measurement of active core air temperatures will be made at selected aft retainer
discharge channels after some mixing of air from individual tubes has occurred. These
measurement locations will be such that air from those channels having surface tem-
perature measurements will contribute to the mixed air temperature measurement,
Thus there will be 96 such thermocouples. Additional air temperature measurements
will be made at each point marked "¢ " in Figure 2.22 with a total of 12 thermocouples.
The total number of thermocouples measuring air temperature is 108,

Summary

A summary of thermocouple locations and also the quantity of thermocouples mea-
suring fuel temperatures within the active core and measuring core discharge air tem-
perature is shown in Table 2.15. P

Of the 24,881 channels at the predicted longitudinal location of maximum surface
temperature (x/1 = 0.80), there will be 96 separate measurements of different surface
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TABLE 2. 14
SECONDARY COMPONENT SURFACE AND AIR THERMOCOUPLES
Number of
Thermocouples
Component Thermocouple Location? Surface Air
Forward beryllium
reflector Forward face, on 0° radius 6
Tunnel 0. 4-1’5, 0. 8—;‘-, (0 and 90 degrees each) 4
Air Discharge 2
Shaft liner 0,0.4,0.8, 1. o-’li 8
(180 and 270 degrees each)
Air discharge 2)
Island reflector See Figure 2. 23, radial planes "A, " 12
0.4 and 0. S-i&
Outer reflector See Figure 2. 23, radial planes "A" 68
2 and "B", 34 tubes, 0.4 and Q. 8.71£
Air discharge 34
Hex arches At insulation and hexagonal arch boundary 32
Poison rod guide tubes 4 locations on 2 units 8
Air discharge, 24 units 24
Outer reflector tubes, Air discharge opposite even-numberd
outer row alternate pads 24
Pads Odd-numbered, alternate pads, center 24
Springs Alternate axial rows at 00 and 180° (2 per
spring at pad bearing locations) 16
At 0. 8~l}'E alternate springs at center 12
Air discharge; 30-degree intervals around
reactor 12
Aft retainer 12 radial locations each for forward plate
and aft plate at 0 and 90 degrees 48
Air discharge before mixing 8
Rear transition pieces 10 at midpoint, 10 at aft end; 330 degrees 20
Total thermocouples: Component surface 258
Air 106
Combined surface and air 364

aAngular locations refer to reactor circumfereptial locations with 0 degrees at the

top, measuring clockwise and looking in the direction of airflow.
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Fig. 2.22 —DI140E1 instrumentation thermocouple locations

temperatures. Every zone having a different fuel loading will have a thermocouple at
some circumferential location. Of the 1310 transition pieces delivering air to the aft
retainer, there will be a mixed air temperature measurement at the discharge from
108 of the transition pieces. The total of all active core and secondary component ther-
mocouples is 760.

It is believed that instrumentation described here will provide adequate monitoring

of reactor temperatures to obtain necessary control indications, design verification, and
measurements of changing performance during the life of the reactor.

2. 1. 2 ENGINES

- -

Turbomachinery for the D140E1 assembly consists of a compressor, turbine, chemical
fuel combustor, exhaust duct, exhaust nozzle, accessory drives, and various accessory

and control systems.

[V P ri — ¢
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TABLE 2. 15
ACTIVE CORE FUEL AND AIR DISCHARGE THERMOCOUPLES
Circumferential Number of Number of Tubes  Number of Thermocouples Axial Location Total
Locations@ Groups Per Group ’ Per Tube of Thermocouples Thermocouples
Fuel Thermocouples
Radijal planes "A" 6 10 K] 0.4 x/1, 0.8 x/1 180
30, 90, 150, 210, 270, plus 1 additional
330 degrees
Radial planes "B" 8 6 2 0.4 x/1, 0.8 x/1 72
0, 60, 120, 180, 240,
300 degrees
Radial planes "B" 6 1 (outermost) 2 0.8 x/1 12
Locations marked "a"
Locations marked '"b" 12 2 1 0.4 x/1 24
TOTAL FUEL THERMOCOUPLES 288
Air Thermocouples
Radial planes "A" 8 10 1 Core discharge 60
Radial planes "B" [} [} 1 Core discharge 36
Locations marked "C" 12 1 1 Core discharge 12
TOTAL AIR THERMOCOUPLES 108
TOTAL AIR AND FUEL
THERMOCOUPLES 306

2See Figure 2.23.

2.1.2.1 Compressor

The 16-stage rotor is the rotating member of the compressor assembly that forces air
through the compressor. It provides the inner wall of the compressor air passage and a
route for cooling air.

The stator assembly consists of the front and rear casings, stator vanes, shrouds,
lever arms, and actuation rings. The casings form a cylindrical shell that serves as
an outer wall for the compressor air passage and provides support for the compressor
front frame, 16 stages of stator vanes and their linkages, the outlet guide vanes, air-
extracting hardware, and accessory gearboxes. The first two stages of the compressor
stators are shrouded. The inlet guide vanes and stator vanes of stages 1 through 10 can
be scheduled to provide optimum performance over the operating limits of the power
plant. The stage-16 vanes will close completely to act as a shutoff valve.

The front frame assembly consists of the front frame, inlet guide vanes, No. 1 bearing
sump and No. 1 bearing, and air and oil seals. It provides structural rigidity for the com-
pressor stator and supports the No. 1 bearing, gearbox equipment (including starter),
bellmouth extension, and bulletnose hardware.

The rear frame provides support and service passage for the No. 2 bearing sump (the
No. 2 bearing carries the total thrust loads of the main rotor system as well as its portion
of radial loads) and provides forward power plant support, reacting horizontal, vertical,
and side power plant loads. The rear frame also ducts compressor discharge air into the
forward shield area and provides auxiliary air bleed on the port side.

2.1.2.2 Turbine

The front frame provides support and service passage for the No. 3 bearing sump (shaft
radial loads only) and supports the rear trunnion for the power plant (side and vertical
loads only). Part of the front frame serves as a section of the rear shield. The turbine
front frame also provides air passage and all mounting provisions for the combustor and
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provides flow passages for speed bleed, aftercooling, and turbine cooling. Other functions
of the turbine front frame include provisions for turbine-stator mounting, axial anchor
mounting of the side shield, and ground-handling pads for the rear portion of the power
plant.

The rotor extracts power from the kinetic energy of the heated primary air that flows
over it and transmits the extracted power through its shaft to the compressor and as-
sociated accessories.

The turbine shaft passes through the center of the reactor and is connected to the com-
pressor-rotor rear stub shaft and the turbine-rotor first-stage disk. Shaft length, di-
ameter, and section properties have been established so that the critical speed of the
shaft is above the required military-operation engine speed of 5000 rpm.

The stator accelerates airflow into the turbine buckets, directs the airflow through
the nozzle diaphragms to provide proper flow angles for effective energy extraction, and
connects the turbine front and rear frames. A trailing-edge bleed is provided in the first
stage to improve cooling. Internal cooling is accomplished by means of air ducted from
the speed-control bleed annulus.

The rear frame provides a diffusing air passage for exhaust gas from the turbine, sup-
ports and provides service passage to the No. 4 bearing sump, supports the exhaust duct
(including tailpipe), and provides structural rigidity for the turbine casing.

2. 1. 2. 3 Combustor

The series chemical combustor enables chemical checkout of the engines prior to nu-
clear running, chemical startup, and test operations over a wide range of nuclear power.
The exact design of the combustor has not been determined. Design effort at present is
based upon an internal fuel-injection flame holder with a blockage area of approximately
60 percent installed in the area just aft of the turbine front-frame struts. The annular
burner will have approximately 50 fuel nozzles to ensure uniform injection of fuel. The
burner will consist of theflame-holder dome plus heat-radiation-resistant liners; down-
stream mixers probably will be added to aid combustion.

2. 1, 2. 4 Exhaust Duct

The exhaust duct section provides for passage of exhaust gases to the jet nozzle and
supports the jet-nozzle assembly. The sections consists of two cylinders of Inconel W
joined by a bolted flange. The ducts are essentially casings stiffened externally for
rigidity. The jet nozzle, as presently designed, is a convergent finger nozzle. The func-
tion of the jet nozzle is the control of engine speed and thrust.

2.1.2.5 Accessory Drives

The function of the accessory drives is to supply mechanical power for various engine
and aircraft accessories. Power extraction for engine-driven accessories is accomplished
through the compressor front frame. An inlet gearbox, located in the front-frame hub,
transmits main shaft power through a radial drive shaft to the transfer gearbox, which is
mounted on the compressor front-frame outer casing. A horizontal drive shaft transmits
power from the transfer gearbox to the rear gearbox, which is mounted on the compressor
stator casing.

2.1.3 SHIELD

The reactor shield for the D140E1 test aséémbly is a flight-type shield based on the
divided-shield concept, in which shielding is located around both the reactor and the
crew compartment in such a way that the total weight of shielding is minimized and the
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activation and radiation damage of power plant and aircraft components is held within
tolerable limits. The shield assembly, shown in Figure 2.23, is located between the com-
pressor rear frame and the turbine front frame and consists of a radial shield and front
and rear shields. Primary air is used to dissipate nuclear heat in the front and rear
shields, and air from an auxiliary supply is used to cool the radial shield for ground
testing. In the flight system the radial shield will be cooled with ram air. The shield
attenuates the neutron and gamma dose levels around the power plant to the values shown
in Figures 2. 24 and 2. 25.

Radial Shield

The radial (side) shield, shown in Figure 2. 26, consists of nearly identical top and
bottom sections made up of full-length segments and side cheeks, which in the flight sys-
tem are contained in the airplane structure and in the test assembly are mounted in
the test structure. The segments and cheeks consist of LiH cast in stainless steel cans.
The air that cools each of the shield elements enters at the front end of the element,
dumps into an inlet plenum, flows through tubes dispersed throughout the element cross
section, and then dumps out around the turbine casing.

The inertial loads of the segments in the top and bottom sections are carried by the
cans, which act as thin-skinned semimonocoque structures around the shielding- material
castings. The segment cans of each section are connected to form a complete structure,
and both sections are attached to the power plant at the forward flanges of the pressure
vessel and at the aft trunnion ring on the turbine front frame. Vertical and side loads are
reacted at the forward attachments. Fore, aft, and side loads are reacted at the vertical
centerline of the aft attachment points, and vertical loads are reacted at the horizontal
aft attachment points.

For removal each half-section of the shield is freed by disengaging four pins. The
aft attachment of the power plant to the airframe pierces the upper half of the radial
shield. The aft section of the upper half is therefore split from the forward section
and may be slid back to allow installation or removal of the upper half of the shield
assembly.

Rear Shield

The rear shield, shown in Figure 2. 27, consists of an outer annular portion, which is
attached to the reactor core, and an inner island, which is attached to the turbine front
frame and to the structural wall of the combustor section.

The outer annulus consists of a ring of shielding material surrounded and supported
by a structural shell. The outside surface of the shell is a cylinder, which is flanged
to the core support cylinder. The inside surface of the shell forms the wall of the pri-
mary air duct and is thermally insulated by pads attached intermittently by fasteners
that provide for differential expansions between the duct wall and the insulation pads.
Each insulation pad consists of (1) a cover sheet that is exposed to the hot primary
airstream and is cooled by air flowing through a corrugated liner attached to the
inner surface, and (2) alumina-silica insulation between the liner and the duct wall
to provide an additional thermal barrier. The cooling air is introduced into each pad
through the duct wall and, after cooling the cover sheet, is dumped into the primary
airstream. This duct wall also transmits the loads from the core aft retainer plates
to the outside cylindrical shell.

-

The shielding material in the outer annulus consists of blocks of borated beryllium. The
blocks are restrained from touching the structural shell by spacers, and cooling air flows
through this void. Cooling air introduced into the front of the annular shield is the same
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air that was used to cool the core radial springs. After cooling the shield material by
passing through internal parallel paths, this air is used to further cool the insulation
pads and then passes through holes in the duct walls.

