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DESIGN SUMMARY R E P O R T 

by 
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E . F . Groh , and E . M. Bohn 

ABSTRACT 

Th i s r e p o r t s u m m a r i z e s al l a s p e c t s of the d e s i g n of 
the V a r i a b l e T e m p e r a t u r e Rodded Zone (VTRZ) and the 
p r i n c i p a l e n g i n e e r i n g a n a l y s e s and l a b o r a t o r y t e s t s upon 
which the des ign is ba sed . The VTRZ des ign d e s c r i b e d in 
th i s r e p o r t r e p r e s e n t s the des ign at the end of the fo rma l 
D e s i g n and Deve lopmen t P h a s e . Changes m a d e in the V T R Z 
d e s i g n a s a r e s u l t of e x p e r i e n c e gained in the p r e o p e r a t i o n a l 
t e s t i n g wil l be d e s c r i b e d in a l a t e r documen t . T h i s r e p o r t 
p r o v i d e s a s y s t e m a t i c r e f e r e n c e s o u r c e on VTRZ d e s i g n for 
u s e in subsequen t i n s t a l l a t i on , ope ra t i on , m a i n t e n a n c e , and 
modi f i ca t ion p h a s e s of the VTRZ p ro j ec t . 

1.. INTRODUCTION 

1.1 Scope of Th i s Documen t 

T h i s d o c u m e n t s u m m a r i z e s al l a s p e c t s of the d e s i g n of the V a r i a b l e 
T e m p e r a t u r e Rodded Zone (VTRZ) and the p r i n c i p a l e n g i n e e r i n g a n a l y s e s 
and l a b o r a t o r y t e s t s upon which the des ign is ba sed . The p u r p o s e of the 
VTRZ in the o v e r a l l ANL C r i t i c a l E x p e r i m e n t s P r o g r a m is d i s c u s s e d , and 
the spec i f ic d e s i g n c r i t e r i a and des ign s t a n d a r d s that have been app l ied a r e 
d e s c r i b e d . T e c h n i c a l d e s c r i p t i o n s of the des ign of a l l m a j o r V T R Z s u b 
componen t s and s u b s y s t e m s a r e included. The p r i n c i p a l e n g i n e e r i n g a n a l y 
s e s and t e s t s c a r r i e d out a s p a r t of the VTRZ des ign a r e s u m m a r i z e d to 
p rov ide a c o m p l e t e d e s i g n d e s c r i p t i o n . 

The VTRZ d e s i g n d e s c r i b e d in th is r e p o r t r e p r e s e n t s the d e s i g n at 
the end of the f o r m a l Des ign and Deve lopmen t P h a s e of the p r o j e c t . It i s 
p robab l e that s o m e , at l e a s t m i n o r , changes will be m a d e in the d e s i g n a s 
a p a r t of e x p e r i e n c e gained dur ing i n s t a l l a t i o n and p r e o p e r a t i o n a l t e s t i n g . 

The p r i m a r y p u r p o s e of th i s r e p o r t is to p rov ide a s y s t e m a t i c ref
e r e n c e s o u r c e on VTRZ d e s i g n for use in subsequen t i n s t a l l a t i o n , o p e r a t i o n , 
m a i n t e n a n c e , and (poss ib ly) mod i f i ca t ion p h a s e s of the V T R Z p r o j e c t . 
S e c o n d a r i l y , t h i s r e p o r t p r o v i d e s suppor t ing d o c u m e n t a t i o n for the V T R Z 
F i n a l Safety A n a l y s e s R e p o r t (ANL-7638) . 
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1.2 R e f e r e n c e D o c u m e n t s 

The following l i s t con ta ins the p r i n c i p a l d o c u m e n t s u s e d d u r i n g the 
VTRZ des ign work or r e s u l t i n g f rom the d e s i g n work : 

(1) W, Y. Kato et aL , F i n a l Safety A n a l y s i s R e p o r t on the U s e of 
P l u t o n i u m in Z P R - 6 and - 9 , A N L - 7 4 4 2 (Feb 1970). 

Th i s d o c u m e n t g o v e r n s the o p e r a t i o n of the Z P R - 6 and -9 fa
c i l i t i e s and was used as the b a s i c r e f e r e n c e d o c u m e n t c o n c e r n i n g Z P R - 6 
and -9 ope ra t ing p r o c e d u r e s and l i m i t s , 

(2) R. A. Lewis , Qual i ty A s s u r a n c e P r o g r a m , V a r i a b l e T e m p e r a t u r e 
Rodded Zone P r o j e c t , Hea tab l e Zone F a c i l i t y (Sept 29, 1969) (VTRZ P r o j e c t 
Document ) . 

This document , spec i f ica l ly a p p r o v e d by the A E C - R D T , g o v e r n e d 
the d e s i g n p h a s e of the hea tab le zone por t ion of the V T R Z ( i . e . , a l l excep t 
the d e s i g n of the oxide fuel pins and the c a l a n d r i a cans ) . 

(3) A. B. Shuck et aj.., R e a c t o r F u e l Spec i f ica t ion : E n r i c h e d U r a 
n ium Dioxide F u e l Rods for Z e r o P o w e r R e a c t o r s , R F - B 3 a , b ( Z P R ) . 

This document governed the p r o c u r e m e n t and ANL i n s p e c t i o n 
of all of the v a r i o u s types of oxide fuel r o d s . 

(4) R. A. Lewis et a l , , V a r i a b l e T e m p e r a t u r e Rodded Zone P r o j e c t , 
F i n a l Safety A n a l y s i s R e p o r t , ANL-7638 (to be publ i shed) , 

(5) VTRZ Des ign F i l e (VTRZ P r o j e c t Document) 

Th i s documen t conta ins cop ies of all des ign a n a l y s e s , t e s t p r o 
c e d u r e s , t e s t r e s u l t r e p o r t s , and o ther des ign data g e n e r a t e d by the p r o j e c t . 

(6) VTRZ Qual i ty A s s u r a n c e F i l e (VTRZ P r o j e c t Documen t ) 

T h i s documen t con ta ins cop ies of al l c o m m u n i c a t i o n s r e l a t i n g 
to V T R Z p ro j ec t qual i ty a s s u r a n c e except those r e l a t e d to the c a l a n d r i a c a n s 

(7) VTRZ A d m i n i s t r a t i v e F i l e (VTRZ P r o j e c t Document ) 

Th i s documen t con ta ins copies of al l c o m m u n i c a t i o n s r e l a t i n g 
to V T R Z budge t s , p e r s o n n e l a s s i g n m e n t s , and schedu les excep t t h o s e r e 
la ted to the c a l a n d r i a c a n s . 

(8) VTRZ C a l a n d r i a Can F i l e (VTRZ P r o j e c t Documen t ) 

T h i s d o c u m e n t con ta ins cop ies of al l d o c u m e n t s r e l a t e d to 
qual i ty a s s u r a n c e and a d m i n i s t r a t i o n of the c a l a n d r i a cans . 
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(9) Procurement Specifications 

The following documents were generated by the VTRZ design 
phase to control the procurement of the VTRZ: 

a. Oxide Fuel Pin Procurement Specifications 

(1) ANL Specification No. RF-B2b,c (ZPR), Reactor Fuel 
Specification, Uranium-Plutonium Dioxide Fuel Rods for Zero Power 
Reactors . 

(2) ANL Specification No. RF-B3a,b (ZPR), Reactor Fuel 
Specification, Enriched Uranium Dioxide Fuel Rods for Zero Power Reactors . 

(3) ANL Specification No. RF-C2d (ZPR), Reactor Fuel 
Specification, Depleted Uranium Dioxide Fuel Rods for Zero Power Reactors . 

b. ANL Specification No. R F - C l c (ZPR), Calandria for 
Variable Temperature Rodded Zone 

c. Heatable Zone Procurement Specifications 

(1) ANL Specification No. ANL-3605-RP,- Specification for 
Heatable Zone Facility, Mechanical Section, Variable Temperature Rodded 
Zone Project . 

(2) ANL Specification No. ANL-31 5-36-RP, Specification 
for Procurement of Components for Electr ical Power Section, Heatable Zone 
Facility, Variable Temperature Rodded ^one Project. 

(3) ANL Specification No, ANL-SY21 5-RP, Specification for 
Variable Temperature Rodded Zone Project, Heatable Zone Project, Heat-
able Zone Facility, Instrumentation and Control Section Equipment. 

(4) ANL Specification No. ANL-IGL-RP, Specification for 
Heatable Zone Facility, Inert Gas Loop Section, Variable Temperature 
Rodded Zone Project . 
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2. PURPOSE AND OBJECTIVES OF THE VTRZ DESIGN 

2.1 Experimental Reactor-physics Requirements 

The study of the core physics of large fas t -b reeder - reac to r designs 
through cri t ical experin:ients is a fundamental part of the overall fast-
b reede r - reac to r development program in the United States. At present , 
these crit ical experiments are devoted pr imari ly to studies of large dilute 
liquid-metal-cooled fast-power-breeder (LMFBR) designs. The cri t ical 
experiment program is being carr ied out principally at Argonne National 
Laboratory using the ANL ZPR-3, -6, -9, and ZPPR facilities. 

The design of the Argonne ZPR critical facilities is based on the 
assumption of room-temperature (zero-power) operation in which the fast-
reactor crit ical mockups are built up from an inventory of reactor compo
nent mater ia ls in the form of thin plates. The reactor inventory contains 
large numbers of thin plates, typically l / l 6 to l /2 in. thick, 2 in. high, and 
2-8 in. long, of n:iaterials needed in fast-reactor assemblies: for example, 
Pu-U alloy, enriched and depleted uranium, depleted U3O8, depleted UO2, 
stainless steel, sodium, and Fe203. The plates are canned in stainless steel 
where this is appropriate. Figure 1 i l lustrates typical ZPR mockup mate
rial plates. Fas t -b reede r - r eac to r critical assemblies of various composi
tions can be constructed by mixing appropriately chosen numbers and types 
of mockup plates in ZPR fuel dra^vers, as sho^vn in Fig. 2, and loading the 
drawers into the matr ix tubes of the ZPR facilities, as shown in Fig. 3. 
The ZPR fuel drawers are nominally 2 in. square by 15-33 in. long and are 
inserted into matr ix tubes Z-^ to 5 ft long, depending on the ZPR facility. 
All plate cladding, fuel drawers , and matr ix tubes to be used in conjunction 
with the VTRZ are 304 stainless steel. 

The ZPR facilities are of a split-table design, as shown in Fig. 3, 
This design was chosen for loading convenience and to obtain a large 
margin of reactor shutdown reactivity. 

From the standpoint of reactor physics, the cores of fast breeder 
power reactors presently being designed differ from the ZPR cri t ical 
mockups in two ways: configuration and temperature. The fast-power-
breeder cores consist of mixed PuO^-UO^ fuel rods, clad in stainless steel 
(Type 304 or 316), and set in a tight lattice with liquid sodium flowing 
between the rods. The fuel rods typically operate at about 550°C surface 
temperature and 2500°C central temperature. 