The inner island consists of several subassemblies. One annular subassembly called

the forward inner island is attached to the front side of the front turbine frame; another
- annular subassembly is attached to the aft side of the front turbine frame as part of the
nozzle support cone, A third annular subassembly is attached to the combustor struc-
tural wall behind the front turbine frame. Each of these subassemblies is designed to be
removable during power plant disassembly. Permanently attached subassemblies con-

sisting of blocks of borated beryllium are located in the spaces between the struts of the
turbine front frame. In addition, the forward inner island contains borated 304 stainless
steel as gamma shielding for the front turbine bearing. This subassembly has an insulated
duct wall like that used in the outer-wall annulus described above.

Cooling air for the forward inner island and for the forward insulation liner is supplied
from the front shield through the annulus between the shaft tunnel and the core liner,
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After circulating through the forward inner island, the air is used to cool the insulation
of the combustor duct wall, The subassemblies between the struts are cooled by air
flowing from th: annulus between the shaft and shaft tunnel to the annulus between the
rear shield and the pressure vessel. The aft inner-island subassemblies are cooled by
air flowing throug.: the turbine front frame struts from the annulus between the rear
shield and pressure shell. A number of instrumentation sensors will be located within
the rear shield. The leads will be gathered and passed through one of the struts forming
the turbine front frame.

Front Shield

The front shield is shown in Figure 2, 28. The annular gap between the outer section
and the central island directs the primary-cyele air between the compressor discharge
and the core inlet. Access for the passage of 48 control rods through the island portion
into the reflector is provided.

The outer annular portion of the shield consists of a conical shell flanged at both ends.,
This shell connects the pressure vessel to the compressor rear frame and contains the

internal air pressure of the system. The shell supports the borated beryllium shield blocks

on its inner surface and the island portion of the shield.

The island portion of the shield consists of sectored disks of borated beryllium and
borated stainless steel located and supported by a large-diameter central liner that pro-
vides access for the engine shaft. The liner also reacts significant axial loads from the
core, The central liner is supported by radial beams and struts that pass through the
island, cross the air duct, and are attached to fittings on the inside of the annular
assembly.

Nuclear heat generated within the shield material is removed by the flow of bleed air
from the primary air duct through gaps between the disks. In the island assembly, air is
bled from the primary duct outward radially between the shield blocks and is collected
in the annular air passage between the shield and pressure vessel. Air used to cool the
shield is used subsequently to provide cooling for various components downstream from
the shield.

A number of nuclear heating-rate sensors, static-pressure taps, and thermocouples

will be located within the front shield. The leads from this instrumentation will be gathered

at the forward end of the shield and brought outside the power plant between the flanges
joining the shield and the compressor rear frame.

2.1.4 CONTROLS AND INSTRUMENTATION

2. 1. 4. 1 Introduction

The control system for the Advanced Core Test (ACT) assembly is sufficiently flexible
to control the power plant throughout all phases of testing. Specifically, the system per-
mits: (1) manual and automatic reactor startups; (2) manual and automatic reactor power
control from 150 watts or lower to 150 megawatts; (3) control of turbine discharge tem-
perature either by automatic modulation of nuclear power or manual programming of
chemical fuel flow or modulation of nuclear and chemical power in combination; (4) regu-
lation of engine speed from idle to 5000 rpm; (5) manual positioning of the engine exhaust
nozzle; (6) automatic positioning of the compressor stators as a function of engine speed
and inlet temperature; {7) transfer of power between nuclear and chemical heat sources;
and (8) manual starting of the engine on either chemical or nuclear power.

|
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The ACT assembly control system as shown in Figure 2. 29 is composed of a number
of separate servosystems, each of which regulates an individual engine parameter to
establish the operating conditions of the assembly while performance is maintained with-
in safe acceptable limits. The regulated assembly parameters (controlled variables) are:

1. Engine rotor speed (N) controlled by regulating turbine-bypass bleed area (Wg¢) and
jet nozzle area (Ag).

2. Turbine discharge temperature (T5, 1) controlled by regulating reactor power (¢)
and/or combustor fuel flow (Wg).

3. Reactor startup period (7) controlled by regulating neutron flux.

4. Compressor stator blade angle (8) controlled as a function of corrected engine
speed.

5. Turbine-bypass bleed area (Ap) reset by jet nozzle area.

6. Engine fuel flow (W) controlled by fuel valve position.

Positive control is achieved by employing stable closed-loop servosystems to accu-
rately and responsively regulate the controlled variables mentioned above. The four main
control systems required are (1) the engine-speed control system (includes controls for
the bleed valve and jet nozzle area), (2) the reactor control system (startup and power
range), (3) the manual fuel control system, and (4) the compressor-stator control system.

The operating condition of the test assembly is governed from a thrust selector shown
in Figure 2. 30, which programs a combination of input demands to the individual servo-
systems that influence assembly control parameters. Mounted on the control console is

400~ ac
LEVEL
e o ke | BIAS
| 400~ ac 1
I
i Y |
SPEED i
: DEMAND + ‘@ - To speed system
I
| | 400~ ac
I I |
I |
1 | LEVEL
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THROTTLE : ] Tsih : ;® B To nuclear temperature
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Fig. 2.30 — Thrust selector for ACT assembly
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a throttle lever, the position of which affects the orientation of the cams inside the thrust
selector and thus the engine operating point. Individual throttle biases, adjustable from
the control console, are incorporated into the engine speed, turbine discharge tempera-
ture, and bleed-valve-area reset demands to aid in establishing proper steady-state de-
mand schedules and to establish special off-schedule operating modes required fortesting
the reactor and the over-all assembly.

The test assembly can be controlled by a single operator from the control console.
In addition, other operators are required during the test to operate the accessory systems
and monitor supervisory instrumentation. Enough control switching and instrumentation
is employed to permit chemical, nuclear, or chemical-nuclear operation without the aid of
auxiliary control equipment. The console therefore has nuclear operational flight require-
ments integrated into its design.

2. 1. 4.2 Reactor Control Rod Actuation System

The actuation system refers to the control rod actuators, their associated position
loops, and the actuator selectors.

Position loops will be utilized to insure that the rods are properly synchronized when
the actuators are on automatic control. The actuator controls are utilized to perform
functions such as selecting actuators for manual or automatic control and isolating actu-
ators.

Figure 2. 31 shows a block diagram of a position loop in the control rod actuation sys-
tem. Elements in the loop are the actuator drive unit, control rod actuator, and position
sensor. There will be eight independent loops.

The actuator controls include eight actuator mode selectors and an actuator action
switch. There is one actuator mode selector per actuator with Servo, Off, and Manual posi-
tions. The Servo position allows the position loop to control the actuator. The Off position
cuts off the power to the actuator, and it is inoperative at the position attained prior to the
action. The Manual position transfers control to the actuator action switch. From one to

_eight actuators can be put on Servo, Off, or Manual, or various combinations can be obtained.

The actuator action switch operates all actuators on Manual to withdraw, insert, or re-
main stationary (off).

ACTUATOR GAIN
CHARACTERISTICS BACKLASH

ACTUATOR DRIVE UNIT ACTUATOR DYNAMIC

CHARACTERISTICS

Soale) in./sec | 0.128

Factor

Ref ma ) 0.02
—pd 1.0 inches
25 ma 0.4 1 1

(=) 0+ 1,8 = 0.4 EEACY
— o022

10 me
T, < 0.0143 sec 0.128

inches

T, . 0.033 sec

0.128 in/sec = 7.7 in/min h~x 0.1 inch

POSITION SENSOR

rms volts inches

1.8

Fig. 2.31 — Control rod position loop

g («F-», =2y . -.f .‘tag.f

P
P B e e b



59

Position-loop test controls will be provided in such a way that an actuator can be opera-
ted over its full range of travel. This is necessary in order to make linearity and gain
adjustments, and also as an aid in trouble shooting.

The control rod mechanical actuation system consists of a chain and sprocket system
buried in the front shield and driven by a powerhead assembly through a transfer gearbox
and radial shafts as shown on Figures 2. 32 A and 2. 32 B.

The powerhead assembly consists of a shaft driven by a pneumatic motor that in turn
is controlled by an electric servovalve to provide the shimming function. The shim speed
is 0 to 7. 7 inches per minute. Scramming is provided by clock-type springs wound up and
latched by means of an electromechanical clutch. If at any time during the 24-inch stroke,
a scram signal is received, the rods would be fully inserted at a rate of 5 inches in the
first 300 milliseconds. The powerhead is stopped at both ends of travel by a set of limit
switches.

Shimming and scramming power is transmitted through a drive gear to the transfer
box assembly that takes the power from a single powerhead assembly and distributes it
to six individual chain-control-rod drives by means of the radial shafts.

The chain-control-rod drive is located inthe front shield and consists of two sprockets
connected by a continuous 0. 25-inch pitch, high-temperature stainless-steel chain. The
poison rod is connected to this chain.

Position feedback is provided by an induction potentiometer mounted on the transfer
box. This potentiometer provides both position indication and feedback for the entire
group of six actuators.

Startup System

The startup system will consist of three separate subsystems of source-range instru-
mentation operating in parallel. The function of each subsystem will be to generate log-
count-rate and reactor-period signals to be displayed on the operating console. The dis-
play of calibrated log count rate and reactor period from any two of the three subsystems
will be the minimum requirement for performing a reactor startup.

The reactor period signal will also be used to cause reactor scram when any two of the
three period trip signals are in violation of the established period limits.

One of the instrumentation subsystems will be employed as a feedback channel for a
period- regulating servomechanism. The reactor period generated will be compared with
a fixed demand voltage, and, when in the servo operating mode, the control rod actuators
will vary reactivity until the reactor period signal satisfies the demand.

Each instrumentation subsystem will consist of three equipment channels with each
channel differing from the other only in sensitivity of the neutron sensor (Figure 2. 33).
The range of each channel will be about five decades of neutron flux in such a way that
nine decades can be spanned by operating each channel consecutively as the reactor
startup is performed (Figure 2, 34). The count rate signals are used to accomplish re-
liable automatic transfer between channels of differing sensitivity. The low-count-rate
signal of the next-most-sensitive channel will initiate transfer to that channel. A reactor
scram will result if the high count level is attained without the simultaneous existence of
a low-count signal on the succeeding channel.

The startup system will be relieved of control at 1.5 percent of maximum flux on com-
mand of the power-range-control ion chamber. If the transfer is not initiated by the pow-
er-range control, reactor scram will result from the ensuing high-count-rate signal.
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Power-Range System

The power-range system refers to the neutron-flux and temperature automatic control
loops, the associated reference input elements, the control mode $elector, and various
test and calibration controls.

An automatic neutron-flux control loop will be provided for low-level power holding,
for automatically transferring from the startup to the power range, for power-range
operation at low airflows where the temperature control is ineffective, and as a pos-
sible backup for the temperature loop. Power-range operation officially begins with
operation of a relay in the control ion chamber circuit at approximately 2 mw (1. 5 per-
cent of full power). This relay transfers control of the actuators from the startup to the
power-range system and performs other logic and switching functions. Refer to Figure
2. 35 for the block diagram of the loop.

A sub-power-range control system that utilizes the components of the normal power-
range system but has a sensitive amplifier (micro-microammeter) accepting the ion
chamber input will be provided. This operation extends the power range down 10 decades
from full power. The purpose of sub-power-range automatic control is to provide low-
level power-holding capabilities.

The turbine discharge temperature (Ts, 1) control will be the primary power-range
control. The flux control will be used as a minor loop in the temperature control for
stabilization purposes. The temperature control demand, the schedule for which will be
generated from the throttle (and a manual bias), is a function of the engine cycle. Refer
to Figure 2. 36 for the block diagram of the temperature control.

Various selector switches will be used to obtain the desired operating mode for the
control. The control mode selector will be used to select the power or temperature:
servo mode so that the operator can change servo modes conveniently. This selector
also has an Off position that prevents the power and temperature servos from controlling
the position loops. A sub-power-range switch will be provided to put the micro-micro-
ammeter into the feedback of the flux loop. A decade selector switch will also be pro-
vided to change the sensitivity of the micro-microammeter by factors of 10.

Safety Systerh

The safety system is designed to protect the reactor core against damage by actuating
alarms or scramming the control rods when established operating or safety limits are
exceeded. No provision is made for protection against sabotage, and no extra precautions
are taken with respect to natural disaster such as an earthquake. In addition to protection
against component failure, the design concept includes the prevention of improper opera-
tion where such operation would lead to dangerous conditions.

In the first power plant intended for ground test operation the system is designed so
that components fail safe, i. e., fail in such a manner that the result of failure is a safety
action. As a result of this philosophy, the operational reliability (ability to operate con-

tinuously) is decreased but the safety reliability (ability to protect the reactor)is increased.

There are no instances where the failure of a single control component will cause reactor
damage. i

Two levels or degrees of severity of safety acgtion are provided,alarm and scram. The
alarm system indicates to the operator that something is abnormall, whereas scram re-
sults in complete, rapid shutdown of the power plant. No intermediate safety levels are
provided.
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Fig. 2.34 ~Range and sensitivity of a single instrumentation subsystem

Three channels of fuel element temperature instrumentation will protect the reactor
core. Each channel will consist-of five thermocouples operating in parallel. The couples

will be selected from high-temperature core areas predicted by heat transfer calculations.

They will be interchanged with other thermocouples as necessary during testing to moni-
tor actual high-temperature areas of the core. Each of the three channels of five couples
will act independently to initiate safety alarm or scram action when their average temper-
ature exceeds a safety limit,

The safety parameters with their associated scram and alarm trip points are listed in
Table 2. 16.

Alarms - Alarms are provided when certain parameters exceed preset levels and when
certain critical power supplies deviate from preset bounds.

The alarm response is the sounding of an audible alarm and the lighting of an individual
indicating light to indicate the nature of the alarm. The alarm lights will be located in an
annunciator panel or in meters indicating the sensed parameter. An alarm Reset pushbut-
ton will be used to silence the audible alarm and reset the audible device for operation by
new alarms, but not for operation by suppression of an existing alarm. An operated light
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Parameter

Scram Trip

Alarm Trip

Fuel element temperature

Air temperature (Ts5, 1)
Power level (high power)
Power level (low power)
Switching monitor

Period (startup range only)

Engine speed
Temperature mode, low power

Facility neutron-

level monitor
Exhaust gas monitor
Low actuator pressure
Power demand

400-cycle voltage

400-cycle frequency

28-v d-c bus

1500-v d-c bus

+ 200-v d-c bus (startup only)
2 80-v d-c bus (startup only)
60-cycle voltage

Operation discretion
Emergency engine shutdown
Test sets

Key switch

Shim gangs

Equipment continuity

(3) 700° - 28000F

(3) 7000 - 15000F

(2) 20 - 200 mw

(2) 3 - 6 mw (if armed)

(10) Any channel open

(3) 5 sec, 2 out of 3
coincidence (if armed)

(1) 105% N

Both low-power trips
unoperated

0. 0020 - 200 mw

70 - 90%

Positioned above 2 mw,
2-mwtransfer relay
unoperated (if armed)

+ 10%

t 10%

-6v

-300v

20-v decrease (if armed)

-30 (if armed)

-10% (pp ammeter
operation only)

At will

At will

Conne ctor uncovered

Unoperated

None

None

(3) 500 - 100°F below
scram

(3) 500F below scram

None

None

None

(3) 10 sec, any channel
(if armed)

None

None

None

Increased to 10 times
None
None

+ 5%
None
None
None
None
None
None

None

None

None

None

(8) Any unlatched
Any interlock open

will not be extinguished until the individual alarm clears, at which time it will be self-
clearing without use of the alarm reset. When an individual alarm clears, it will auto-
matically reset the audible alarm for subsequent operation of that particular alarm. This
system permits the operator to silence the audible alarm in the event that a particular
alarm persists for a period of time, yet keeps the individual light on as a reminder that
the alarm still exists and automatically darkens the console when the alarm clears.

Alarms are provided on reactor period, fuel element temperature, turbine discharge
air temperature (same station as temperature control sensors), facility neutron-level
monitor, equipment chassis continuity, 400-cps power supply, and a rod gang not latched

to its actuator.

LR

Each of three independent subsystems of period instrumentation will generate an alarm
for a short period. Any subsystem will cause a short-period alarm, independent of coin-
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cidence of the other two. The alarm trip level is not adjustable. The three period signals
generated by the three subsystems are metered on the operator's console.

Any of three independent turbine discharge air temperature sensing and alarm-scram
trip circuitry can generate an alarm for high air temperature. Each channel will consist
of eight thermocouples operating in parallel. The alarm trip is adjustable, and is main~
tained automatically at a given level below the scram trip level as the scram trip level
is adjusted. The three discharge air temperature levels sensed by these three channels
are metered on the operator's console.

The 400-cps power-supply voltage and frequency are both monitored by circuitry that
generates alarm and scram responses. The reactor control system is sensitive to volt-
age and frequency deviations of the 400-cps supply from the nominal values. The effect
is to decrease the accuracy and change the transient response of the control. The deteri-
oration of performance increases as the magnitude of the power supply deviations in-
crease. The alarm trips will be set to trip at voltage deviations in such a way that, while
the control is still safe to operate, its accuracy and dynamic performance have changed
to an extent such that the operator should be informed. The 400-cps power supply will
not be adjustable during operation, but the operator will be cognizant of the performance
deterioration and can make the decision to continue to operate or shut down for repair.
Scram trips will be set at power supply voltage and frequency deviation levels such that
the control is no longer safe to operate. The alarm and scram trip levels are adjustable.

An alarm is also provided for each actuator to indicate when the control rod gang is
not latched to the actuator. If the unlatching occurs during operation, the result will be
a reactor power transient; and this alarm feature will identify the reason for the transient.

Scrams - Scram safety provides two basic functions. The first function is to shut the
power plant down before damage occurs in the event of failure or malfunction. The second
function is to prevent the operator from taking improper actions that might lead to a dan-
gerous operating condition and to restrict the operator to a specific mode of operation in
order to provide intelligence to the safety system. Scrams of the first type are called pa-
rameter or power supply scrams, since parameters are sensed and power supplies are
monitored and if prescribed bounds are exceeded, scram ensues. Scrams of the second
type are categorized as operating procedure violations.

The operating procedure violations will not in all cases result in dangerous operation
per se, but by requiring the operator to strictly adhere to a given operating procedure in
a few instances, it is possible for the safety system to recognize the power level and con-
dition of the automatic control. The parameter scrams can then be automatically program-
med to cover various operating conditions.

A specific example of what is meant above is the case of overflux protection during re-
actor startup. It is imperative that an overflux trip be set very low in the power range
during reactor startup, regardless of whether manual or automatic startup is employed,
because neither temperature scrams nor high-level flux scrams will protect the reactor
if a reactor runaway occurs. At the same time, when the power range is reached after a
normal startup, the low-level trip must obviously be released before normal power-range
operation can ensue. In order to be certain that the low-level trip is in force during a
startup, it is activated by the operator's power demand dial being set at the minimum de-
mand, which is tentatively set at 2 megawatts. To insure that the demand is set at mini-
mum (and for other reasons discussed later), it is required that the demand be set at min-
imum until the power range is reached, otherwise the reactor is automatically scrammed.
The power-range control normally stops the automatic startup and levels power at the level
set on the power demand dial. It would nominally make little difference whether the opera-
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tor set the demand at 2 or 3 megawatts; but in order to provide intelligence to the safety
system, the demand is required to be in the 2-mw position before the control is released
from scram and startup can be initiated.

The usual manual Scram pushbutton is provided so that the operator can initiate scram.
In addition, the emergency engine-shutdown pushbutton will also cause reactor scram.

A key switch is also placed in the scram bus in such a way that the key must be in place
before the continuity of the scram bus is complete.

The scram response consists of rapid insertion of the control rods, lighting anindividual
scram light on the operator's console to indicate the source of the scram, lighting two mas-
ter scram lights, and sounding the audible alarm. The individual lights and the master
scram lights will lock in when scram occurs. The audible alarm is silenced by the Alarm
Reset pushbutton. The individual lights are cleared by the Light Reset pushbutton, provided
the reason for the light being on has been removed. The two master scram lights indicate
that both the scram relays are functioning. The two scram relays perform identical func-
tions in releasing the scram latches on the shim rod actuators and are redundant to achieve
greater reliability. The relays are de-energized when scram occurs and can only be picked
up by operating the Scram Reset pushbutton, which simultaneously extinguishes the two
master scram lights and any individual lights.

Thus the individual indicating lights are extinguished by the Light Reset, but the control
will remain in the scram condition until the Scram Reset is operated. The fact that the
control is still in a scram condition after the individual lights have been extinguished is
indicated by the two master scram lights, which are cleared only by releasing the control
from scram. Operating the Scram Reset before operating the Light Reset will clear all
lights and release the control from scram. The two master scram lights, being indepen-
dent of the Light Reset, will always indicate the condition of the control as far as scram
is concerned.

Power plant integrity is maintained by preventing certain parameters from exceeding
prescribed limits. The parameters directly sensed and used to initiate scram if a pre-
scribed level is exceeded are fuel element temperature, turbine discharge air temperature
(same station as temperature control sensors), reactor flux level, and engine speed. Reac-
tor period is computed and used as a safety parameter when the power demand is at the
2-mw position. When these parameters are held within prescribed limits, the reactor is
in a safe operating condition. The prescribed limits vary as a function of the operating
condition. The prescribed limits vary as a function of the operating mode and the status
of the reactor.

The safety directly associated with the startup range consists of reactor period safety
and the switching monitor. As briefly mentioned in the section covering alarms, three in-
dependent sets of period instrumentation compute reactor period, using fission chambers
for sensors. Two-out-of-three coincidence is used; i. e., it requires two of the three sets
to agree before scram in initiated for short period. In the event of a complete channel
failure, an appropriate switch located on the equipment chassis may be thrown to a scram
position. This places this set in the scram condition, and then either of the remaining
operating channels will cause scram for short period. Assurance thatthe fission chambers
overlap and that the startup period computing circuitry is functional from the fission cham-
bers through the count rate computers is provided by a switching monitor for each set.
Low and high count-rate trips are provided for each chamber and its associated circuitry.
The high and low count-rate-trip contacts are combined in a logic network in the scram
bus known as the switching monitor. The effect of the switching monitor is to require that
a less sensitive chamber be providing a usable signal (low count) before the more sensi-
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tive chamber preceding it becomes saturated (high count); and that the control ion chamber
produce a current to operate the 2-mw relay (transferring rod control from the startup
control to power-range control) before the least sensitive fission chamber indicates 3 - 5
megawatts of power. Increasing the power demand above 2 mw causes the period safety,
alarm and scram, to become ineffective; i.e., period safety is not provided in the power
range after it has been safely reached. However, the period meters will continue to indi-
cate period throughout the power range.

Scram safety on the other parameters, engine speed, fuel and air temperatures, and
power level based on ion chambers as sensors, is in effect in the startup range (below 2
mw). The fuel element temperature scram level will be adjusted to a low level during
startup range operation by operation of a High-Low switch on the operator's console.

Excessive engine speed, as sensed by a mechanical speed switch geared to the engine
rotor, will cause scram at any time. This trip is not adjustable.

Any of six independent sets of temperature-sensing and alarm-trip circuitry will cause
scram at any time if the trip levels are exceeded. The six sensed temperatures are me-
tered on the operator's console. The alarm-scram levels of each set are adjustable, the
adjustment being made at the equipment racks. A single adjustment, per channel, adjusts
both alarm and trip levels with 50 degrees maintained between alarm and scram trip
points. Three sets are used for fuel element temperature and three for turbine discharge
temperature. The thermocouple instrumentation will be as previously described. In addi-
tion to the above adjustments, the scram trip level of the fuel element temperature sys-
tem is automatically set at 700°F when the High-Low switch on the operator's console is
thrown to the Low position.