Over the broad central range of the neutron spectrum typical of fast 
breeder reac to rs , from about 10 keV to l.MeV, the differences in core con
figuration, or heterogeneity, between the ZPR plate cores and the fast-
b reeder - reac to r rodded cores have very little significance because of the 
small cross sections and, therefore, the relatively long mean free paths; 
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Fig. 1. Typical ZPR Fuel and Diluent Plates. ANL Neg. No. 112-9993. 
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Fig. 2, Typical Loaded ZPR Plate-type Fuel Drawer, ANL Neg. No. 112-5038. 



Fig. 3, Pictorial View of ZPR-6 Fast Critical FaciU ty 



i . e . , in t h i s e n e r g y r a n g e , wh ich c o n s t i t u t e s the bulk of the s p e c t r u m , the 
fas t r e a c t o r i s e s s e n t i a l l y h o m o g e n e o u s f r o m a p h y s i c s s t andpo in t , r e g a r d 
l e s s of the de t a i l ed c o r e conf igura t ion . In th i s m i d r a n g e of the f a s t - r e a c t o r 
s p e c t r u m , c r o s s s e c t i o n s a r e of the o r d e r of 1 b a r n and m e a n f r e e p a t h s a r e 
of the o r d e r of 10 c m . H o w e v e r , above 1 MeV and be low 10 keV, the e x a c t 
con f igu ra t i on of the fas t c o r e does h a v e an effect on t he c o r e p h y s i c s . 

At h igh e n e r g i e s , above 1 MeV, the effects of con f igu ra t i on a r e 
p r i n c i p a l l y a r e s u l t of the d i f f e r e n c e s in f a s t - f i s s i o n p r o b a b i l i t i e s c a u s e d 
by the d i f f e r e n c e s in the m a n n e r in which the " ' P u (or "^U) p r i m a r y f i s s i on 
s o u r c e i s a r r a n g e d , spa t i a l l y , r e l a t i v e to o t h e r " ' P u (or "^U) o r to f a s t -
f i s s i o n a b l e " ^ U . In rodded c o n f i g u r a t i o n s , the " ' P u , " * U , and oxygen a r e 
i n t i m a t e l y m i x e d wi thin the fuel p ins ; in the p l a t e c o n f i g u r a t i o n s , t h e s e 
c o m p o n e n t s a r e g e n e r a l l y s e p a r a t e d spa t i a l l y . Be low 10 keV, the conf igu-
r a t i o n a l effects on c o r e p h y s i c s a r e a r e s u l t of the o c c u r r e n c e of l a r g e 
r e s o n a n c e c r o s s s e c t i o n s , m o s t s ign i f ican t ly in ^'^U, which c a u s e v e r y l a r g e 
n e u t r o n - s p e c t r u m p e r t u r b a t i o n s l o c a l i z e d in s p a c e (to the ^^ 'U-con ta in ing 
p l a t e s ) and in e n e r g y (to the r e s o n a n c e l e v e l s ) . C o n s i d e r e d in a n o t h e r way , 
the conf igu ra t iona l d i f f e r ences be tween the p la te and rod c o r e s r e s u l t in 
d i f f e r e n c e s in the effect ive h o m o g e n i z e d c r o s s s e c t i o n s of the c o r e s above 
1 MeV and be low 10 keV. 

The t e m p e r a t u r e d i f f e r ences b e t w e e n the Z P R a s s e m b l i e s and 
o p e r a t i n g fast power r e a c t o r s m e a n e s s e n t i a l l y tha t the Z P R a s s e m b l i e s 
m o c k u p fast power r e a c t o r s at r o o m t e m p e r a t u r e r a t h e r than at o p e r a t i n g 
cond i t i ons . T h r e e effects of s ign i f i cance to c o r e p h y s i c s o c c u r a s a fas t 
r e a c t o r is h e a t e d to o p e r a t i n g t e m p e r a t u r e : an a p p r o x i m a t e l y 15% r e d u c 
t ion in s o d i u m d e n s i t y in the c o r e , changes in l o w - e n e r g y c r o s s s e c t i o n s 
( r e s o n a n c e s ) due to the Dopp le r effect, and g r o s s c o r e e x p a n s i o n of about 
3% in v o l u m e . 

On the b a s i s of r e a c t o r - a n a l y s i s c a l c u l a t i o n s and s m a l l - s c a l e 
h e t e r o g e n e i t y m e a s u r e m e n t s , the d i f f e r ences in conf igu ra t ion and t e m p e r a 
t u r e b e t w e e n h o t - r o d d e d f a s t - p o w e r - r e a c t o r c o r e s and Z P R p la t e a s s e m b l i e s 
a r e not c o n s i d e r e d to be s e r i o u s i m p e d i m e n t s to the a c q u i s i t i o n , f r o m the 
Z P R p la t e a s s e m b l i e s , of m o s t i n t e g r a l r e a c t o r - c o r e p h y s i c s da t a n e e d e d 
to s u p p o r t eff ic ient and a c c u r a t e f a s t - r e a c t o r d e s i g n c a l c u l a t i o n s . H o w e v e r , 
it i s now felt t ha t s y s t e m a t i c e x p e r i m e n t a l s t u d i e s of the p l a t e - r o d -
t e m p e r a t u r e d i f f e r ence e f fec t s , a s an a s s o c i a t e d p a r t of the p la te C r i t i c a l 
E x p e r i m e n t s P r o g r a m , a r e needed for the following r e a s o n s : 

(1) C a l c u l a t e d p l a t e - v e r s u s - r o d - h e t e r o g e n e i t y d i f f e r e n c e s a m o u n t 
to 1-3% in k depend ing on the c o r e . It is i m p o r t a n t to ve r i fy the a c c u r a c y 
of the a n a l y t i c a l m e t h o d s used to p e r f o r r q the da ta c o n v e r s i o n f r o m the 
p l a t e a s s e m b l i e s , in which they a r e m e a s u r e d , to the h o t - r o d d e d c o r e s , in 
which they a r e needed . 
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(2) The effects of configurational and temperature differences at 
high and low energies are expected to be sufficient to have a significant 
effect on two important fast core parameters : the sodium-void and Doppler 
reactivity coefficients. This is due to the fact that these coefficients a re 
sensitive to the details of the reactor neutron and adjoint spectra. 

2,2 The VTRZ Concept 

The purpose of the VTRZ project was to design, develop, and pro
cure the necessary special equipment that would permit systematic com
parative experimental studies of the reac tor -core physics differences 
between hot-rodded fast-power-breeder cores and ZPR room-tempera ture 
plate-form crit ical mockups of these reac tors . The basic concept of the 
VTRZ project was that an inventory of heatable oxide fuel rods and fuel-rod 
mounting assemblies would be acquired that could directly replace ZPR 
plate-fuel drawers in the ZPR matr ix and that would be exactly matched to 
the composition of specific plate cores selected for study; i.e., the rodded 
assembly would differ from the plate assembly only in configuration, not 
in composition. 

Two ZPR plate cores have been selected for the plate-rod-
temperature studies out of the ser ies of UO2 and PUO2-UO2 LMFBR cores 
planned in the ANL Critical Experiments Program. The UO2 core (ZPR-6 
Assembly 6) is a 5/l fert i le-to-fissi le ratio sodium-cooled assembly and 
the PUO2-UO2 core (ZPR-6 Assembly 7) is a 6.5/1 fert i le-to-fissi le ratio 
(plutonium, 11.5% ^'"'Pu) sodium-cooled assembly. 

Oxide fuel rods and fuel-rod mounting assemblies have been ordered 
that exactly match the compositions of the* two selected ZPR plate a s sem
blies. The fuel rods are 3/8-in.-dia, 6-in.-long units clad in Type 304L 
stainless steel. The fuel-rod mounting assemblies are 2- in . -square , 
12-in,-long Type 304L stainless steel, calandria cans, which can be filled 
with varying amounts of sodium to match the room-teinperature plate cores 
and also to simulate cores at elevated temperature and with different 
amounts of sodium voiding. The fuel rods and calandria cans are designed 
to fit directly into ZPR matr ix tubes replacing regular ZPR fuel d rawers . 
For experimental flexibility, fuel rods containing depleted UO2 and also fuel 
rods of high fi&sile enrichment are to be acquired, in addition to the fuel 
rods necessary for the direct plate-rod comparisons. Except for the 
calandria, which are loaded full of sodium at room temperature , all calan
dria cans and fuel rods a re designed for heating to 600°C. This tempera
ture limitation a r i ses from the need to use Type 304 stainless steel to 
match that used in the ZPR plate cores 

For room-tempera ture plate-rod comparisons, the fuel-rod-
calandria-can assembly can directly replace plate-fuel drawers in the 
regular ZPR matrix. For elevated temperature measurements , a special, 
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insulated, electrically heated, 25-cm-radius , 360-liter matr ix section r e 
places the central portion of the regular ZPR matrix. This heatable zone 
facility contains a regular ZPR matr ix s t ructure . The plate-fuel drawers 
are unbeatable; only the rod-calandria assemblies may be heated. 

Although direct rod-versus-p la te reactivity comparison m e a s u r e 
ments and intracell react ion-ra te distribution measurements will be made 
on the room-temperature rod-calandria assembl ies , the bulk of the exper i 
ments to be performed with the VTRZ equipment will be cent ra l - react iv i ty-
worth measuren:ients on a variety of mate r ia l s - -par t i cu la r ly , central 
sodium worth and ^̂ *U Doppler. The basic idea is that the rod-calandr ia 
zone will be used to set up central real and adjoint spectra in which centra l -
reactivity-worth measurements can be made. Because of the difficulties 
involved in subtracting expansion coefficients, measuring the Doppler coef
ficient of the VTRZ by direct measurement of the overall reactivity change 
of the reactor on heating up the entire heatable zone will probably not give 
a very precise result . This measurement will, however, be done to supple
ment other measurements . 

The basic set of p la te-rod- temperature comparison measurements 
will be repeated in a sequence of four assemblies to provide a basis for the 
separation of configurational and temperature effects: 

(1) Plate core cold. 

(2) Rod-calandria core cold with sodium matched to plate core. 

(3) Rod-calandria core cold with sodium matched to hot-rodded 
core. 

(4) Rod-calandria core hot. 

2.3 VTRZ Design Cri ter ia 

The following is a list of the principal VTRZ design cr i te r ia derived 
from the experimental physics requirements, ZPR compatibility requ i re 
ments, and general safety considerations. Where the basis of a cr i ter ion 
is not obvious from the foregoing discussion an explanation is given 

(1) The heatable zone should be ~25 cm in radius and contain 
~360 l i ters of usable volume. 

It is highly desirable to have a region for experiments in the 
center of the VTRZ, of about 6-in, (15-cm) radius, in which the neutron 
spectrum is essentially that of a full-size (single-zone) reactor having the 
same composition, configuration, and temperature as the VTRZ. Some 
additional radius is necessary as a neutron-spectrum buffer zone between 
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the experimental zone and the outer regions of the reactor in order to 
equilibrate the incoming neutron spectrum to that of the VTRZ. On the 
other hand, it is desirable to minimize the VTRZ size as much as possible, 
consistent with achieving the purposes of the experiment, to reduce inven
tory costs. Consideration of the typical 10-cm transport mean free paths 
at energies above 100 keV in these reac tors , leads to a VTRZ radius of 
about 25 cm. There is considerable experimental evidence that 25 cm is 
an adequate radius for the VTRZ. The principal experimental evidence 
comes from a ser ies of zoned reactor cores (ZPR-6 Assemblies 4Z, 5, 
and 6, and ZPR-9 Assemblies 11, 12, 18, and 19) in which central-
react ivi ty-measurement resul ts were compared in driven central zones 
of varying radius and in the full-size equivalent of these small zones, A 
VTRZ axial length of 72 in. (giving a 360-liter volume) was chosen to 
accommodate typical LMFBR core heights with a 12-in, axial blanket 
(depleted-UOj fuel rods) on each end. 