Two independent sets of ion chambers and scram trip circuitry are used for flux level
protection. A third ion chamber is used in the power-range control system and is refer-
red to as the control ion chamber. All three ion chamber signals are metered on the
operator's console. Two scram trips are provided in each safety set; one nominally set
at 5 mw and the other adjustable from 20 to 200 mw. Both high-level trips are adjusted
simultaneously by manipulation of a potentiometer on the operator's console. The control
ion chamber signal is used in a trip circuit to operate a transfer relay to transfer the
control of the control rods from the startup control to the power-range control. The trans-
fer relay operates with an ion chamber current representing slightly less than 2 mw, 2
mw being the minimum setting obtainable on the power demand, and has come to be known
as the "2-mw'" relay. This relay thus furnishes intelligence to the control system and
also to the safety system.

The operation of the high-level power trips is obvious; the operator sets them just above
the power level at which he expects to operate. The function of the 5-mw trips is explained
below,

It has been determined that a flux level trip set low in the power range is necessary to
protect the reactor in the event of a classical startup accident (control rods are withdrawn
at maximum rate, reactor becomes critical at low level, period safety fails, and power-
range control cannot level power). A high-level flux trip, which potentially may be set as
high as 200 mw, may not save the reactor from damage because of time delays associated
with presently available components. The scram trip level on flux is automatically set at
5 mw whenever the reactor power is in the startup range, and raised to whatever level the
high-level trips are set at when the reactor is in the power range after a normal startup
is accomplished.
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Scram protection for loss of ion chamber feedback, discussed later in this section, is
also provided.

Scram protection is provided from an independent neutron flux detector mounted in the
FET and not interconnected with the control system other than through the scram bus. The
system is known as the facility neutron-flux monitor.

A system that will detect any unexpected increase in the release of radioactivity from
the power plant will be tied into the alarm system. Provisions will be made for incorpor-
ating it in the scram system if it is later deemed necessary. The system will probably be
a delayed neutron detector or a gamma activity monitor.

The control system and the safety system depend upon certain critical power supplies
for proper operation. Failure of some of these power supplies will cause an immediate
excursion of power, while failure of other supplies will render the safety system ineffec-
tive. When reasonably possible the critical power supplies are protected by scram. In
certain cases protection is supplied by redundancy because the measures needed to moni-
tor the supply are deemed less reliable than the supply itself.

Automatic control and safety both depend upon proper operation of the fission chambers.
If the voltage drops below the level required for proper sensor operation, scram will be
initiated by a low-voltage relay.

The +200-volt d-¢ reference supplies associated with each set of startup range equip-
ment are also protected by low-voltage relays, since low voltage will cause abnormal
control-system operation and also affect the safety system.

The scram protection for both the fission chamber voltage supplies and the d-c refer-
ence supplies is automatically eliminated during power-range operation. This is accom-
plished by shunting the contacts of the low-voltage relays in the scram bus with contacts
of the 2-mw relay.

The power supply protection described in this section is effective at all times.

The protection provided for the 400-cps supply has beendiscussedearlier inthis report.
Deviations in voltage or frequency sufficient to cause unsafe operation of the control sys-
tem or the safety system will cause voltage or frequency trip circuits to operate and init-
iate scram.

Both the power-range control system and the safety system depend on proper operation
of the ion chambers. Assurance of proper ion chamber voltage supply is provided by re-
dundancy and a low-voltage relay. Two power supplies are provided, operating through
diodes into a high-voltage bus that supplies the chambers. Should either supply fail, the
diode will prevent reverse current flow through the defective supply, while the remaining
supply will carry fhe full load. The bus is protected by a low-voltage relay so that reduc-
tion of high voltage, because of loss of both supplies or grounding of the bus, will cause
scram.”

Low-voltage protection is provided for the 28-volt d-c supply to insure proper relay
operation.

For sub-power-range operation a low-voltage relay is used to provide scram in the
event of loss of the 60-cps power used for the micro- microammeter.

Reduction of the control-rod-actuator power supplies below a certain pressure level
will cause unsafe control operation. The pressure level of the actuator power is moni-
tored as close to the actuator as possible, and scram is initiated if the pressure drops
below a critical value. This feature represents an attempt to prevent maloperation before
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it occurs, since the safety system is independent of the actuator power and should protect
the reactor in event of parameter violation.

The power-range control system and the scram trip circuits for fuel and air tempera-
ture and power level depend upon proper operation of d-c reference power supplies. These
power supplies are very precisely regulated constant-current devices. Unfortunately, to
monitor such a supply and detect unacceptable deviations requires an equally well-regu-
lated reference and precise sensing devices. An alternative method of providing protection
is chosen in this situation, the use of several reference supplies. The failure of one d-c
reference will cause at most the failure of the control system or the failure of one each
of the power level and air temperature safety channels.

There are a limited number of operating procedures that the operator must follow. If
these procedures are not strictly followed, the result will be a scram.

These operating procedures are intended either to prevent the operator from perform-
ing certain actions that have potentially hazardous results or to provide intelligence to
the safety system.

The procedures that must be followed to avoid scram are as follows:

1. The power demand must be maintained at its minimum setting until the control ion
chamber indicates 2 mw of power and the 2-mw relay operates, regardless of the
operating mode.

2. The control mode selector must not be placed in the "temperature' position until one
of the safety ion chambers indicates 5 mw of power, at which time a corresponding
5-mw relay operates.

3. When the reactor is being operated manually, the operator must increase the power
demand above 2 mw before raising power above the 5-mw level.

These features prevent the operator from doing the following:

1. Performing an automatic startup and having the power-range-control power level at
a high value in the power range, which would otherwise happen if the power demand
were inadvertently set at a high level.

2. Performing an automatic startup and having the power-range control assume control
in the temperature mode. This is undesirable because the power-range control will
attempt to satisfy the temperature demand. If the temperature demand is consider-
ably different from the temperature existing during a startup, a severe transient
with possible parameter violation will result.

These features provide intelligence to the safety system that allows it to distinguish be-
tween the operator causing power to increase above 2 mw and a runaway causing power to
increase above 2 mw. This intelligence is used to activate a scram trip at 5 mw for start-
up operation and to raise the level to that chosen by the operator after the power range has
been safely reached.

A safety feature that results from the interlocking of operator-manipulated controls and
the power-level trips is the assurance that the control ion chamber is functional. Scram
occurs if the control ion chamber signal is lost at any time after the power level reaches
2 mw. If the power demand is set at minimum when this occurs, scram will occur either
when the power level reaches 5 mw on the safety ion chambers or 3 to 5 mw on the high-~
range fission chambers or when short period is"detected, whichever event occurs first.

If the power demand is not set at minimum, scram will occur immediately. The above
actions result because of the release of the 2-mw relay when the control ion chamber
current fails.
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Safety Bypass Panel - The operating experience gained from HTRE No. 3 has indicated
an apparent need for the capability of operating a power plant without all of the safety
features included in the basic safety system. Presumably the need for such operation
will exist with this test assembly. A typical example that indicates why such operation
may be desirable is to consider the failure of one fission chamber. The safety system
as designed will not permit startup unless all chambers are functional because of the
switching monitor associated with each startup channel. A trip to the hot shop, which
would entail considerable delay, would possibly be necessary to replace the fission cham-
ber. Rather than accept the delay, the decision might be made to operate with only two
channels of startup instrumentation, and the switching monitor in question would be by-
passed.

A safety bypass panel is provided so that any pair of contacts in the scram bus can be
bypassed by the operation of a toggle switch. This is considered preferable to the alter-
native method of altering the wiring of the scram bus. Each bypass switch will be assoc-
iated with an indicating light to indicate which scram features are bypassed. The primary
need occurs during checkout.

Sub-Power-Range Operation - The power-range control will be used during the pre-
liminary testing phase to regulate power for several decades below the 2-megawatt level.
A single switch on the operator's console will permit the power-range control to function
below 2 megawatts and simultaneously cause slight changes to the safety system.

Operation of the Sub- Power-Range switch will cause the following changes to the safety
system and operating procedure.

1. The period safety will be effective at all times.

2. The 5-megawatt power level trips will be effective at all times.

3. The scram trip on the 60-cps power supply feeding the micro-microammeter will
be effective.

4, Operation of the automatic startup system will be prevented.

5. The operator will be able to manipulate the power demand at any time.

It is intended that the operator will manually increase power to the desired level and
then use the automatic control to regulate power. Automatic startup using the power-
range control should not be attempted. This mode of operation will be restricted by
operating instructions.

Reactor Control and Safety Instrumentation

Temperature Sensors - The air temperature sensors for the D140E1 ACT for control
and safety will be located behind the turbine at station Tg, 1.

There are 16 probes equally spaced around the circumference at station Tg ;. Each
probe has two thermocouples, which are electrically and mechanically independent.

The thermoelements are to be Chromel-Alumel. This material has been used sucess-
fully in the turbojet engine industry for a number of years. It can be designed for fast
response in gas temperatures up to 16500F,

On the ACT assembly the 16 prbbes are to be equally spaced around the circumference
of the bleed-speed- manifold spool.

The 32 thermocouples will be grouped into cight groups of four thermocouples in paral-
lel in each group. These groups will then be connected into sets for control, safety, and
indication.
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The probe will be of the swaged construction. It will be one continuous piece from the
hot junction to the first junction box. The probe has an outside diameter of 0. 310 inch with
a 0. 040-inch-thick Inconel jacket, MgO insulation, and 0. 040-inch-thick Chromel-Alumel
thermoelements. The portion of the probe to be immersed in the gas stream will have a
0. 5-inch reinforcing jacket over two-thirds of its length for structural stability.

The fuel element temperature sensors for the DI40E1 will have noble metal thermoele-
ments and a noble metal sheath with MgO insulation. The hot junction will be enclosed
within the sheath.

Nuclear Sensors - The control nuclear sensors will consist of two types, i. e., fission
chambers and uncompensated ionization chambers. There will be three fission chamber
clusters consisting of three separate chambers per cluster and three uncompensated ioni-
zation chambers.

The fission chamber cluster consists of three chambers so sized and spaced that their
operating ranges will overlap by two decades. The chamber gains will be as follows:

chamber No. 1, 1500 # 450 counts per second per 10-6 percent nuclear fission power.
chamber No. 2, 1500 # 450 counts per second per 10-3 percent nuclear fission power.
chamber No. 3, 1500 450 counts per second per 1 percent nuclear fission power.

The main structural materials of the chambers will be stainless steel, and the sensitive
areas will be coated with enriched uranium.

The uncompensated ionization chamber consists of concentric electrodes and an outer
case. The structural materials will be stainless steel with the sensitive area being coated
with boron-10. The gain of the sensor will be 1 x 10-2 milliamperes per megawatt of heat
power output.

The chambers will be designed to operate at a temperature of 3000F. They will be lo-
cated in sensor wells in the side shield.

Engine Controls

Engine Speed Countrol - The speed-control system regulates engine speed by the simul-
taneous modulation of two engine-control parameters, exhaust or jet nozzle area (Ag) and
the turbine bypass bleed area (Ag). The jet nozzle accomplishes this by variation of tur-
bine back pressure (P5), which increases when jet nozzle area decreases. Nozzle speed
control, however, is only effective at high engine speeds when Ag modulation can produce
sufficient variation of Py to accomplish effective speed control. The turbine bypass bleed
valve modulates turbine work by diverting a portion of the main gas stream from the com-
pressor plenum around the turbine and back into the tailpipe. This method of speed control
is equally effective throughout all values of the speed range.

The engine speed control is shown in Figure 2.29, It is a straightforward electrohydrau-
lic system. Two control loops are required to properly modulate the jet nozzle and turbine
bypass bleed valves shown in Figures 2. 37 and 2. 38, respectively. The control receives
engine-speed and bleed-valve-area demand signals from the thrust selector as a function
of throttle angle and/or throttle bias position. The speed demand signal determines the
engine operating speed, and the bleed-valve-area demand signal adjusts the engine cycle
for peak performance and acceleration potential. The speed demand signal feeds both the
nozzle and bleed-control-loop amplifiers. The speed-loop amplifier accepts the demand
signal and compares it with a speed feedback signal proportional to actual engine speed to
generate an actuating-error signal to the bleed-wvalve actuation system. A compensating
speed-derivative signal is also compared in this amplifier, which effectively shapes the
actuating error signal in a way that dampens and stabilizes the speed response of the
system.
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The presence of an actuating error signal displaces a wand in the servovalve torque
motor, which ports hydraulic fluid to four bleed valve actuators and causes them to move
until either the actuating error signal disappears or the valve reaches its mechanical tra-
vel limits. The actuators always move in a direction to force actual engine speed to agree
with that demanded from the throttle; and, since the bleed valve is in motion until the dif-
ference between actual and demanded speeds is zero, a zero speed error control is ob-
tained. In addition, an average bleed-valve-position signal is transmitted from the four
bleed valve actuator positions and compared with speed demand, actual engine speed feed-
back, speed derivative, and bleed valve position demand signals in the nozzle loop ampli-
fier. The bleed valve loop is substantially faster than the nozzle loop and will quickly
achieve an engine speed equal to the demand. It will do so, however, with the bleed valve
biased off normal position. Proper bleed valve position is called for by the scheduled
bleed-valve-area demand input to the nozzle loop, which eventually by jet nozzle action
establishes or resets the bleed valve to the desired position with no change of engine speed
from that demanded. Nozzle loop operation can easily be explained if one assumes speed
is at the steady-state demand value with the bleed valve not at the position of best perfor-
mance. If this is true, the speed demand, spced feedback, and speed derivative signals,
compared in the nozzle amplifier, sum to zero. The only two signals remaining that can
be compared in the nozzle amplifiers to produce an actuating error voltage to the nozzle
loop are the bleed area demand and bleed valve position signals. If such a signal exists,
the nozzle actuation system, a typical high-load electrohydraulic actuation system, will
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move the nozzle to force a change of engine speed. The bleed loop, being faster than the
nozzle loop, will change bleed valve position to maintain speed exactly at the demanded
value. The nozzle will move until it reaches its mechanical bound or until bleed valve
position reaches the demanded value, i. e., the condition of zero error voltage.

To reduce the amount of bleed required to safely limit overspeed in the event of the noz-
zle failing open, a nozzle bound will be provided to limit mechanically the area of the jet
nozzle to a value less than full open (1400 square inches). Additional safety is incorpo-
rated into the design and mechanization of the system by the use of six nozzle actuators,
four turbine bypass bleed valves and actuators, and redundancy in the generation of speed
feedback signals, the details of which are yet unresolved. The speed sensors are perma-
nent-magnet-type tachometers requiring noelectrical excitation and thought tobe extremely
reliable because of their simplicity and ruggedness. All actuators are hydraulic; allelec-
trical computing elements are magnetic amplifiers; and all position and demand trans-
ducers are of the a-c variable-reluctance type.

A closed-loop jet-nozzle position control is also provided and is intended for test pur-
poses only whenever manual nozzle positioning is required. It is independent of the auto-
matic nozzle control system to the greatest degree possible in order to provide redun-
dancy. Transfer from automatic nozzle control to manual jet nozzle control by operation
of a switch on the control console will be accomplished when the null meter is indicating
a zero-error condition so that no transients will occur. Operation of the switch transfers
a manual nozzle-position-demand error signal, generated in the manual nozzle amplifier
by comparison of actual to demanded position signals, to the nozzle actuation system. The
error signal causes the nozzle actuation system to move the nozzle toward the demanded
position, the signal going to zero when the actual and demanded positions agree. The noz-
zle position feedback signal at the input to the manual amplifier is a d-c signal from a
variable-reluctance position transducer mounted on the nozzle.

Manual Fuel Control System - The manual fuel control is shown in Figure 2. 39. The
operator will be able to manually demand a fuel flow that in conjunction with other engine
conditions will determine items such as engine speed, engine temperature, and thrust.

In operation, fuel is received from the facility supply and is boosted to the required
pressure by the engine main fuel pump. The fuel flow filter cleans the fuel and passes it
onto the main fuel valve. The fuel flow from this valve is determined by the position of an
internal metering valve. The metering valve is positioned by a servomotor driven by the
manual fuel amplifier whenever there is an error between demanded and actual position.
The bypass element in the main fuel valve regulates the pressure drop across the meter-
ing valve; therefore, the net flow to the engine is a function of metering valve area or
position. A primary pressurization valve assures that adequate differential pressure is
maintained across the bypass element for proper servo action. In case of engine over-
speed, sufficient fuel will be bypassed back to the main fuel pump to reduce speed to a
safe value. Under normal conditions the full fuel flow would go to the seven small slots
of the dual-cone fuel nozzle on each burner can. When the required fuel flow is great
enough, the secondary pressurization valve will allow fuel flow to the large slots of the
dual-cone nozzle.

The block diagram shows a solenoid drain valve, which is provided to prevent accumu-
lation of fuel from leakage or false starts. An air purge line is also shown. Whether this
is necessary has not been determined.

Stator Control System - The stator contrc;l; Figure 2. 40, is an electrohydraulic posi-
tion control system. The variable stator blades of the compressor are linked together
and tied to the two stator actuators. The requiredstator position is scheduled as a func-
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tion of corrected speed. A speed signal from a tachometer is converted to a direct current
and combined with a Tg temperature signal from a temperature-sensitive resistive bridge
in the corrected-speed generator magnetic circuit. The corrected-speed signal is com-
pared with the stator position feedback from a position transducer attached to a stator
vane. When an error exists, the signal is amplified in 2 magnetic amplifier and used to
control the hydraulic flow from a servovalve into the two stator actuators. The stator
control is supplied hydraulic fluid by the common hydraulic system shown in Figure 2.41.

Accessory Systems

Lubrication System - The lubricating oil for the test assembly comes from tanks located
in the test facility. The lubricant will be MIL-L-7808C lube oil and will be pumped by ele-
ments of the main lube supply pump on the transfer gearbox and a scavenge pump on the
rear gearbox. A schematic sketch of the lubrication system is shown in Figure 2. 42.

Provisions are made in the design of the assembly for (1) draining of the lubrication
system quickly and easily in a horizontal position or 15 degrees nose up, (2) an oil filter
at the scavenge outlet to prevent passage of particles larger than 46 microns, (3) venting
of the pumps through a common system, and (4) air pressurization externa! to carbon
seals to minimize oil leakage past the seals.

The lubrication system is limited to operation above 500 rpm. Below 500 rpm insuffi-
cient lube oil is provided to the bearings. For continuous low-speed motoring operations
(500 to 3000 rpm), an external supply of air must be provided for seal pressurization.

Hydraulic System - The hydraulic system for the turbomachinery will be used in the
actuation of the variable stator vanes, primary exhaust nozzle, and the bleed speed con-
trol valve. A schematic of the hydraulic system is shown in Figure 2. 41. The variable-
stator pump, primary nozzle pump, and the variable bleed pump are mounted and driven
from the rear gearbox. The hydraulic fluid reservoir, heat exchanger, and filter will be
mounted on the accessory tray.

Fuel System - The fuel system for the turbomachinery supplies the scheduled fuel re-
quirements for operation of the turbomachinery on chemical fuel. The fuel system sche-
matic is shown in Figure 2. 39. The main fuel pump and overspeed governor are mounted
on the front gearbox. The main fuel control and fuel filter are mounted on the accessory
tray. The fuel nozzle incorporates the secondary pressurization valve to provide the pro-
per atomization of fuel to the combustors.

Fuel to be used in the operation of turbomachinery will be MIL~-F-5624 Grade JP 4 fuel.

Starter System - The starter system consists of a two-stage, air-turbine starter unit
and an inlet-air control valve. The starter unit is mounted on the inlet gearbox within
the engine bulletnose. The control valve is mounted on the power plant dolly. The air is
piped to the starter through the front of the bulletnose and is discharged through the
forward outer part of the bulletnose into the compressor inlet. The starter includes an
oil reservoir, oil pump, and heat exchanger. It also includes a cooling pump to circulate
the cooling fluid through the heat exchanger. The oil that is used for the power-plant
constant-speed drive is also used as the starter cooling fluid.

The starter control provides for two torque settings, a low torque for the initial part
of the start cycle and for motoring on the starter after engine shutdown, and a high tor-
que for that part of the start cycle after engine firing. The torque settings are selected
manually by the operator. On the low-torque setting, the starter will motor the engine
at approximately 1100 rpm with 700°F inlet air. During engine coastdown, the starter
may be set to automatically re-engage on the low-torque setting at an engine speed of
2450 rpm, or it may be manually re-engaged at any speed under 2450 rpm. During the
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start cycle the starter will automatically disengage and shut itself down when the engine
speed reaches 3500 rpm.

The inlet-air control valve serves as a shutoff valve for the starter as well as a pres-
sure regulator to provide 35 psig for the low-torque setting and 65 psig for the high-torque
setting.

Electric Power

Electric power for operation of controls during startup is supplied by facility supplies.
At idle speeds and above, the power may be supplied by either the facility supply or a
system driven by the ACT assembly.

The facility power supply consists of a motor-generator set that supplies 400-cycle
power and a motor-generator set that supplies direct current. Power for the motors of
both sets is supplied by primary facility power.

The assembly-driven system consists of a 400-cycle alternator driven by a pad on the
rear engine gearcase through a hydraulic constant-speed drive. This drive takes the vari-
able output speed of the gearbox shaft and provides a constant-speed output to the alterna-
tor. Alternating current from this system is converted to direct current through use of
transformer rectifiers.

The test assembly is started with facility power because the ACT system does not regu-
late frequency adequately much below idle engine speed. When idle speed is reached,
operation may be continued on facility power or transfer may be made to the ACT test
assembly supply. If the latter is desired, the systems are paralleled electrically and
then unparalleled to prevent any interruption in power to the system.

2. 1.5 AUXILIARY EQUIPMENT

Transport Vehicle and Support Structure

The transport vehicle is a special flatcar, which is mounted on four railroad trucks
and travels on four rails. It is propelled by a shielded locomotive and is used to trans-
port the test assembly and its support structure between facilities. The support struc-
ture is a four-legged frame that supports the power plant and some auxiliary equipment
during test and transportation on the transport vehicle. Instrument, power, and [luid
lines on the structure are connected to the test facility through the coupling plug attached
to the aft end of the structure.

Aftercooling

Initial aftercooling air for the reactor is provided by either of two systems, which
operate in parallel. One, the shield and aftercooling system, is connected to the after-
cooling part of the test assembly through a quick-acting valve. The other system pro-
vides aftercooling air by turning on the starter and motoring the engine compressor.
During engine operation the first system supplies cooling air to the shield but is blocked
off from the reactor by the quick-acting valve. After the engine is shut down and coasts
down to 2400 rpm, the starter begins operating and provides aftercooling air by motoring
the compressor. If the starter fails to begin operating, the engine will continue to coast
down and the shield and aftercoolihg system will cut in through the quick-acting valve
when the engine compressor discharge pressure drops below the system pressure.

- .

The shicld- cooling and aftercooling system is shown in Figure 2.43. Air will be supplied
by a facility air supply and ducted to a point located on the left side and aft of the support
structure. Automatic quick-disconnect couplings will be provided to couple the ducting
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mounted on the facility to the ducting mounted onthe support structure.The ducting mounted
on the support structure is routed to the ducting on the power plant and connected at the
aft end for aftercooling flow and at the forward end for shield-cooling flow. Manipulator-
operated quick-disconnect couplings will be provided to couple the ducting mounted on the
support structure to the ducting mounted on the power plant.

During the time the power plant is being transported from the FET to the hot shop,
cooling air will be supplied to the reactor core from a pair of blowers mounted on the
support structure. These blowers are connected in parallel so that in the event of failure
of one of the blowers, the other blower can keep the system operating. The ducting from
the discharge of these blowers will tie into the ducting mounted on the support structure
and will follow the same route as the initial aftercooling airflow.

When the in-transit aftercooling system is required to supply air, the initial system
will have been in operation for some time already, thereby materially reducing the flow
requirements. Before the initial system is shut down, the in-transit system is put in
operation and checked out. The initial system is then shut down; and as the pressure de-
cays below that of the in-transit blower discharge pressure, a check valve in the in-
transit blower discharge line automatically opens and allows air to flow through the
structure and power plant ducting and then through the internal passages to and through

the core.