(2) The heatable zone should contain regular ZPR matrix tubes. 
Plate-fuel drawers will not be heated. 

This is to permit direct plate-fuel drawer and rod-calandria 
assembly replacements. 

(3) Type 304 or 304L stainless steel shall be used for all compo
nents in the heatable zone, except where other mater ia ls are necessary for 
s tructural reasons. The maximum heatable-zone operating temperature 
should be set at the highest temperature consistent with the use of Type 304 
(or 304L) stainless steel. 

Limitation to Type 304 or 304L stainless steel is a result of the 
basic requirement that the rod-calandria assemblies and the heatable zone 
itself exactly match the ZPR plate assemblies . All plate cladding, fuel 
drawers , and matr ix tubes in the regular ZPR assembly inventory is 
Type 304 stainless steel. As discussed below, the use of Type 304 or 304L 
stainless steel l imits maximum operating temperatures to the range 
550-650°C. 

(4) The heatable zone is to be thermally isolated from the surround
ing (plate-form) reactor core. The temperature of the reactor core adjacent 
to the VTRZ should be limited to a value consistent with s t ructural strength 
requirements , and provisions should be made to stabilize this temperature 
so as to avoid excessive reactivity drifts. 

(5) Due to the presence of high-temperature sodium and plutonium 
fuel rods in the heated zone, a gaslight inert-gas-fi l led envelope should be 
provided around the zone to prevent sodium fires, in the event of sodium 
leakage out of the pin assemblies , and to contain the plutonium contamination 
in the event of a fuel-rod failure. 
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(6) The VTRZ should be heated electrically in such a way as to pro
vide maximum flexibility of heating and sufficient heater power to achieve 
operating temperature in about 2 hr. The rate of thermal equilibration after 
achieving operating temperature should not be excessive compared to this 
heat-up time. These t imes are dictated by the normal 8-hr working shift. 
The temperature distribution should be controlled so that, at equilibrium, 
the heated zone is essentially isothermal. 

(7) Provision should be made for cooling the heatable zone to a 
comfortable handling temperature over some reasonable period, of the 
order of 24 hr. 

(8) The heatable zone should be split, on its axial midplane, into 
two equal subzones. The subzones should be provided with appropriate 
mounting arrangements so as to place one at the center of the movable 
reactor half and one at the center of the stationary reactor half. The 
mounting arrangement should cause the mating surfaces of the two halves 
of the heated zone to remain together and aligned during heated operation. 

(9) Provision must be made for the support of the reactor mate 
r ia ls above the insulated cavity containing the heatable zone (however, see 
Criterion 13). 

(10) The VTRZ design should provide maximum flexibility and 
accessibility for experiments, consistent with safety. Provision for 
thermally isolated central reactivity measurements should be made. 

(11) Remote control and monitoring of the VTRZ should be provided 
in the reactor control room. 

(12) Provision for removal of plutonium-alpha decay heat should be 
made so that plate-fuel dra^ve^s or rod-calandria assemblies containing 
plutonium can be maintained at room temperature ^vithin the heatable zone 
when this is desirable. 

(13) The amount and type of insulating and structural mater ia l 
between the heated zone and the surrounding core should be str ict ly con
trolled to minimize the perturbing effect on the neutron spectrum in this 
region. 

(14) Operating material s t ress limits should be set with reasonable 
factors of safety considering the published mater ia l yield strengths, creep 
strengths, and the degree to which s t ress calculations have been verified 
with direct prototype tes ts . • 
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3. DESIGN STANDARDS 

3.1 Earthquake Resistance Standards 

In the design of s t ructures to res i s t the effects of earthquakes, the 
usual procedure is to require the structure to support certain acceleration-
induced loads, in addition to the dead loads on the s t ructure , within the 
design s t ress l imits of the structure. The acceleration-induced loads may 
act vertically, up or down, and/or horizontally in any direction. The mag
nitudes, directions, and points of application of the acceleration-induced 
loads are based upon the assumed earthquake magnitude, the assumed 
ground-motion spectrum, and a dynamic analysis of the response of the 
s tructure to these assumed vibrations. 

The VTRZ will be operated in either the ZPR-b or the -9 Fast 
Critical Assembly. These assemblies are located in Building 316 on the 
ANL Site near Lemont, Illinois, No dynamic earthquake response analysis 
has ever been carr ied out for Building 316. A complete analysis is avail
able, however, for the Argonne Advanced Research Reactor (AARR) Building,' 
which was to have been built about 350 m NNW of Building 316. 

A complete dynamic earthquake-response analysis consists of 
four steps. F i rs t , a design earthquake-magnitude and ground-motion spec
trum is postulated on the basis of site seismic history, geology, and 
acceptable probabilities that stronger earthquakes will not occur in given 
periods of time. Second, the resonant frequencies and damping factors of 
the soi l -s t ructure combination under consideration are calculated; in this 
analysis, the s t ructure is assumed rigid and resting on an elastic soil base. 
Third, the internal resonant frequencies a\id resting damping factors of the 
structure itself are calculated. Fourth, the acceleration-induced loads at 
various points in the structure are calculated as the structure responds to 
the assumed input ground motion. 

Based upon the AARR earthquake-response analysis report , ' the 
acceleration-induced loads calculated for the AARR Building are applicable 
to Building 316. This conclusion is based upon the fact that the soil-
structure resonant modes are the dominant effects in determining accelera
tion loads and these modes a re pr imari ly a result of the estimated soil-
elasticity pa ramete r s . These elasticity parameters are identical for 
Building 316 and AARR because of the prcpcimity of the AARR site. The 
importance of the internal-building-structure resonant frequencies in de ter 
mining acceleration-induced loads is much less than the importance of the 
so i l -s t ruc ture resonances because the latter corresponds much more 
closely to the major earthquake frequency band. However, the designs of 
Building 316 and the AARR Building are sufficiently s imilar so that the 
internal building resonance frequencies should be nearly the same. 



R e f e r e n c e 1 d e s c r i b e s the m e t h o d u s e d for c a l c u l a t i n g e a r t h q u a k e -
induced loads in the AARR s t r u c t u r a l d e s i g n . B e c a u s e of the a p p a r e n t 
app l i cab i l i t y of the AARR a n a l y s i s to Bui ld ing 316 and the V T R Z s t r u c t u r e , 
the AARR a n a l y s i s h a s b e e n adopted a s the b a s i s for V T R Z e a r t h q u a k e -
r e s i s t a n c e des ign . The A A R R - V T R Z e a r t h q u a k e d e s i g n s t a n d a r d and i t s 
b a s i s a r e s u m m a r i z e d in the s u b s e q u e n t p a r a g r a p h s of t h i s s e c t i o n . 

The VTRZ e a r t h q u a k e - d e s i g n s t a n d a r d m a y be b r i e f l y s t a t e d a s 
fol lows; The V T R Z - Z P R - 6 s t r u c t u r e sha l l be d e s i g n e d to a c c o m m o d a t e 
the v e r t i c a l and h o r i z o n t a l a c c e l e r a t i o n l oads induced by the d e s i g n - b a s i s 
e a r t h q u a k e , in addi t ion to a l l dead loads p r e s e n t , wi th in n o r m a l d e s i g n -
work ing s t r e s s l i m i t s . The V T R Z - Z P R - 6 s t r u c t u r e sha l l a l s o be d e s i g n e d 
to a c c o m m o d a t e two t i m e s the v e r t i c a l and h o r i z o n t a l a c c e l e r a t i o n l o a d s , in 
a d d i t i o n t o t h e dead loads p r e s e n t , wi th in the y ie ld s t r e s s of the m a t e r i a l s 
of the s t r u c t u r e . 

The d e s i g n - b a s i s e a r t h q u a k e is defined a s an e a r t h q u a k e of undef ined 
e p i c e n t e r loca t ion that r e s u l t s in a m a x i m u m (hor i zon ta l ) g round a c c e l e r a 
t ion a t the V T R Z s i te of 0 .075 g and exh ib i t s the s a m e g r o u n d - m o t i o n h i s t o r y 
a s the May 18, 1940, El C e n t r o , Calif. , e a r t h q u a k e . The p r o b a b i l i t i e s of the 
o c c u r r e n c e of such an e a r t h q u a k e at the V T R Z s i t e a r e e s t i m a t e d in Ref. 1 
on the b a s i s of a v a i l a b l e s e i s m i c - a c t i v i t y h i s t o r i c a l da t a . Us ing the design.* 
s t a n d a r d s t a t ed in the p r e v i o u s p a r a g r a p h , the p r o b a b i l i t i e s of e x c e e d i n g 
s t r e s s l i m i t s a r e shown in Tab le 1 (p. III-IO of Ref, 1). To f u r t h e r c h a r a c 
t e r i z e the d e s i g n - b a s i s e a r t h q u a k e , it i s c a l c u l a t e d in Ref. 1 tha t a s i m p l e 
d a m p e d s p r i n g - m a s s o s c i l l a t o r exposed to the d e s i g n - b a s i s e a r t h q u a k e 
would r e s p o n d with m a x i m u m a c c e l e r a t i o n s , a s shown in F i g . 4, a s a funct ion 
of o s c i l l a t o r r e s o n a n t p e r i o d and p e r c e n t of c r i t i c a l d a m p i n g . T h e o s c i l l a 
t ion of F ig . 4 would cont inue ove r the 1 - 3 - m i n e a r t h q u a k e l eng th . 

It is e s t i m a t e d in Ref, 1 that r e a s o n a b l e s o i l - e l a s t i c i t y a s s u m p t i o n s 
for the A A R R - V T R Z s i t e lead to s o i l - s t r u c t u r e r e s o n a n t f r e q u e n c i e s in the 
r a n g e of 0 .7 -0 .9 s ec (5% c r i t i c a l damping) . To be c o n s e r v a t i v e , the 0 , 7 - s e c 
p e r i o d is a s s u m e d (see F ig , 4) to be the a c t u a l r e s o n a n t f r e q u e n c y . 

T A B L E 1. P r o b a b i l i t i e s Tha t the D e s i g n Ground Mot ion 
and the Two T i m e s Ground Mot ion Will and Will Not Be 

E x c e e d e d at L e a s t Once in N Y e a r s 

1 20 50 

P r o b a b i l i t y of not r e a c h i n g 
work ing s t r e s s e s 0.99987 0.9978 0.9943 

P r o b a b i l i t y of r e a c h i n g 
work ing s t r e s s 0 ,00013 0.0022 0,0057 

P r o b a b i l i t y of not y ie ld ing 0 .99995 0.9990 0 .9975 
P r o b a b i l i t y of y ie ld ing 0.000046 0,001 0 .0025 
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V ^ ( OF CRITICAL DAMPING 

HtXIHUH VERTICAL ACCaERATION = 

3 / i | MAXIMUM HORIZONTAL ACCELERATION 

Fig. 4 

Calculated Maximum Acceleration Response 
of a Damped Spring-mass Oscillator to the 
Design-basis Earthquake 

OSCILLATOR RESONANT PERIOD. 