The flow and pressure requirements for the shield and aftercooling system and the
in-transit aftercooling system are:

Initial aftercooling system
Flow - 25 Ib/sec
Pressure - 20 psia

In-transit aftercooling system
Flow - 10 Ib/sec
Pressure - 15.5 psia

2.1.6 EFFLUENT-CLEANING EQUIPMENT

An effluent-cleaning system will be designed to permit extensive, uninterrupted, en-
durance testing of advanced power plants at the FET. It will be located adjacent to the
northeast side of the existing test cell in the FET facility.

A significant feature of this effluent-cleaning system is the utilization of an electrostatic

precipitator to remove fission product contaminants from the power plant exhaust
stream. It is planned to inject into the gas stream a particulate material that will col-
lect the fission product contaminants and in turn be collected on the precipitator plates.
This particulate, with associated contaminants, would be discharged to hoppers and sub-
sequently to a co@nimted—waate disposal system.

0o

For the effluent-cléz:ming system a special duct called an augmenter will be designed
to receive the primary exhaust jet from the engine. It will induce a minimum quantity
of secondary airflow, thus providing free discharge from the engine. This design will
permit normal engine operation and accurate thrust measurements. The flow of ambient
secondary air will also permit the augmenter to be constructed entirely of carbon steel.
The augmenter duct will be approximately 8 fecet in diameter and 40 feet long. The tran-
sition from the augmenter duct to the main duct will be approximately 36 feet long.
Cooling-water spray rings will be located to prBi/ide desired cooling and to provide
effective mixing of the primary and secondary gas streams and the injected additive.
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The main duct, approximately 18 feet in diameter and 70 feet long, will connect the
augmenter transition to the precipitator inlet plenum, which will be a chamber across
the inlet face of the precipitator to distribute the gas flow through the precipitator. Ad-
justable louvers will be provided for equal flow distribution.

The electrostatic precipitator will be of the wire-and-plate-electrode type, specially
designed to remove efficiently the type of additive injected into the gas stream. It will
consist of six sections and will provide a maximum design flow rate of approximately
1,100, 000 cubic feet per minute at a face velocity of 300 feet per minute and a gas tem-
perature of 3009F. The precipitator structure will be approximately 60 feet high, 150
feet wide, and 40 feet deep. Each section will have suitable hoppers to receive the ma-
terial removed from the plates. Provisions will be made in the precipitator shell to
accommodate the future installation of additional plate sections in case higher collection
efficiencies should be desired.

The flow from the precipitator will enter multiple-exit plenum sections, each having
a separate duct leading to one common exhaust stack. The exhaust stack will be a car-
bon-steel structure approximately 18 feet in diameter and 100 to 150 feet high to ensure
a minimum effective stack height to provide protection against local contamination on

the ground.

The additive processing and injection equipment will be located in an underground
addition to the basement level of the existing FET control and equipment building. Stor-
age of additive material for 100 hours of operation will be outside and adjacent to this
addition. The additive processing and injection equipment will be used to prepare the
additive in the desired form and concentration for injection into the augmenter duct. The
form and concentration of additive will be selected from data obtained from IET side
loop experimental tests currently in progress. The additive that shows the greatest ef-
fectiveness in removing radioactivity from the exhaust stream will be selected.

A contaminated-waste disposal system will be provided to handle the radioactive wastes

removed from the precipitator plates. These wastes will be collected in hoppers located
beneath each precipitator section, and the waste from rapping and spray-cleaning oper-
ations will be conveyed through underground piping to a shielded storage tank. This
storage tank will have a capacity for 1000 hours of precipitator operation and will be lo-
cated above ground approximately 350 feet from the FE Ttest cell. This storage tank will be
surrounded by an earth berm, sized to provide both radiation shielding and a basin with
a volume at least equal to that of the tank. An isoclation fence will surround the tank area.

Several auxiliary features will be provided to complete the system: utility services
such as cooling water and electrical power; suitable process instrumentation and control
equipment for the precipitator proper, as well as all auxiliary equipment in the system;
and sampling and monitoring equipment throughout the system.

2.2 ASSEMBLY PROCEDURE

The initial full-power assembly will utilize, if they are available, the primary fixtures
and handling equipment that will be used during subsequent remote disassembly; however,
the complete operation can be performed manually, making the use of most secondary
equipment unnecessary.

In all cases the reactor core will be assembled in the Low Power Test facility. The
assembly will be performed step-wise using critical experiment techniques and monitor-

-a
‘

n

.

- e
-l s



Cﬂf\ﬂDE["ﬂﬁf’
QSEGRET»..? 3

ing multiplications, in order to preclude accidental criticality. The assembled core pack-
age is then delivered to the hot shop for insertion into the test assembly.

The pressure shell will be installed in the upending fixture with the reactor mounting
flange upward. Lowered into the shell by means of a sling are the assembled reactor,
front shield, and control rod and drive unit. This unit will be built up in the hot shop
after the core is returned from the zero-power test and the temporary front shield and
control system are replaced by the operating components. This unit is complete with
instrumentation and can be bench-checked for wiring continuity and control rod response.
If necessary, the source rod used in the critical experiment can be replaced for power
test at that time.

After the core package is inserted and the compressor assembly, consisting of the ro-
tor and stator and front and rear frames, is mounted, the assembly is upended and the
turbine rotor, stator, and front and rear frame unit, including the rear shield, are at-
tached to the aft flange of the pressure shell. The assembly is then returned to the hori-
zontal position, and the tailpipe and accessory package, which is designed so that testing
of functions and connections can be performed before mating to the power plant, are added.
At this time the power plant will be moved to the side~shield handling stand where the
side shield and intermediate support frame will be mounted and final electric and hydrau-
lic connections completed.

The ACT assembly will then be inserted into the support structure where final service
connections will be made. At that time checkout of all electric connections and, by either
motoring the power plant with the starter or supplying external pressure, checkout of
the hydraulic loops for continuity and leakage should be accomplished.

2,3 DISASSEMBLY PROCEDURE

The after-shutdown gamma dose level around the D140E1 ACT assembly varies from a
low of 3 to 5 roentgens per hour in front, to between 2000 and 3000 roentgens per hour from
midpoint to tailcone at a distance of from 5 to 10 feet from the surface of the power plant.
These figures are based on a full-power run of the reactor for periods of 100 hours and
up. Consequently, except for the compressor area, work performed on the power plant
from a major disassembly to minor maintenance must be done remotely or under heavy
shielding.

Upon receipt of the power plant in the hot shop, the in-transit aftercooling must be dis-
continued and the shop aftercooling begun. The power plant will then be unlatched and rol-
led back in the test frame where the 100-ton crane may pick up the lifting bailandtransfer
the power plant to the side-shield removal fixture.

In the side-shield removal fixture, the side shields and power plant support yoke are
unfastened and removed. In order to reach all the fastenings, a 15-degree tilt has been
incorporated into this fixture. At this point, 80 percent of the bolts in the front and rear
pressure vessel flanges, which support the compressor and turbine assemblies, must be
removed to allow the flanges to fit into the lifting girdle.

An optional step in the procedure to this point is the removal of the starter and acces-
sory tray from the compressor. The starter ¢an be removed at any point in the procedure
prior to removing the compressor. The accessory tray can be removed or can be left
with the compressor on the basis of work to be done. Piping and wiring must be removed
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prior to the side-shield disassembly. To make it possible to reach all bolts in the pres-
sure-vessel flanges, the power plant must be removed from the hot shop on a flatcar and
turned on the turntable.

The lifting girdle is then applied, and the power plant is lifted to the rotary erecting
fixture on one of the hot shop turntables. The crane then lifts the aft end of the power
plant to a vertical position, and the tailcone is unbolted and removed. A strongback is
then bolted to the turbine rear frame and shaft to hold the shaft in radial and axial align-
ment during subsequent operations.

The assembly is then turned end for end with the compressor pointing upward, and the
main-shaft unbolting tool is applied. The compressor rear flange bolts are removed, and
the component-removal fixture lowered and attached to the compressor pick-up points.
The main compressor-turbine coupling shaft nut is then turned while the compressor is
slowly lifted. After the internal nut has cleared its threads, the component-removal fix-
ture will be lifted with the compressor and set onto the compressor stand where the com-~
pressor will be left for transfer to manual maintenance areas.

The component-removal fixture is then fitted to the front shield adapter, and the assem-
bly is lowered to contact the forward flange of the transition section between the compres-
sor rear flange and the pressure-vessel front flange. The remaining pressure vessel
front flange bolts are removed, and the transition assembly between the reactor and the
front shield is picked up and removed. This assembly is then set into fixturing where the
reactor may be unbolted from the front shield and the components separated.

The handling of the control rod actuators has not been finalized yet, but the actuators
and rods probably will remain assembled until the front shield and core are separated.
The rods will be removed one group at a time and replaced with transport rods that will
stay with the reactor. Currently, if a control rod or actuator is to be changed, the com-
pressor must be removed to provide access. The method will be finalized later. The
nuclear sensors are attached to and will remain with the side shields during a general
disassembly.

Since no maintenance procedures are planned for the front shield and reactor, fixturing
will be provided for separation operations only. The reactor tubes will be released from
the pressure shell and grouped into bundles of suitable size for transport and storage.

After the reactor and front shield have been removed from the pressure vessel, an
adaptor is bolted to the front flange for stiffening and counterbalancing, and the as-
sembly is inverted with the turbine on top. The remainder of the bolts holding the turbine
are removed, and the component-removal fixture with the necessary adaptors is applied
to the turbine. The assembly is then removed, and the turbine is separated and carried
to a decontamination area.

Reassembly of the power plant will be in reverse order to the disassembly, and the
same equipment will be used. There will be no reassembly of a used reactor or of the
end shields when they are separated into their smallest components. Aftercooling there-
fore probably will not be a part of the assembly procedure, since either a fresh reactor
will be used or the cooling time on a used reactor may have been long enough to require
only intermittent cooling, if any, during the assembly.

1



3. TEST REQUIREMENTS

3.1 LOW-POWER OPERATIONS AT LPT

Low-power operations at the Low Power Test facility (LPT) will consist of a critical-
experiment test program performed with the ACT test assembly reactor. The purpose of
these operations is to determine the nuclear characteristics of the D140E1 reactor prior
to operation of the full ACT assembly.

Cold critical tests will be performed to evaluate excess reactivity in the reactor and
to calibrate the control rods. Detailed three-dimensional power mapping will be accom-
plished for various rod insertion depths by means of wire or tape activation methods.
The reactor core will be poisoned preferentially to simulate the spatial effects of fuel
burnup and the predicted reactivity worth of xenon, fuel depletion, and long-term fission
products. The control rod bank will be moved to compensate for these effects.

Hot critical tests (maximum temperature of 10000F) will be performed to evaluate the
changes in power distribution at the core-reflector interface and the changes in temper-
ature and to study the effects of temperature on reactivity. Heating of the reactor will
be accomplished by blowing hot air from an external source through the reactor.

The nature of the foregoing test program requires that the reactor be made critical and
shut down many times. The power requirements however, aYe not to exceed 100 watts.

3.2 COLD-SYSTEM CHECKOUT

Prior to power operation, a checkout procedure will be carried out to insure that all
power plant mechanical, electrical, and airflow systems are functioning properly.

Phase I -

The first portion of the testing will consist of a complete wiring check. The continuity
of signal flow will be established through each minor control loop. Continuity and proper
termination will be established for all cables and leads from the electrical component
racks and the operator's console to the dolly coupling plug. Similarly, each signal and
power lead from the power plant to the dolly coupling plug will be checked for continuity
and proper termination. The power plant will not be connected to the control during
Phase I, Phase II, or Phase III

Phase II
The second portion of the testing will establish proper control component calibration.

Correct power supply and demand voltages will be established. Amplifiers, safety trips,
console meters, and demand dials will be calibrated according to established procedures.

Phase III
The third testing phase will establish proper reactor control operation using an analog

simulation of the reactor characteristics. o m
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The proper closed-loop gain and time constant will be established for the position loop
and flux loop. Adequate response of the temperature control to step-function inputs will
be established.

Steady-state power-holding ability will be measured at a number of operating points
using both flux and temperature control. Proper computation of steady-state count rate
and reactor period by the startup control will be confirmed.

Phase IV

Final pre-operational testing will establish signal continuity and proper signal polari-
ties throughout the control when connected to the actual power plant. Each poison rod
actuator will be observed to insert, withdraw, cock, latch, and scram on manual com-
mand from the operator's console. The existence of proper high voltage at each nuclear
sensor will be confirmed. Manual operation of the reactor control in accordance with
accepted operating procedures will precede automatic control throughout all operating
ranges. The engine will be motored by the starter to establish hydraulic pressure for
the speed and stator controls and to establish fuel pump pressure. The fuel control sys-
tem will be checked through the use of the calibrating fuel loop. The position of the sta-
tors at the checkout speed will be compared with its schedule, and the functioning of the
nozzle and bleed loops will be verified by controlled movement of their respective
actuators.

Airflow Checkout

Cold-flow tests will be carried out to determine the distribution of shield cooling flow
between the segments of the side shield and to check out the action of the various valves
in the shield and aftercooling system.,

3.3 CHEMICAL OPERATION AT FET

Prior to nuclear operation, the ACT will be operated by means of its chemical inter-
burner. The purpose of this operation is to insure that the turbomachinery is in good
working condition following shipment to Idaho and to obtain flow-distribution data.

The assembly will undergo a normal chemical startup after which the power will be
slowly increased by change in the fuel control valve setting until an engine speed of 100
percent rpm is achieved. After testing at this speed, shutdown in accordance with normal
shutdown procedure will occur. During chemical operation, data will be taken to deter-
mine the flow distribution between the primary flow circuit and the secondary front- and
rear-shield cooling-flow circuits.

3.4 LOW-POWER NUCLEAR OPERATION AT FET

Upon completion of the chemical run-up test and prior to self-sustained nuclear power
operation of the ACT, a series of low-power nuclear runs will be made with the engine
starter used to motor the compressor as an air supply. The purpose of this operation is
to obtain thermal and nuclear shield information before high-power operation of the power
plant.

Pressure, airflow, and temperature distributions within the end shields will be deter-
mined by operating at power levels up to 10 mw. Instrumentation permanently fixed in
the end shields will be monitored as necessary to provide input for the data-reduction
program by which aerothermal distributions will be determined.
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The temperature distribution within the radial shield will be established by operation
at approximately 10 mw. This will require several runs with adjustment of cooling-tube
orifices between runs.

The main purpose of the shield nuclear measurements during the low-power testing is
to verify nuclear heating levels at critical locations in the shield. In addition, external
dose-rate and spectra measurements are planned for correlation with predictions to
check the validity of methods used for nuclear analysis of the shield.

Calorimetric sensors will be used to measure nuclear heating. These sensors will be
permanently located at approximately 10 to 15 positions in both the front and rear shields.
These are the only internal nuclear measurements anticipated within the end shields be-
cause of the inaccessibility of these regions when the power plant is fully assembled.

Calorimetric as well as dose-rate and spectra measurements will be taken in instru-
ment wells in the side shield or in a separate side shield segment that can be replaced
by a normal segment for high-power operation. These measurements will include calo-
rimeters, neutron and gamma dosimeters, and threshold and activation foils and wires.

Nuclear emulsions for determining foil neutron spectra and a gamma ray spectrometer
will be used in making external measurements.

Power levels up to 5 mw will be required for the calorimetric measurements. All other
nuclear measurements require power levels only up to 1 kilowatt. In general, the tests
will be performed in the order of the test power requirements, with those requiring low-
est power being performed first.

3.5 FULL-POWER-RANGE OPERATIONS AT FET

Upon completion of the low-power test program, the ACT assembly will be operated
over its full power range. Although this test program has not yet been planned in detail,
it will include endurance runs, accelerations, decelerations, chemical to nuclear and
nuclear to chemical power transfers, startups, shutdowns, and scrams. An attempt will
be made to demonstrate the 1000-hour life capability of the test assembly either directly
or by equivalence to operating times demonstrated at different operating conditions.
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4.0PERATING PROCEDURES

4.1 CHECKOUT

The power plant and its control will be checked out according to-the approved operat-
ing procedures before each days operations. The checkout procedure followed will de-
pend on the type of operation to be accomplished. For example, a chemical run will not
require checkout of the reactor control system. The checkout will be accomplished im-
mediately prior to operation.

In the event that repairs or modifications are made that affect the control or accessory
systems, checkout of these items will be repeated.

4.2 OPERATION

The operating procedure presented is typical but will be varied in details depending
on specific test requirements.

4.2.1 OPERATION ON CHEMICAL POWER ONLY

A prestart of the chemical system is accomplished by motoring the engine with the
starter and introducing minimum fuel flow without ignition to establish that fuel flow
exists. The fuel introduced is removed by engine airflow and the fuel drain system.
After the engine coasts down, a chemical start may be initiated.

Starting is accomplished by motoring to firing speed with the starter, setting the
throttle at idle position, setting speed control on either manual or automatic, turning on
ignition, and introducing light-off fuel flow. Speed is brought to idle by manually demand-
ing an increase in fuel flow. The starter turns off automatically when the speed reaches
between 3000 and 3300 rpm.

Operation between idle and military speed will be accomplished by manual manipula-
tion of fuel flow, speed bias, bleed bias, and the nozzle-area demands. To prevent
damage from engine overspeed, an overspeed governor is used to bypass fuel. The
responsibility of avoiding compressor stall lies with the operator since no means is
provided for automatic stall detection or automatic prevention. Acceleration times are
limited by the chemical fuel system, and, therefore, operator caution is relied upon to
keep the engine out of stall conditions.

In case of an engine malfunction, the discretion of the operator will determine whether
operation is continued or the power plant shut down. Normal shutdown will require that
fuel flow and speed be set to idle and the nozzle fixed open until the engine stabilizes.
Fuel is stopcocked and the engine permitted to coast down.
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4.2.2 REACTOR STARTUP

Reactor startup (increase of reactor power from source level to approximately 1.5
percent full power) may be effected with cooling air supplied by the aftercooling system,
by the engine compressor motored by the starter, or by the engine compressor during
all-chemical operation at idle speed or above.

After pre-operational checkout has been completed, the key switch that allows the
startup system to be operated may be turned on. If the safety annunciator is clear, the
safety actuators may be cocked and latched. The period demand is then set on the de-
sired value between -30 and +7 seconds, and the mode selector is turned to period. The
period servo will then manipulate the control rods to maintain the demanded period until
the flux level reaches 1.5 percent full power. At that point control is automatically
transferred to the power-range control, which holds power at 1.5 percent of full power
until its demand is changed by the operator. :

4.2. 3 TRANSFER FROM CHEMICAL TO NUCLEAR POWER

The transfer of power from the interburners to the reactor will be accomplished at
high operating speeds. Initially a manual transfer procedure will be used. The nozzle
will be set on manual and fixed in a open position. A maximum and minimum transfer
speed will be selected. With the engine operating at minimum transfer speed and the
reactor on flux control, reactor power is increased until maximum transfer speed is
reached. Fuel flow then is reduced to bring speed back to the minimum transfer level.
This procedure will be repeated until the interburners blow outand fuel is stopcocked.

Later in the program a preliminary operational procedure will be developed to mini-
mize thrust transients. This will consist of setting a speed with the bleed-nozzle-reset

speed loop and switching the reactor immediately to Tg, 1 temperature control. The
operator will then reduce fuel flow slowly and allow the automatic reactor temperature
control to increase power and the speed control to minimize engine perturbations.

4.2.4 ALL-NUCLEAR OPERATION

Provisions for integrated power operation are provided by a throttle that supplies re-
actor temperature and speed and bleed control demands. A bias is provided on each of
the demands for manual operation. Manual operation, therefore, will consist of locking
the throttle into place and then adjusting the bias required to achieve a desired operating
point. Throttle operation is provided to demonstrate the transient-performance capability
of the ACT assembly on nuclear power. The bias signals will be turned to zero, and the
throttle moved to achieve a desired operating point. The assembly may be operated
steady state and transiently between sub-idle and military power when the automatic
speed control is used. Steady-state operation is possible only between 80 to 85 percent
and 100 percent speed when the fixed-area jet nozzle is used and the bleed system is
biased out.

4,2.5 TRANSFER FROM NUCLEAR TO CHEMICAL POWER

Transfer of power from nuclear to chemical will initially be accomplished by placing
the engine on open manual nozzle, the reactor on power control, and the speed at the
minimum transfer level. Enough fuel is added to the interburners for light-off and then
gradually increased until speed is at the maximum transfer level. Reactor power is
then retarded until the speed is reduced to the minimum level. Alternate increases in
fuel flow and decreases in reactor power that maintain speed in the specified limits will
be used until reactor power is reduced to-1. 5 percent. The reactor can then be shut
down by scramming.

i
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A procedure that would minimize thrust variations during transfer would include
bringing the engine to transfer speed by use of the speed-control and reactor-tempera-
ture control loops; lighting off the interburner, and allowing the transient to settle. The
reactor temperature control would be used to automatically reduce reactor power level.
Fuel flow would be slowly increased to insure that the engine speed is maintained con-
stant by the speed control. When reactor flux is reduced to a low level, a switch to
power control would be made and the power would be brought to 1. 5 percent. The re-
actor would be shut down by scramming.

4.2.6 NUCLEAR START

An engine startup using nuclear power only will be demonstrated. The engine will be
rotated on the low-torque position of the starter with the throttle set at idle. The reactor
is started by the previously outlined procedures and transferred to flux control. The
starter then is switched to the high-torque position and reactor flux increased until idle
operation is reached. The speed control will be used to hold the engine at idle speed.

4.2.7 POWER PLANT SHUTDOWN

To shut down the engine when operating on nuclear power, speed is first reduced to
idle with the nozzle wide open and the power plant is allowed to stabilize. The reactor
is then scrammed, and the power plant shuts down.






5. RELEASE MECHANISM
FOR RADIOACTIVE MATERIALS

5.1 NORMAL OPERATIONS

The description of the path of a fission fragment through a dispersion-type fuel element
becomes complicated when recoil, decay properties, chemical state, and various diffu-
sion modes are considered. Fission product release studies on many types of fuel ele-
ments involve a failure mechanism, such as pinhole formation in a can or cladding. These
studies do not involve detailed explanation of the mechanism because failure is usually
arbitrary and the release is negligible under normal operating conditions. In contrast,
the ACT fuel element as it now exists operates with a continuous but controllable release.
Therefore to achieve proper control, it is necessary to understand more details of the
mechanism of release, the parameters affecting release, and the magnitude of release.
The remainder of the section will describe the mechanisms of release that have been
identified with the BeO-Y90O3-UOg fuel element. A more detailed discussion of fission
product mechanism will be reported in the ACT Materials Report to be issued shortly.

5.1, 1 RECOIL

In any fuel element where the fuel is within a few microns of the surface, the fission
fragments will have sufficient energy to escape by recoil. Recoil, therefore, depends
upon the fractional amount of fuel that is located within the recoil range of the surface.
For example, if the fuel element is a slab 40 mils thick and the recoil range is about
0. 4 mil, the instantaneous fraction of fission fragments escaping is

Jgr = 2(1/4) 9&64 = 0.5 percent
or 0. 25 percent for each side of the slab. The factor 1/4 determines the fission products
that are borne within the recoil range and are going in the right direction to escape. When
the ACT fuel element shape, a hexagonal tube with an inner bore diameter of about 0. 170
inch is considered, the recoil escape fraction is less because many of the fission frag-
ments recoil into the opposite wall. Monte Carlo calculations indicate that for tubes with
diameters of 0: 170 inch the escape fraction should be about 0. 03 to 0. 04 percent. Since
the outside surfaces of the fuel element are in intimate contact, there is very little chance
of an air capture of the fission fragments.

The release fraction determined experimentally from bare tubes closely agrees with
the Monte Carlo calculation. The instantaneous release for these different isotopes has
been found to be: 0. 05 percent Sr89, 0. 03 percent 1131, and 0. 02 percent Bal40, The Sr89
is believed to be highest hecause of the slightly greater recoil range of the lighter-weight
fragments. Close agreentent has also been obtained for release from a slab as described
in the previous equation.
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If recoil is the main mechanism of release of fission products from the fuel, the rate
of release should be independent of temperature or fission product inventory. Many tests
show that independence of temperature or fission product inventory is characteristic of
the ACT fuel elements up to 25000 to 26000F. Above this range, temperature and inven-
tory dependence are noted.