R e f e r e n c e 1 shows that with the a s s u m p t i o n of the 0 . 7 - s e c s o i l -
s t r u c t u r e pe r iod and c o n s e r v a t i v e i n t e r n a l - s t r u c t u r e r e s o n a n t f r e q u e n c i e s , 
the r e s u l t i n g e a r t h q u a k e - i n d u c e d a c c e l e r a t i o n s app l i cab l e to the V T R Z 
e n v i r o n m e n t a r e 0.19 g h o r i z o n t a l l y and 0.07 g v e r t i c a l l y . T h e s e a c c e l e r a 
t i ons a r e b a s e d on the a s s u m p t i o n that the VTRZ equ ipmen t h a s n a t u r a l 
p e r i o d s of < 0 . 1 s ec and damping > 0 . 5 % of c r i t i c a l ; t h e s e a r e e a s i l y a c h i e v e d 
l i m i t s . T a b l e 2 s u m m a r i z e s the e a r t h q u a k e - a c c e l e r a t i o n load c r i t e r i a u s e d 
in the V T R Z des ign ; s o m e add i t iona l a c c e l e r a t i o n h a s b e e n a r b i t r a r i l y added 
to a p p r o x i m a t e l y accoun t for w h a t e v e r d i f f e r ences migh t ex i s t be t \veen the 
AARR Building and Bui ld ing 316, 

T A B L E 2. VTRZ D e s i g n - b a s i s E a r t h q u a k e - i n d u c e d 
A c c e l e r a t i o n J joads^ 

V e r t i c a l H o r i z o n t a l 
A c c e l e r a t i o n , A c c e l e r a t i o n , 

D e s i g n to a c c o m m o d a t e 
wi th in d e s i g n s t r e s s 

Des ign to a c c o m m o d a t e 
wi th in y ie ld s t r e s s 

0 . 1 

0.2 

0,2 

0.4 

' V T R Z e q u i p m e n t m u s t have n a t u r a l r e s o n a n t p e r i o d s 
l e s s than 0.1 s ec and damping g r e a t e r than 0.5% of 
c r i t i c a l damp ing . 

3.2 S t r u c t u r a l M a t e r i a l s 

As d i s c u s s e d in de t a i l be low, the p r i n c i p a l s t r u c t u r a l ( i . e . , l o a d -
c a r r y i n g ) c o m p o n e n t s of the V T R Z a r e the i n n e r ( h e a t a b l e - z o n e ) m a t r i x 



assembly, the jacket enclosing the inner matr ix assembly, the heated-zone-
to-outer -mat r ix ball mounts, the outer matr ix assembly, and the central 
zone bridge. The inner and outer mat r ix assemblies and the central zone 
bridge consist of regular ZPR (2.173 in, square, 0.040 in. wall. Type 304 
stainless steel) matr ix tubes tack- and spot-welded together. 

All welded and/or s tructural components that will operate at grea ter 
than 100°C and will normally be exposed to air during operation will be con
structed of Type 304L stainless steel. This includes the inner (heatable) 
matr ix jacket, the ball-mount brackets , and the portions of the outer mat r ix 
assembly supporting the ball mounts. All other stainless steel components 
will be Type 304 or 304L, except for a few special stainless steels for use 
in making bolts, dowels, and spun par ts . 

The ball mounts that transfer the load of the inner (heatable) mat r ix 
assembly to the outer matr ix assembly contain nickel-based super alloy 
(ln-718) insert plates and tungsten carbide balls designed for high strength 
and oxidation res is tance. The ball mounts operate in air between the heated 
and unhealed portions of the VTRZ. 

All structural components are described in detail in Chapter 4. 

3.3 Design-basis Stress Limits 

3.3.1 Components with Maximum Operating Temperature below 800°F (425°C) 

Design s t ress limits for VTRZ components with maximum operating 
temperatures below 800°F (425°C) have been based upon the Design St ress 
Intensity values listed in Table N-421 of the ASME Boiler and P r e s s u r e 
Vessel Code, Section III, for Nuclear Vessels . For Types 304 and 304L 
stainless steel below 100°F, these design-s t ress- intensi ty values are two-
thirds of the minimum 0.2% offset yield strength for the mater ia l . The 
minimum yield strength for Types 304 and 304L stainless steel to be used 
in the VTRZ is controlled through the specification that the mater ia l must 
be purchased and verified against ASTM standards. The principal load-
carrying components of the VTRZ that operate in the tempera ture range 
covered by this section (i.e., below 800°F) in fact operate below 100°F, 

The ASME Boiler and P r e s s u r e Vessel Code (Section III), P a r a 
graph N-414, permits the combination of the tensile and bending s t r e s s in 
a component to reach 1,5 of the design s t ress intensity, i ,e, , such that the 
extreme fibers of a stainless steel beam reach the 0.2% offset yield. This 
has not been permitted in VTRZ design. The maximum combined tensile 
and bending s t ress in any VTRZ component is limited to the ASME code 
(Table N-421) design-s t ress- intensi ty values for the highest operating tem
perature of the component. 
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The ASME B o i l e r and P r e s s u r e V e s s e l Code , Sec t ion III (Nuc l ea r 
V e s s e l s ) , d e s i g n s t r e s s v a l u e s for T y p e s 304 and 304L s t a i n l e s s s t e e l a r e 
r e p r o d u c e d in T a b l e 3 for r e f e r e n c e . 

T A B L E 3. D e s i g n Work ing S t r e s s L i m i t s for V T R Z 
C o m p o n e n t s To Be C o n s t r u c t e d of Type 304 or 304L 

S t a i n l e s s S tee l and To Have M a x i m u m O p e r a t i n g 
T e m p e r a t u r e s be low 800°F (425°C)^ 

M a x i m u m M a x i m u m D e s i g n 
M e t a l O p e r a t i n g Working S t r e s s L i m i t , 

T e m p e r a t u r e p s i 

°C °F 304 304L 

38 100 20,000 16,700 
93 200 20,000 16,700 

149 300 19,800 16,500 
204 400 17,600 14,700 
260 500 16,400 13,600 
315 600 15,600 13,000 
389 700 15,100 12,600 
426 800 14,800 12,300 

^ S t r e s s l i m i t s c o r r e s p o n d to des ign s t r e s s l e v e l s g iven 
in T a b l e N - 4 2 1 of ASME B o i l e r and P r e s s u r e V e s s e l 
Code (Sect ion III, N u c l e a r V e s s e l s ) . 

3.3.2 C o m p o n e n t s wi th M a x i m u m O p e r a t i n g T e m p e r a t u r e above 800°F (425°C) 

S t r e s s l i m i t s a r e b a s e d on c r e e p s t r e n g t h s for a l l c o m p o n e n t s ( excep t 
the ba l l -moun t i n s e r t s and ba l l s ) having m a x i m u m o p e r a t i n g t e m p e r a t u r e s at 
o r above 800°F (425°C). The d e s i g n work ing s t r e s s l i m i t is t aken as the 
typ ica l 0 . 00001%/h r c r e e p - r a t e s t r e s s l eve l for the m a t e r i a l at the m a x i m u m 
o p e r a t i n g t e m p e r a t u r e of the componen t . T h i s c r e e p r a t e i s equ iva l en t to 
1 m i l / i n . of c r e e p in 10,000 h r o r 0.88 ( m i l / i n . ) / y r . T a b l e 4 l i s t s the d e s i g n 
s t r e s s l i m i t s adopted for V T R Z d e s i g n for T y p e s 304 and 304L s t a i n l e s s 
s t e e l . 

The V T R Z b a l l - m o u n t d e s i g n is a s p e c i a l c a s e of V T R Z e q u i p m e n t 
o p e r a t i n g above 800°F (425°C). A s a t i s f a c t o r y s t r e s s - a n a l y s i s t e c h n i q u e 
w a s not found t h a t a d e q u a t e l y d e s c r i b e d the s i t ua t ion in the ba l l m o u n t s in 
which the b a l l s , caught v e r t i c a l l y b e t w e e n p l a t e s , c a r r y a v e r t i c a l load 
u n d e r ro l l i ng cond i t i ons wi th a s i m u l t a n e o u s s ign i f i can t v e r t i c a l t e m p e r a 
t u r e g r a d i e n t . Al though an a p p r o x i m a t e s t r e s s - a n a l y s i s t h e o r y w a s app l i ed 
to th i s s i t ua t i on to rough ly guide the des ign , the d e s i g n is b a s i c a l l y jus t i f i ed 
on d i r e c t f u l l - s c a l e ro l l i ng t e s t s that w e r e p e r f o r m e d under v a r i o u s l oads 
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and temperature gradients that scope the operating conditions. The ball-
mount design is discussed fully in Sec. 6.4 of this report . The maximum 
design working load for the ball-mount plates and ball combination is less 
than one-third of the ultimate failure load as determined by actual tes ts 
under operating conditions. 

TABLE 4. Design Working Stress Limits for Type 304 
or 304L Stainless Steel Components with Maximum 

Operating Temperatures above 800°F (425°C) 

Temperature 

°C °F 

482 900 
538 1000 
593 1100 
650 1200 

Design-basis Operating 

Stress for 
Rupture in 
10,000 hr, 

1000 psi 

304 304L 

38.6 39.9 
27.8 26.1 
18.3 15.2 
11.2 9.2 

Paramete r s 

Design Working 
St ress Limit 
(s t ress for 

0.00001%/hr 
creep rate) . 

1000 psi 

304 304L 

17.4 
11.3 10.1 

7.0 6.9 
4,0 3.7 

This section l ists the design-basis operating load and temperature 
parameters on the basis of which the VTRZ has been designed; i.e., these 
parameters must be accomnaodated within the design working s t r e s s l imits 
discussed in Sec. 3.3. The following paragraph contains a brief description 
of the VTRZ to orient the reader . A detailed design description is given in 
Chapter 4. 

The VTRZ consists of two, essentially mi r ro r image, hal f -zones--
one half-zone to be mounted in the movable reactor half and the other half-
zone in the stationary reactor half. The two half-zones are structural ly 
independent. Each VTRZ half-zone consists of an inner (heatable) mat r ix 
assembly, an outer matr ix assembly, and a 2-in.-thick annular insulation 
and cooling guard-ring space between the two matr ix assembl ies . The 
matr ix assemblies are weldments composed of regular ZPR 2.173-in.-
square, 0,040-in.-wall matr ix tubes tack- and spot-welded together. An 
inner matr ix assembly consists of 57 full-size and 12 partial matr ix tubes, 
3 ft long (enclosed in a jacket), in a general octagonal c ross-sec t ion ba r r e l 
shape. The inner matr ix assembly is supported within an octogonal c r o s s -
section hole, 24 in. across and 4 ft long, by ball mounts that span across 
the 2-in. annular space between the assemblies. The principal purpose of 
the outer matr ix assembly is to support the load of the reactor core above 
the heatable inner matrix, i.e., it is essentially a bridge over the heat
able zone. 
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Table 5 summarizes the VTRZ design-basis pa ramete r s . 