T
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5. 1. 2 DIFFUSION

When temperatures are sufficiently high, diffusional release should begin to predomi-
nate over recoil release. The release now becomes dependent upon temperature and upon
inventory, which increases with time. In calculations with a slab model, a diffusion coef-
ficient greater than 10-13 cm2/sec is necessary before the contribution of release due to
diffusion exceeds that due to recoil. In in-pile tests this situation appears to be reached
somewhere between 25000 and 2750CF.

Because of the longitudinal temperature gradient that exists in irradiation test assem-
blies, the exact temperature dependence is difficult to determine since only a portion of
the tube is at the higher temperature. In tests performed at a maximum temperature of
27500F the release is observed to be a factor of 2 to 5 above the recoil level.

5.1. 3 WATER-VAPOR CORROSION

If water vapor comes into contact with a bare surface of the fuel element at a high tem-
perature, the BeO in the fuel element will volatilize. Corrosion exposes fuel particles
dispersed within the matrix and releases the accumulated inventory of fission products
stored in the BeO. Thus, as corrosion proceeds, the release fraction increases as more
of the fuel fraction is exposed. If the corrosion rate is constant, the release fraction will
increase proportionally with time.

The effect of corrosion on release has been verified experimentally. When increases
due to corrosion are not severe, good agreement is obtained with the ACT fuel element
model. Some deviations are noted when corrosion is deeper, particularly during long
time tests. Over longer time periods, it appears that relationships between corrosion
and fission product release become complex.

5.1.4 EFFECT OF COATING ON MECHANISM

When coatings are applied to fueled bodies, the transport processes are altered. Direct
recoil into the airstream is no longer present because the recoil flux is absorbed by the
coating. The amount of release depends on the transport properties of the fission products
within the coating. If the coating is porous, a large fraction of the recoil flux can escape.
At temperatures above ACT operating conditions, fuel migration and interactions between
coating and matrix are possible. The ACT fuel system has a co-extruded layer of ZrOjy
on the inside surface of the tube. Since ZrO3 and UOy form solid solutions, some fuel is
found in the coating after sintering. In addition to the contribution from the diffusion
mechanism previously described, these factors can influence the amount of fission pro-
duct release. L

The ZrOy coating eliminates the corrosion of BeO and thereby eliminates the effects of
corrosion on fission product release. The coating as currently applied does not appear to
retain a significant quantity of fission products that recoil into it. Based on recoil calcu-
lations, approximately 0. 17 percent'of the fission products recoil directly into the coating.
For ZrOg-coated tubes, the amount of release measured from in-pile tests is about 0. 08
percent for 1131 and indicates that about 60 pertent of the iodine is retained. The amount
of release of strontium and barium isotopes is somewhat lower than iodine. It is believed
that the isotopes that are borne as short-lived rare-gas precursors are most mobile as
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rare gases, Only a short holdup period in the coating is required to allow the rare gases
to decay into nonvolatile, ZrOg-soluble strontium and barium compounds. Consequently
the isotopes in these chains show a release lower than that of iodine.

5.1. 5 CONCLUSIONS

In the above paragraphs the mechanism of fission product release from ceramic fuel
has been discussed in a general manner. The relative contribution of the three mechan-
isms outlined - namely, recoil, diffusion, and corrosion - depend on the conditions to
which the fuel element is subjected, particularly the temperatures and the amount of flow
that might be passing uncoated surfaces. In section 2 the core temperature patterns were
discussed in some detail. In that section the relative volume of the core operating at dif-
ferent temperatures was discussed and quantitatively presented. It is importantto re-em-
phasize in this discussion that, since the core volume operates over a wide range of tem-
peratures for any steady-state operating point, quotation of fission product release cannot
be based only on the maximum temperature of the core. Fraction of core volume at each
temperature must be considered in arriving at the final result. However, in the case of
the ACT operation the maximum temperature in the core at any point is predicted to be
25000F. As pointed out in the previous discussion, at this temperature and below, fission
product release appearg to be independent of temperature and is governed by recoil
mechanism. Corrosiondoes not appear to be a factor because of restricted access to the
uncoated surface of the tubes and because most of the core operates at temperatures at
which water-vapor corrosion is very slow.

It may therefore be concluded that the fission product release from the ACT is charac-
teristics of the recoil mechanism only. Using this assumption the data below give the
best values of the release fractions for the various fission products expected during
steady-state operations of the reactor at its design point. These release values are biased
toward the high side of the available data, and in addition, represent the values that would
be expected at the core discharge. In other words, no credit is taken for possible reduc-
tion due to plate-out of fission products in ducting or on engine parts. Therefore the fol-
lowing release rates are believed to be appropriately conservative.

1131 ¢ 8x10°4

1133 " 3x10°4 pe
1134 3x10-4 :
1135 8 x 10-5

Tel32 - 1132 (8 x 10-4) ) \
Sr89 5 x 10-4 \
Bal40 8 x 10-5

Gross Activity (5 x 10-4)

5.1. 6 COMPARISON OF LABORATORY RELEASE MEASUREMENTS WITH IN-PILE
MEASUREMENTS

Recent experiments at ORNL on the ACT fuel element have indicated that the release
measured from furnace-heating specimens that had previously been irradiated is much
higher than the release from in-pile tests. The high release rates observed during lab-
oratory heating have been found to occur primarily while transient heating and cooling of
the specimens takes plage. Bursts of activity-are released on initial heating and at various
temperatures on cooling"to room temperature. Bursts of a similar type are observed in
transient conditions during an in-pile test, but the release magnitude is not nearly so
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large as that indicated by laboratory heating. Differences in the release magnitude be-
tween in-pile heating and laboratory heating have been reported by others*! working
with compacts of UOg.

The different release behavior may be caused by the greater amount of internal surface,
such as pores or microcracks, that is formed within a grain during laboratory heating and
acts as a drain for fission products stored in the interior of the grain. If internal surfaces
are ignored and the mobile species is assumed to diffuse to the grain boundary surface,
the calculated diffusion coefficients that result are too high. The internal surfaces formed
during laboratory heating result from pore condensation and internal stresses that are
caused by pore condensation or by differential expansion of anisotropic crystals. It is be-
lieved that in laboratory heating, internal surfaces can be annealed only by heating to
sintering temperatures. Sintering temperatures and diffusion temperatures are so closely
related that, before sintering is completed, a considerable amount of diffusion that effec-
tively drains the crystal has occurred.

During in-pile heating, when the flux density is sufficiently high, the thermal spikes
from the fission fragments can anneal the internal surfaces in a very short time. Calcu-
lations made with a thermal spike width of 1504 determined at Hanford! show that any
internal surface smaller than 1504 would be reannealed within a few minutes when fission
rates are greater than 1011 fissions per second per gram of fuel particle. Thus any inter-
nal surface created by heating and cooling is reannealed in such a short time that its
effectiveness in draining the fission products from the interior is greatly diminished. This
results in a lower diffusional release from in-pile tests. If the diffusional release is low
enough, only the recoil contribution will be measured.

The foregoing discussion provides a mechanistic explanation of the fact that in some
cases a larger release of fission products apparently can be attained by out-of-pile heat-
ing of a previously irradiated tube than was obtained during its irradiation in-pile at the
same temperature. Further work on this behavior is under way.

5.2 OPERATIONAL ACCIDENTS

5.2.1 STARTUP RUNAWAY

5.2.1.1 Analysis of Runaways

A startup runaway, occurring during or soon after a nuclear startup, is caused by the
addition of reactivity to the system. It is more dangerous than excursions at operating
power because it starts at a low power level and for any conceivable rate of increase in
reactivity the reactor period can become very small before the physical changes can be
detected. For analysis the following conditions pertaining to an ACT startup runaway
are assumed. The reactor is just critical (keff = 1. 00) at a power level of 1. 0 watt. The
blowers are turned on and delivering cooling air at a rate of 25 pounds per second to the
system. A controls malfunction occurs, and the shim rods start to withdraw, causing
the rate of reactivity increase to be 6.0 X 102 percent Ak per second.

*¢‘Gas-Cooled Reactor Project Semiannual Progress Report,”” ORNI.-2767,
June 30, 1959.
TW. B. Lewis, *“Return of Kscaped Fission Product Gases to 1057

DM S8 (AKCL, 964), January 21, 1960.

¥4l yels Devel opment Operation,”’ Ouarterly Progress Report, HX 62085, April 1959,
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With this set of conditions two startup runaways were analyzed in detail. The first,
designated A, was assumed to have no temperature coefficient of reactivity. The second,
designated B, was assumed to have the negative temperature coefficient of reactivity that
was calculated to apply during an ACT runaway.

Although it is expected that the reactor temperature coefficient of reactivity will be
negative and of a significant magnitude, both cases have been analyzed and are reported
inasmuch as at this time the capability to predict conclusively temperature coefficients
for ceramic reactors has not been experimentally verified. It will be shown that the tem-~
perature coefficient, if it exists as predicted, has two effects on the runaway. It will allow
the runaway to be stopped by a fuel element temperature scram without any tubes being
melted; and if the runaway is not stopped by any of the scram trips, it will extend the
time required to reach a violent accident by a factor of about seven.

5.2.1.2 Runaways Terminated by Reactor Scram Trips

Table 5.1 shows the ACT controls specifications that were assumed in the ACT run-
away calculations. The power and temperature data in the runaways were generated on the
basis of these specifications. Table 5.1 and the plots of power and temperature given in
5. 2. 1. 4 Results of ACT Runaway Analysis' indicate the very important fact that in either
runaway A or B three independent controls failures must occur before a runaway will re-
sult in any hazardous condition or in damage to the reactor.

The three failures are:

1. Acontrol failure or the operator's pulling rods to initiate the runaway.

2. Failure of period trip (5 seconds) in the startup range.

3. Failure of the 5- megawatt low-power scram trip and failure of the variable high-
power scram trip (200 megawatts).

TABLE 5.1
ASSUMED ACT CONTROLS SPECIFICATIONS

System type Shim-scram
Number of rods 48; 8 gangs of 6 each
Insertion length

Minimum scram 5 in.

Maximum shim 24 in.

Reactivity worth

Minimum scram 2% Ak/k
Total bank worth 9% Ak/k
Time constants
Scram initiation 140 milliseconds
Scram insertion 300 milliseconds
Shim insertion or withdrawal (24 in.) 2-1/2 minutes
Scram trips
Turbine discharge 1400°F
Fuel element ) 2750°F
Period 5 seconds in startup range
Power Variable, 200 mw assumed

Power (startup) 5 mw if power demand <1. 5%
Engine 106 to 110% rpm
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For the purpose of this discuéé@dn, the 4~ megawatt low-power scram trip and the variable
high-power scram trip are cons‘iégred one failure because they have certain components
in common.

In the case of runaway B, if all of these failures occurred, the reactor could still be
scrammed on fuel element temperature, but maximum-average fuel element temperatures
might reach 3000°F, Table 5.2 shows the time sequence and energy and temperature infor-
mation for these scrams.

The assumptions and methods of the nuclear and thermal analysis leading to the results
are given in the appendix. .

5. 2. 1. 3 Unchecked Runaways

If it is assumed that all ACT scram trips failed, the resulting unchecked runaway would
continue until enough energy had been added to the system to generate forces capable of
dispersion of the reactor and termination of the excursion. The nuclear model and the
calculations that describe the physical events resulting from an unchecked runaway are
given in the appendix. The model assumes that the reactor melts and a disk-shaped sec-
tion at the longitudinal midplane vaporizes and exerts the pressure necessary to separate
the reactor components and terminate the excursion.

Figures 5.1 and 5. 2 show the power, temperature, and excess reactivity curves for
cases A and B through core separation.

TABLE 5.2
RESULTS OF ACT RUNAWAY ANALYSIS

Case A Case B
Scram Trip
time, sec 5.5 5.5
5 = energy, mw-sec negligible negligible
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