TABLE 5. VTRZ Design-basis Operating P a r a m e t e r s ^ 

Inner Matrix Assembly 

Maximum total deadweight resting on the ball 
mounts of each half-zone 5000 lb 

30,000-hr operating temperature 600°C 
100-hr operating temperature 650°C 

Outer Matrix Assembly 

Maximum total \veight to be loaded into the 
matr ix tubes above the 11-matrix-tube-wide 
cavity in the outer matr ix assembly of each 
half-zone (approximately uniformly distributed) 18,000 lb 

Maximum operating temperature for load-
carrying portions 95°C 

^The dead-load parameters do not include the earthquake-
induced loads of Table 2. These acceleration loads must 
be added to the dead loads of this table for use in design 
calculations. 

3.4.1 Inner (heatable) Matrix Assembly 

The inner (heatable) matr ix assembly of each half-zone will be 
approximately octagonal in c ross section, about 20 in. across the flats, and 
contain a 3-ft matr ix assembly. The matri j! will consist of 57 full-size 
matr ix tubes plus 12 partial (triangular) matr ix tubes. Normal reactor 
core mockup drawers weigh about 10 lb/ft, depleted uranium weighs 
32.4 lb/ft, and the matr ix tubes weigh about 1.1 lb/ft. Based upon the 
weights of prototype equipment, the following breakdown is typical of a 
normal half-zone inner matr ix assembly loading (assuming three 12-in. 
calandria cans per mat r ix tube loaded with oxide fuel pins): 

Half-zone inner matr ix assembly, 
including jacket 

Rear assembly cover 
Front assembly cover 
Mockup core mater ia l s 

(57 + 12 X 1/2)(3)(10) 

To accommodate a maximum flexibility in inner -mat r ix-assembly 
loading for experimental purposes, a design half-zone inner-matr ix total 
dead loading on the ball mounts of 5000 lb has been set. 

450 
80 

5 

1890 

lb 
lb 
lb 

lb 

2425 lb 

file:///veight
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The intended maximum bulk average operating tempera ture of the 
VTRZ inner (heatable) matr ix assembly is 550°C. To achieve this, it is 
necessary to permit the temperatures at some points to reach about 580''C. 
A high-temperature a larm will be set for tempera tures exceeding 580''C. 
For equipment protection, the VTRZ automatic control system will be set 
to eliminate all electrical heating if an indicated tempera ture above 600°C 
is noted and to cause a reactor sc ram if such a tempera ture is noted. The 
inner matr ix assembly and associated equipment have been designed for 
continuous operation at 600°C and abnormal operation up to 650°C for up to 
100 hr. The design-basis lifetime of the VTRZ at 600°C has been taken as 
30,000 hr (3.4 yr). 

3.4.2 Outer Matrix Assembly 

The outer matr ix assembly bridges over the 24-in.-wide cavity 
needed for the heatable inner matr ix assembly. The cri t ical design param
eter is the total deadweight of reactor mockup mater ia l that must be sup
ported above the 24-in. (11-matrix-tube)-wide cavity. The design-basis 
dead load has been taken as 18,000 lb approximately uniformly distributed 
in the matr ix tubes above the cavity. A design temperature limit of 200°F 
(95°C) has been taken for the load-carrying portions of the outer mat r ix 
assembly and for the plate-form reactor mater ia ls in it. 

3.5 Prototype Testing Requirements 

The performance character is t ics of all principal s t ructural , safety, 
and control systems are to be verified by prototype or startup tes ts before 
use of the systems in critical ZPR reactor assemblies . 



4. DESIGN DESCRIPTION 

4.1 Brief Overall Design Description 

A brief overall description of the VTRZ design is included in this 
section to provide orientation for the subsequent sections that give detailed 
descriptions of each subsystem. 

The VTRZ equipment consists of an inventory of oxide fuel rods; an 
inventory of fuel-rod mounting assemblies , called calandria cans because of 
their through-tube design; and a heatable zone facility. The oxide fuel rods 
are designed to be used at any temperature from room temperature to a 
maximum of 600°C. The inventory of fuel rods includes depleted-U02 rods, 
16- and 46%-enriched-U02 rods, and 15 and 30% plutonium mixed PUO2-
UO2 rods. The calandria can inventory includes cans filled with sodium 
at room tempera ture , designed for use only at room temperature ; cans 
approximately 85% filled at room temperature , designed for heating to a 
maximum of 600°C; and empty cans, designed for use in sodium-void 
measurements . The VTRZ Heatable Zone Facility is a complex assembly 
designed to replace the central portion of the ZPR-6 or -9 matr ix with a 
special insulated and heatable matr ix unit. 

The oxide fuel rods and the calandria can units are designed so that 
they may be used in the regular ZPR matrix, at room temperature , as well 
as in the Heatable Zone Facility. It is, in fact, intended that many of the 
p la te -versus - rod heterogeneity comparison experiments will be ca r r ied out 
in the regular ZPR matr ix at room temperature completely independent of 
the Heatable Zone Facility. The regular ZPR plate fuel drawers may be 
used in the Heatable Zone Facility, as part of comparison measurements , 
but they -will not be heated. 

The oxide rods and rod-mounting calandria can assemblies are shown 
in Fig. 5, where they are comparedto the regular ZPR plate-type fuel d rawers . 
The oxide rods are all of one size, viz., nominally 3/8-in. OD by 6 in. long 
with 12-mil Type 304L stainless steel cladding. The calandria cans are 
Type 304L stainless steel and nominally 2 in. square outside by 12 in. long 
with sixteen 10.5-mil wall through-tubes sized to contain the clad fuel rods. 

The Heatable Zone Facility consists basically of an insulated heatable 
zone, called the inner matr ix assembly; an outer bridge unit, called the 
outer matr ix assembly; and several auxiliary systems for air cooling, inert 
gas, e lectr ical power, and instrumentation. Figure 6 shows the Heatable 
Zone Facility installed in ZPR-6. Figure 7 is a section view, normal to the 
horizontal axis, of the inner and outer matr ix assembl ies . Figure 8 shows 
a perspective cutaway view of a single VTRZ half-zone. 
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Fig. 5. Typical Plate-type Fuel Drawer, Calandria Cans, and Oxide Fuel Rods. ANL Neg. No. 116-3. 
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Fig, 6. VTRZ in ZPR-6, ANL Neg, No, 116-420 Rev. 1. 
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The inner (heatable) matr ix assembly consists of a region in the 
shape of a right cylinder with an octagonal c ross section, approximately 
20 in. inside across the flats of the octagon and 6 ft long, split normal to 
its long axis into two 3-ft "half-zone" sections, one mounted in the center 
of each reactor half and mating at the reactor midplane when the halves 
come together. Each half-zone contains a matr ix s t ructure , which consists 
of regular ZPR (2.093 in. square inside by 40-mil wall) Type 304 stainless 
steel matr ix tubes welded together and mounted horizontally. The mat r ix 
s tructure is supported and enclosed by an octagonal b a r r e l . When operating 
at room temperature , with either plate or rodded fuel, the inside of the zone 
may be cooled, if necessary, by circulating air through the zone in exactly 
the same manner, and using the same equipment, as is descr ibedin ANL-7442. 
In the heatable configuration, the heatable zone is isolated from the reactor 
cell by gaslight front and rea r covers on each half-zone, and a high-purity 
argon atmosphere, at a slightly negative p re s su re with respect to the cell, 
is provided within each half-zone. These precautions minimize the conse
quences if a leak occurs in a plutonium fuel rod or in a sodium-filled 
calandria can. 

Each heatable half-zone of the VTRZ is supported radially by 
10 brackets arranged, five on each side, along the horizontal midplane of 
the half-zone and attached to the outside of the b a r r e l enclosing the heatable 
matr ix . The brackets are shown in Figs. 7 and 8. The -weight of the heatable 
zone is t ransmitted through the brackets to a special weldedbridge assembly, 
composed mainly of regular ZPR matrix tubes, which operates at room tem
perature and is designed to car ry the load of the reactor core above the heat
able zone as well as the weight of the heatable zone itself. Expansion of the 
heatable zone radially and axially is permitted by ball mounts in the support 
brackets and is controlled by radial and axial res t ra in ts and guides attached 
to the front and along the bottom of the heatable zone. A 2-in.-thick, radial, 
insulation and air cooling, guard-ring annulus separates the heatable zone 
from the outer bridge assembly. 

The inner matr ix assembly is heated by 3/8-in.-dia Inconel-clad 
electrical cartr idge heaters of various lengths up to 36 in. The heaters will 
replace fuel rods in selected calandria can fuel tubes. The number of 
heaters will be selected on the basis of the requirements of the par t icular 
experiment being performed. 

4.2 Normal (unbeatable) ZPR-6 and -9 Critical Facil i t ies and Plate- type 
Fuel Drawers 

The ZPR-6 and -9 facilities are spli t- table-type cr i t ical assembl ies 
consisting of one stationary and one movable table, as shown in Fig. 9. Each 
reactor table is 3.7 m (12 ft) wide and 2.4 m (8 ft) long and res t s on a cast 
steel bed. An ar ray of square cross-sect ion tubes may be stacked hor izon
tally on each table to form a matr ix for fuel assembl ies . A maximum of 
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Fig, 7, Section View of VTRZ, ANL Neg, No, 116-429. 
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2025 Type 304 stainless steel matr ix tubes, 2 in. square by 40-mil wall by 
4 ft long, may be stacked on each reactor table, in a 45 x 45 ar ray , forming 
half of a 2.4-m (8-ft) cubical reactor matrix. The tubes are constrained in 
position by massive supports (knees) on both sides. Uranium and plutonium 
fissile materials and various diluent mater ia ls such as depleted uranium, 
stainless steel, aluminum, zirconium, graphite, and oxides of heavy metals 
are available in the form of thin plates for use in the simulation of various 
reactor compositions. These plate materials are loaded into 5-cm-wide, 
5-cm-high drawers of various lengths [for example, 38 cm (15 in.), 61 cm 
(24 in.), and 81 cm (32 in.)] and inserted into the matr ix tubes to form the 
reactors under study. 

Reactor criticality is achieved by moving the two reactor tables 
together and by moving the fuel-bearing and ' " B control/safety rods. Each 
half of the reactor has five fuel-bearing control/safety rods. A fuel-bearing 
safety rod is in the core during normal operation and, as the name implies, 
is ejected (by spring action) from the core when scrammed. A fuel-bearing 
control rod is also ejected (by spring action) from the core when scrammed; 
however, the dual-purpose control rod may be in, partially in, or out of the 
core whenever the tables are together. In addition, up to 12 '°B safety blades 
(six per half) are available for rapid reactivity shutdown if needed. These 
blades are inserted into the reactor by spring action when a s c ram occurs . 
Four of the ' " B blades (two per half) may also be used as control rods when 
necessary. The classification of a fuel-bearing rod o r ' " B blade as a control 
or safety rod is based upon the requirement that a rod designated as a safety 
rod is moved to its position of maximum reactivity worth (fuel-bearing rods 
into the core, ' " B rods out of the core) before the beginning of table closure 
and is therefore available to remove reactivity at all t imes . Rods designated 
as control rods are moved to positions of their maxinnum reactivity worth 
after the tables are together. Regardless of whether a rod is designated as 
a control or safety rod, the rod will sc ram upon a s c ram signal by spring 
operation. After the tables are together, any rod may be designated as a 
control or safety rod at the option of the operator . 

Table movement is normally carr ied out by one of four electr ic 
motors . The speed of the movable table from full separation of 152 to 46 cm 
is 25 cm/min (10 in./min), from 46 to 8 cm is 5.1 cm/min (2 in. /min), and 
from 8 cm to 0 separation is 0.42 cm/min ( l / l 6 in . /min) . Each of the 
three motors can drive the table in or out over its respective operational 
range. The fourth motor is automatically energized when a s c ram condition 
occurs and separates the reactor halves. This electr ic sc ram motor is 
backed up by an air motor powered by compressed bottled nitrogen stored 
in the reactor cell. 

Each half of the assembly contains an americium-beryl i ium startup 
neutron source, with an intensity of about lO' neutrons/sec, which can be 
driven in or out of the assembly by remote control. The table and rod in
strumentation and associated nuclear instrumentation are located remote 
from the reactor in the control room. 
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More detailed descriptions of the ZPR-6 and -9 facilities appear in 
Refs. 2-6. Although the matr ix supports and control-rod mounting plate have 
been sized to match a 2.4-m' (8-ft cube) matr ix assembly, only minor modi
fications are necessary to make a 3 x 3 x 2.4-m (10 x 10 x 8-ft) matr ix 
assembly. Each table is designed to ca r ry about 82 met r .c tons, which is 
adequate to handle all cores contemplated. The physical charac ter is t ics of 
the ZPR-6 and -9 reactor facilities are summarized in Table 6. 

TABLE 6. Summary of Physical Character is t ics of ZPR-6 and -9 

A. Bed 

1. 
2 . 
3. 
4 . 
5. 

Length 
Wi 
He 

dth 
light 

Weight 
Material 

B. Tables 

1. 
2 . 
3 . 
4 . 
5. 
6. 

7. 

Length 
Width 
Thickness 
Weight 
Material 
Maximum loading capacity 
a. 
b . 

Each table 
Total 

Table drive and travel 
a. 
b . 

c. 

d. 

e. 

f. 

Maximum separation 
Fast closure (forward) 
speed and motor rating 
Intermediate closure 
(forward) speed and 
motor rating 
Slow closure (forward) 
speed and motor rating 
Fast separation (reverse 
speed and motor rating 
Emergency separation 
speed, motor type, and 
rating 

C. Matrix Assembly 

1. Matrix assembly overall 
dimensions with tables 
together 
a. Width 
b. Length 
c. Height 

6.5 m (256 in.) 
2.6 m (103 in.) 
43.2 cm (17 in.) 
17,500 kg (38,550 lb) 
Cast, high-tensile, semisteel 

2.4 m (96 in.) 
3.7 m (144 in.) 
54.7 cm (18 in.) 
10,000 kg (22,000 lb) 
Cast, high-tensile, semisteel 

82,000 kg (180,000 lb) 
164,000 kg (360,000 lb) 

1.52 m.(60 in.) 
25.4-cm/min (lO-in./min) to 
46-cm (18-in.) separation; 3/4 hp 
5.1 cm/min (2 in. /min) from 46-
to 7.6-cm (3-in.) separation; 
1/2 hp 
0.42 cm/min (0.167 in./min) from 
7.6- to 0-cm separation; 1/4 hp 
76 cm/min (30 in./min); 1 hp 

76 cm/min (30 in./min); a i r -
operated; 0.9 hp 

2.48 m (97.8 in.) 
2r.44 m (96.3 in.) 
2.48 m (97.8 in.) 
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TABLE 6 (Contd.) 

2. Matrix assembly on one table 
a. Width 
b. Length 
c. Height 

3. Tube bundles 
a. 25 tubes/bundle 
b. Size 
c. Total number of bundles 
d. Number per half 
e. Total number of tubes 
f. Tube dimensions 

g. Tube material 

D. Control and Safety Rods 

1. Fueled rods 
a. Number 
b. Material 
c. Drive motor and rating 
d. Scram drive 
e. Spring compression 

f. Length of stroke 
g. Scram time 

15 cm (6 in.) 
90% of full stroke 

h. Approximate maximum 
reactivity addition rate 

i. Overall dimension of 
control drawer 

Length 
Width 
Height 
Wall thickness 

2. Boron rods 
a. Number 
b. Absorber 
c. Normal drive 
d. Maximum reactivity 

addition speed 
e. Scram drive 
f. Spring compression 
g. Length of stroke 
h. Scram time to 90% of 

full stroke 

2.48 m (97.8 in.) 
1.22 m (48.1 in.) 
2.48 m (97.8 in.) 

Five rows and five columns 
1.22 m length; 27.6 cm square 
162 
81 
4050 
1.22-m (48.0-in.) length; 5.52-cm 
(2.173-in.) width and height 
Type 304 stainless steel 

Five per half 
Core composition 
27 V dc; 1/20 hp 
Spring-loaded 
306-kg (675-lb) pr imary spring; 
45-kg (lOO-lb) secondary spring 
61 cm (24 in.) 

95-100 msec 
250 msec 
0.04 $/sec[0.01%(Ar,/k)/sec with 
Peff = 0-004] 

1.03 m (40.7 in.) 
5.24 cm (2.064 in.) 
5.22 cm (2.055 in.) 
0.12 cm (0.048-0.051 in.) 

Six per half 

27-V dc electric motor 

0.25 cm/sec (0.1 in . /sec) 
Loaded spring 
181 kg (400 lb) 

"76 cm (30 in.) 

90 msec 
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i. Outside dimensions of 
'°B safety rod 

Width 
Length 
Thickness 
Length of ' " B area 

E. Neutron Source Assembly 

1. Number 
2. Neutron source strength 
3. Source 
4. Source drive motor 

a. Feed speed 
b. Time to travel from coffin 

to full insertion 
5. Source position 

a. Along radial direction 
b. Distance from matr ix 

interface 
Location 1 
Location 2 

6. Source coffin size 

4.92 cm (1.935-1.940 in.) 
78.4 cm (30.88 in.) 
0.95 cm (0.370-0.380 in.) 
71.1 cm (28 in.) 

One per half 
10^ neut rons /sec 
Am-Be 
Reversible, l /6 hp, 1725 rpm, 
115 V ac 
184 cm/min (72.3 in. /min) 

1 min, 42 sec 

Core-blanket interface 

10.2 cm (4.03 in.) 
20.4 cm (8.03 in.) 
61-cm (24-in.) diameter 

To have a high degree of flexibility in the compositions and geome
t r i e s to be studied on the ANL fast cr i t ical facilities ZPR-3, -6, -9, and 

* 
ZPPR, the Laboratory 's inventory of fissile, fertile, s t ructural , and coolant 
mater ia l s a re in plate form. The plates used in the core are 2 in. high, have 
nominal thickness of l /32 , l / l 6 , l / 8 , l /4 , and 1/2 in., and are of varying 
lengths in inch increments . Examples of such plates appear in Fig. 10. 
Blocks having thicknesses of 1 and 2 in. a re also included in the inventory 
for use in the blanket or reflector region of the reac tors . The mater ia ls 
used in the ANL fast cr i t ical facilities are of standard dimensions so that 
the mater ia l s may be used interchangeably in all four facilities. All ma te 
r ia ls are color-coded or stamped with identifying marks for ease of 
identification. 

A typical drawer loading is shown in Fig. 11, where ' three drawers 
a re shown loaded with fuel, fertile mater ia l , and sodium cans. 

The Laboratory maintains a large inventory of fissile mater ia l s for 
use in ZPR-3, -6, and -9 and ZPPR. The uranium fuel inventory is about 
2300 kg of ^'^U; the total plutonium inventory is in excess of 3000 kg. The 
general dimensional and isotopic charac ter is t ics of the fuels available to 
ZPR-6 and -9 are listed in Table 7. 
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1. 

2 . 

3 . 

4 . 

5. 

6. 

7. 

8. 

TABLE 7 

M a t e r i a l 

93% ' " U 

20% ">U 

31% " ' U 

98.9 wt % Pu, 1,1 wt % Al 

98,9 wt % Pu, 1,1 wt % Al 

20 wt % Pu, 77,5 wt % U, 
2,5 wt % Mo 

28 wt % Pu, 69,5 wt % U, 
2.5 wt % Mo 

36 wt % Pu, 61 ,5 wt % O, 
2.5 wt % Mo 

Depleted u r a n i u m 
D e p l e t e d - u r a n i u m blocks 

Inventory of F i s s i l e 

Nominal Dimension, 
in. 

(1/32 
2 

1/16 

• 

, 1/16, 1/B)X 
X (1. 2, 3) 

X 2 X (1, 2, 3) 

1/8 

1/8 

1/4 

1/4 

1/4 

1/16, 1/8 
2, 5 

and F e r t i l e 

Tota l 
Quanti ty, 

kg 

2,560 

180 

83 

210 

17,4 

175 

2.900 

190 

20,000 
154,000 

: Ma te r i a 

Clad 

Unclad 

Unclad 

Unclad 

SS 

SS 

SS 

SS 

SS 

Unclad 
Unclad 

1 P l a t e s 

C o m m e n t s 

95% " ' P u , 4 .5% " ° P u 

72% " ' P u , 21.9% " ° P u 

91% " ' P u , 8.5 % " ° P u 

88% " ' P u + " ' P u , 12% " ° P u 

1425 kg ava i l ab l e 7 /68 
2300 kg ava i l ab l e l / 6 9 
2625 kg ava i l ab l e 7/69 
2900 kg ava i l ab le 10/69 

73% " ' P u + " ' P u , 27% " ° P u , 
ava i lab le 2 /69 

Tt ff 

f 
Fig. 10. Plates and Blocks for ZPR-6 and -9. ANL Neg. No, 112-9993B. 
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Fig. 11. Three Loaded ZPR Drawers. 
ANL Neg. No. 112-6846. 

4 .3 Oxide F u e l Rods 

The o x i d e - f u e l - r o d i n v e n t o r y 
is be ing a c q u i r e d c o m m e r c i a l l y f r o m 
the K e r r - M a g e e C o r p . of O k l a h o m a Ci ty 
u n d e r the q u a l i t y - a s s u r a n c e p l a n and 
the t h r e e p r o c u r e m e n t s p e c i f i c a t i o n s 
l i s t e d in S e c . 1.2 (3 and 9a) . The 
p r i n c i p a l f u e l - r o d d i m e n s i o n , c o m 
pos i t i on , weight , i n s p e c t i o n , t e s t i n g , 
and r e c o r d s p e c i f i c a t i o n s a r e s u m 
m a r i z e d in th i s s e c t i o n . R e f e r e n c e 
should be m a d e to the f u e l - r o d q u a l i t y -
a s s u r a n c e p lan and to the s p e c i f i c a t i o n s 
for c o m p l e t e d i m e n s i o n a l and c o m 
p o s i t i o n a l d e s c r i p t i o n s and for d e t a i l s 
of the f ab r i ca t i on , a s s e m b l y , i n s p e c 
t ion , and a n a l y t i c a l qua l i ty c o n t r o l s 
app l i ed to the fuel r o d s . E a c h c o m 
p l e t e d fuel r od wi l l c a r r y a s e r i a l 
n u m b e r t h r o u g h which a c o m p l e t e i n -
p r o c e s s and f inal r e c o r d of the c o m 
ponent w e i g h t s , i n t e r n a l and e x t e r n a l 
d i m e n s i o n s , and c o m p o n e n t c o m p o 
s i t i ons of the ind iv idua l r od wi l l be 
ob t a inab l e f r o m the r e c o r d s to be 
d e l i v e r e d by the m a n u f a c t u r e r w i th 
t he r o d s . 

Al l t he oxide fuel r o d s h a v e the s a m e c o n s t r u c t i o n and a r e , n o m i 
na l ly , the s a m e s i z e . The p r i n c i p a l e x t e r n a l d i m e n s i o n s a r e s u m m a r i z e d 
in F i g . 12. E a c h fuel r od c o n s i s t s of a s t a c k of s i n t e r e d UO^ o r PuO^-UO^ 
p e l l e t s c l ad in a s e a m l e s s tube wi th w e l d e d - i n end p lugs ; a c u p - s h a p e d 
s p a c e r is inc luded wi th in the c ladd ing a t one end of the p e l l e t s t a c k . The 
tub ing , end p l u g s , and i n t e r n a l s p a c e r a r e a l l c a r e fu l l y a n a l y z e d Type 304L 
s t a i n l e s s s t e e l ; the s e a m l e s s tubing for a l l t he fuel r o d s w a s ob ta ined f r o m 
a s i n g l e v a c u u m - m e l t b a t c h and t h e r e f o r e h a s i den t i ca l ly the s a m e c o m p o 
s i t i o n . The e n d - p l u g we lds a r e by the T u n g s t e n I n e r t Gas (TIG) p r o c e s s . 
F u e l - r o d - t y p e d e s i g n a t i o n s a r e s t a m p e d on both end p lugs , in add i t ion to 
t he f u e l - r o d s e r i a l n u m b e r on the tube , in o r d e r to f ac i l i t a t e iden t i f i ca t ion ; 
for e x a m p l e , a s t a m p e d " D " d e s i g n a t e s the d e p l e t e d UOj r o d s . 

The ind iv idua l oxide p e l l e t s a r e r e q u i r e d to be a p p r o x i m a t e l y r igh t 
c y l i n d e r s , but do not h a v e spec i f i c d i m e n s i o n a l s p e c i f i c a t i o n s excep t as 
fo l lows : E a c h p e l l e t m u s t p a s s t h r o u g h a 0 . 3 4 8 0 - i n . - d i a gauge l o n g e r t h a n 
the p e l l e t . The t o t a l p e l l e t s t a c k he igh t m u s t be 5.720 ± 0.030 in. C h i p s , 
c r a c k s , and p i t s m u s t be be low s p e c i f i c a t i o n m a x i m u m s . And the t o t a l 



weight of the oxide stack must be within the specified limits for each rod 
type as discussed below. Some data on the actual pellet sizes will be 
available from the ANL inspection program as described in the fuel-rod 
quali ty-assurance program. 

2- PELLET STACK 

'—TIG EDGE WELD PLUG-TO-JACKET 

L- 0 . 183 DIA. 

NOTES: 

1 . THE FINISHED RODS MUST BE STRAIGHT WITHIK 2 m i l s OVER THEIR LENGTH. 

2 , THE FINISHED RODS MUST PASS THROUGH A 0 . 3 8 1 0 - i n . DIA X 6 . 5 i n . LONG 

CYLINDRICAL GAGE BY GRAVITY FORCE ONLY. 

Fig. 12, Fuel Rod. ANL Neg. No. 116-431, 

The sequence of fuel-rod fabrication is approximately as follows: 
The tubes are cut to length from 0.3780/0.3760-in.-OD, 0.012 ± 0.0005-in.-
wall. Type 304L stainless steel tubing. The first end plug, with type desig
nation already affixed, is welded in. The pellet stack is made up and in
serted in the tube, and a selected spacer added so that less than 5 mils of 
free axial length remains when the final end plug is inserted. Just before 
the final end-plug weld, the interior of the rod is flushed and backfilled 
with an argon-helium gas mixture at 1 atm absolute p ressu re . The 
specifications require that the argon-helium gas mixture must contain at 
least 50 vol % helium and not more than 10 ppm HjO and 30 ppm O2. The 
final end plug is then welded in. This final end plug has a special double-dot 
designation, which designates the spacer end--for example, -D-. 

The specification requirements for the weight and composition of 
each oxide fuel-rod type now planned for the ZPR inventory are summarized 
in Table 8 for the UO2 types and in Table 9 for the PuOj-UOj types. The 
16%-enriched UO2 fuel rods are matched in composition to the basic u r a 
nium plate-form comparison core to be used for p la te -versus- rod m e a s 
urements , i.e., ZPR-6 Assembly 6. The 46%-enriched-U02 rods are 
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T A B L E 8. Inventory of UO2 F u e l Rods 

UO2 F u e l - r o d Type 

A t t r i bu t e Deple ted 1 6 % 

Rod- type Des igna t ion (end-plug s t amp) 

46'? 

E n r i c h m e n t ; wt % ^'^U of 
t o t a l u r a n i u m 

Wt % u r a n i u m of p e l l e t s 

O /U r a t i o 

Wt % i m p u r i t i e s in p e l l e t s 

P e l l e t - s t a c k weight p e r rod, g 

304L SS c ladding weight p e r rod, g 

U r a n i u m weight p e r rod, g 

Oxygen weight p e r rod, g 

^^^U weight p e r rod, g 

Approxinnate to ta l n u m b e r of rods in 

A p p r o x i m a t e to ta l ^U inven tory , kg 

Nomina l* 
Range* 
A n a l y s i s * 

Nonninal 
Range ' ' 
Ana lys i s 

Nomina l 
Range 
Ana lys i s 

Maxinnum 
Analys i s 

Nomina l 
Range ' ' 
Ana lys i s 

Nomina l 
Ana lys i s 

Nomina l 

Nomina l^ 

Nonninal 

inven tory 

0.22 
±0.02 
±0.02 

8 7.6 min 
287.6 
287.6 

2.00 
±0.02 
±0.01 

0.50 
_c 

89.29 
±1.50 
±0.005^^ 

12.3 
±0.01 

78.2 

•10.9 

0.17 

14,600 

-

16.40 
±0.05 
±0.05 

88.14 
+0.06, -0.74 

±0.30 

2.00 
±0.02 
±0.01 

0.50 
±0.10 

90.50 
±1.50 
±0.005 

12.3 
±0.01 

79,8 

10,5 

13.05 

1 1,500 

150 

46.50 
±0.05 
±0.05 

88.14 
+0.06, -0 .74 

±0.30 

2.00 
±0.02 
±0.01 

0.50 
±0.10 

90.50 
±1.50 
±0.005 

12.3 
±0.01 

79.8 

10.5 

37.00 

4,500 

167 

^Value m u s t be within "Range" of "Nomina l " and be m e a s u r e d within " A n a l y s i s " (Za). 
" P e l l e t and p e l l e t - s t a c k weigh ts include i m p u r i t i e s . 
•^Total u r a n i u m in pe l l e t s t ack m u s t be known to ±0.01 g. 

Cladding weight is not d i r e c t l y spec i f ied . This is a ca l cu l a t ed va lue . Cladding weight 
wil l be d e t e r m i n e d by d i f fe rence me thod to ±0.01 g. ' 

^ T h e s e va lues a r e c a l c u l a t e d f rom theynominal va lue a s s u m i n g O.Zp wt % i m p u r i t i e s . 

/' 



TABLE 9. Inventory of (Pu,U)02 Fuel Rods 

(Pu,U)02 Fue l - rod Type 

Attribute 15% 30% 

Rod-type Designation (end-plug stamp) 

High-240 

H 

Uranium isotopic composition, 
wt % "^U of uranium 

Plutonium isotopic composi
tion, wt % of plutonium 

Wt % " ' P u + " ' P u of pellets 

Wt % total (U + Pu) of pellets 

Wt % plutonium of pellets 

Wt % uraniunn of pellets 

0 / ( P u + U) rat io 

Wt % impuri t ies in pellets 

Pellet stack weight per rod, g 

Nonninal* 
Range^ 
Analysis^ 

239 Nominal 
Range 

240 Nominal 
Range 

241 Nominal 
Range 

242 Nonninal 
Range 

238 Nominal 
Range 

Nominal 
Range^ 
Analysis" 

Nominal 
Range 

Analysis 

Analysis 

Nominal 
Range 
Analysis 

Maximum 
Analysis 

Nominal" 
Range*' 
Analysis" 

304L SS cladding weight per rod, g Nominal 

Analysis 

"^Pu + "^Pu weight per rod, g Nominal*^ 

Plutonium weight per rod, g Nominal*^ 

Uranium weight per rod, g Nominal^ 

Oxygen weight per rod, g Nominal^ 

Approximate total number of rods in inventory 

Approximate total fissile ("''Pu + ^^'Pu) 
inventory, kg 

0.22 
±0.02 
±0.02 

86.40 
±0.80 

11.50 
±0.50 

1.70 
0.70, +0.80 

0.25 
0.25 

0.05 
±0.05 

11.67 
±0.17 
±0.08 

88.05 
±0.40 

±0.07 

±0.03 

1.98 
±0.02 
±0.01 

0.50 
±0.10 

89.60 
±1.30 
±0,005 

12.3 
±0.01 

10.46 

11.87 

67.02 

10.49 

12,700 

0.22 
±0.02 
±0.02 

86.40 
±0.80 

11.50 
±0.50 

1.70 
-0.70, +0.80 

0.25 
0.25 

0.05 
±0.05 

23.38 
±0.27 
±0.08 

88.05 
±0.40 

±0.07 

±0.03 

1.98 
±0.02 
±0.01 

0.50 
±0.10 

89.40 
±1.50 
±0.005 

12.3 
±0.01 

20.90 

23.68 

55.04 

10.46 

5,900 

0.22 
±0.02 
±0.02 

67.30 
±0.60 

25.93 
-0.18, +0.35 

5.26 
-0.23, +0.33 

1.42 
-0.08, +0.10 

0.09 
±0.02 

11.67 
±0.17 
±0.08 

88.05 
±0.40 

±0.07 

±0.03 

1.98 
±0.02 
±0.01 

0.50 
±0.10 

89.60 
±1.30 
±0.005 

12.3 
±0.01 

10.46 

14.42 

64.47 

10.49 

1,600 

133 116 

*Value must be within "Range" of "Nominal" and must be measured to within "Analysis" 
(2a). If no range is specified, the quantity is not direct ly specified. 

"Pellet and pel let-s tack weights include impuri t ies . 
•^These values are calculated from nominal values assuming 0.25 wt % impur i t i es . 



intended for general use, and their composition was chosen to give the 
same fer t i le- to-f iss i le ratio as the combination of one 1/ l6-in.- thick 
enriched-uranium plate and one 1/l6-in.-thick depleted-uranium plate. 
The 15% (Pu.UjOj rods a re matched in composition to the basic plutonium 
plate-form core to be used in the p la te -versus- rod comparison m e a s u r e 
ments . The 30% (Pu.U)02 rods have exactly twice the fissile content of 
the 15% rods, so that the combination of one 30% rod and one depleted-UO^ 
rod matches the fert i le- to-f issi le ratio of the 15% rod; this attribute will 
be used in comparing the propert ies of single and mixed enrichment rods. 
The high 240 {Pu,U)02 rods have the same fert i le- to-f issi le ratio as the 
15% rods but with 26 wt % rather than 11.5 wt % ^*°Pu in the plutonium. 

In addition to the general requirement that the fuel pellets contain 
less than 5000 ppm (0.50 wt %) impurities (i.e., other than plutonium, 
uranium, and oxygen), specific limitations were placed on certain elements 
for either nuclear or chemical reasons. These limitations are listed in 
Table 10. 

TABLE 10. Specific Impurity Limitations in Oxide Fuel Pel lets 

Element 

Hydrogen 

Beryllium 

Boron 

Aluminum 

Silicon 

Titanium 

Copper 

Niobium 

Molybdenum 

Carbon 

Nitrogen 

Maximum 
ppm by 
Weight 

10 

20 

20 

1200 

200 

500 

400 

250 

600 

200 

200 

Element 

Samarium 
Europium 
Gadolinium 
Dysprosium 
Litjjium ^ 

Sodium 
Potassium 

Cobalt 
Tungsten 
Tantalum J 

Chlorine 
Fluorine 

Maximum 
ppm by 
Weight 

Sum 10 

Sum 400 

1 
>• Sum 100 

> Sum 100 

The UOj pellets are produced by oxidation of uranium enriched to 
the value needed (i.e., it is not formed by mixing depleted and enriched UO2), 
so that the microhomogeneity of this mater ia l is ensured. The (Pu.UjOj will 
be produced by coprecipitation (i.e., simultaneous precipitation) of the PuOj 
and UO2 from a solution containing the cor rec t Pu/U ratio for each required 



rod type. Although the coprecipitation technique inherently produces a more 
uniform product than the more standard blending technique (i.e., mixing 
PuOj and UO2), there is no guarantee of microhomogeneity. The specifica
tions require the (Pu,U)02 to be controlled so that at least 99% of the plu
tonium in the pellets occurs as solid solution (Pu,U)02 or as agglomerates 
or part icles of PUO2 less than 125 p, in size. Not more than 1% of the plu
tonium can occur as agglomerates or part icles , containing twice the average 
plutonium content of the pellets, having a diameter larger than 250 \i,. The 
(Pu,U)02 microhomogeneity specifications will be enforced during the p r o 
duction run through the use of alpha-radiograph standards based upon X-ray 
microprobe analysis. 

Each pellet must pass through a 0.348-in.-dia cylindrical gauge, 
longer than the pellet, and be visually inspected (against standards) for 
chips, pits, and cracks . Pellet edge chips may not exceed a l / l 6 - i n . depth, 
as measured from the end or cylindrical surfaces, and pits in any surface 
may not exceed 0.032-in. diameter by 0.020 in. deep. The total chipped and 
pitted area may not exceed 5% of the cylindrical or end surface of a pellet. 
Pellet dimensions are controlled by process control, accomplished through 
periodic sampling and measurement. The process control must give a 95% 
confidence that 95% of the pellets produced are within the following dimen
sional l imits: 

(1) The difference between maximum and minimum pellet diameters 
shall not be more than O.OO6 in. 

(2) The difference between maximum and minimum pellet lengths 
shall not be more than 0.004 in. 

(3) The linear density, i.e., pellet weight divided by the maximum 
length, must be between 15.30 and 16.30 g/in. for the depleted 
UO2, 15.40 and 16.40 g/in. for the (Pu.UjOj, and 15.50 and 
16.50 for the enriched UO2. 

After each pellet stack is made up within the required weight and 
length, a 1 -lb axial load is placed on the stack and the stack height is 
measured. With the 1-lb load applied, no gap may exist that will allow 
a 0.005-in. feeler gauge to be inserted more than 1/8 in. between pel lets . 

One major concern during the design and procurement of the oxide 
fuel rods was the possibility that outgassing from the pellets would raise 
the internal rod pressure high enough to distort the rods at their maxi
mum 600°C operating temperature . The specifications required such p r o 
cess controls as necessary to ensure that when the fuel rods are heated to 
600°C the total internal p ressure would not exceed 300 psig. This maximum 
600°C internal p ressure has been verified by destructively testing periodic 
samples of rods. The results of the internal p ressure tests on the UO2 rods 



have shown that the p re s su re within the rods at 600°C is only about 3 atm 
absolute (i.e., only the p re s su re expected from the argon-helium fill gas), 
indicating essentially no outgassing of the pellets . Similar resul ts are 
expected for the (Pu.U)02 rods. 

All fuel rods are helium leak-checked at room temperature as a 
part of the final inspection procedure. In addition, the (Pu,U)02 rods are 
helium leak-checked at 600°C. The (Pu,U)02 fuel rods are checked for 
external alpha contamination after final welding and again three days 
la ter . A maximum of 10 dpm alpha, above background, is permit ted on a 
wipe sample and 500 dpm alpha, above background, for fixed surface 
contamination. 

Each oxide fuel rod delivered to ANL will be accompanied by com
plete weight, composition, and dimensional records . The most significant 
data for ZPR use will be punched into IBM cards, one card for each rod. 
The cards may be used for automated inventory manipulation. The data 
punched on the rod card will be the following: 

(1) Fuel- rod identification number. 

(2) Gross weight. 

(3) Pel le t -s tack weight. 

(4) Oxygen weight. 

(5) Plutonium weight. 

(6) "*Pu weight. 

(7) " ' P u weight. • » 

(8) " °Pu weight. 

(9) " ' P u weight. 

(10) "^Pu weight. 

(11) Uranium weight. 

(12) "^V weight. 

(13) "^U weight. 

(14) Impurities, ppm. 

All weights are in grams to the neares t 0.01 g. 

4.4 Calandria Cans 

An inventory of oxide fuel-rod mounting assemblies , generally r e 
ferred to as "calandria cans" because of their construction, is being p r o 
cured from the ANL Central Shops Department. When the procurement is 



complete, the inventory will include calandria cans of two different physical 
sizes and approximately four different sodium loadings. The two physical 
sizes consist of nominally 2-in.-square, l6-tube cans intended for use in the 
regular -s ize ZPR matrix tube and roughly triangular, 10-tube cans intended 
for corner positions in the heated zone; all cans will be 1 ftlong. The square-
cross-sect ion cans will be capable of containing 32 fuel rods; the t r iangular-
cross-sect ion cans, 20 fuel rods. 

The physical configuration and principal dimensions of the calandria 
cans are summarized in Fig. 13. Figure 14 shows a photograph of a typical 
square-cross-sec t ion can. The cans are constructed entirely of Type 304L 
stainless steel. All tubes in all calandria are made from a single, •well-
characterized, vacuum melt of Type 304L stainless steel. All the sheet 
stock for the outer jackets, headers, internal spacers , and rod retainer 
plates is taken from a separate, well-characterized, single vacuum-melt 
of Type 304L stainless steel. The rod-retainer fasteners, studs, and nuts 
are normal a i r -mel t Type 304L stainless steel, but of known composition. 

Construction of the calandria cans is approximately as follows: The 
tubes are cut to length, and the three tube spacers are positioned over the 
tubes. (A small number of the calandria cans in the inventory have two in
ternal tube spacers.) The spacers are square sheets with outer square 
dimensions matching the internal dimensions of the can jacket and with in
ternal square cutouts matching the outside diameter of the tubes. The 
spacers serve two purposes: positioning and supporting the tubes and 
supporting the can jacket. Next, the two end headers are positioned on the 
ends of the tube-spacer bundles, and the tube-to-header welds (GTAW) are 
made. The studs, used to attach the rod-retainer plates onto the ends of 
the cans, are stud-welded to the headers before the headers are welded to 
the tube bundle. The can jackets are made in two U-shaped halves and 
welded (GTAW) together along the 1-ft axial dimension. Next, the tube-
spacer-header assembly is inserted into the jacket, and the jacket- to-
header weld (GTAW) is made. A round sodium-fill hole, in one of the flat 
jacket surfaces, is left open for subsequent sodium filling. At this point, 
the assembly is dimensionally inspected, helium leak-checked, and t r a n s 
ferred to the sodium-filling facility. After sodium filling, the cans are 
t ransferred to an evacuated tank in which plugs are welded-in (electron 
beam) to close the sodium-fill holes. The cans go through a final dimen
sional check, weld inspection, and radiographic inspection. 

The calandria tubes are 0.3875/0.3895-in. ID with 0.01 lO/0.0100-in. 
wall thickness and are cut to 11.938 (+0.000, -0.003) in. for use in the cans. 
The final inspection of the tubes in the completed, sodium-loaded, calandria 
cans requires that a cylindrical steel gauge 0.3855/0.3852 in., 7 in. long, and 
straight within 0.0004-in. runout, shall fall through each tube under its own 
weight. The fuel rods must pass a 0.3810-in.-dia, 6.5-in.-long fall-through 
gauge; thus a minimum 5.3 mils of diametral clearance is enforced between 
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effective rod outside diameter and calandria-can-tube inside diameter . In 
pract ice, the rod-to-calandria- tube diametral clearance is greater than this, 
since the maximum rod-cladding outside diameter is 0.3780 in. and the mini
mum calandria-tube inside diameter is 0.3875 in., i.e., a 9.5-mil gap. 

The Type 304L sheet stock used for the jackets, headers , spacers , and 
rod re ta iners is 0.019 ± 0.001 in. thick. 

The overall length of the calandria cans is 12.000 ± 0.007 in. and is 
defined by the length of the can jacket. The tube length and header design 
provide that the tube ends are recessed 0.030 ± 0.002 in. below the outer 
lip of the jackets . This 30 ± 2-mil space accommodates the 19 ± 1-mil-thick 
rod-re ta iner plate and the nuts used to fasten it onto the can, within the 
overall 12-in. length defined by the jacket. 

Two rod-re ta iner plate types a re provided in the inventory; one type 
provides an open hole for the placement of a 3/8-in.-dia cylindrical e lec
t r ical heater in one of the four central tubes, and the other type does not 
provide for the heater . The intent is that the rod-reta iner plates would be 
stamped with ZPR matr ix tube location numbers, in the form no-w used for 
regular plate drawers , so that after attachment of the retainer plates there 
would be a definite matrix-posit ion marking on each loaded calandria can. 

Complete process and final inspection records will be kept on each 
calandria can so that the detailed history of each component of each can will 
be identified with an engraved ser ia l number ( l /4 in. high and 1 mil deep) 
at the time the jacket halves are welded together; a sodium loading designa
tion is added after filling, as described below. 

The number, size, sodium filling, and weights of the calandria cans 
presently planned for the ZPR inventory are summarized in Table 11. The 
number of cans of each type, given m Table 11, is only approximate. The 
inventory has been chosen to provide an adequate number of cans to ca r ry 
out the projected p la te -versus- rod comparison measurements in a central 
core of approximately 2 5-cn:i equivalent radius and with a 6-ft length (3 ft 
in each reactor half). This reference core contains 57 full-size (i.e., square) 
matr ix tubes and 12 part ial (triangular) matr ix tubes. A 6-ft loading t he re 
fore requires 342 square-c ross -sec t ion and 72 t r i angula r -c ross -sec t ion 
calandria cans; these numbers, with 10% spares , are being procured. 

The Type F calandria cans are designed to exactly match the 
homogenized sodium composition of the plate cores to be used in the 
p la te -ve r sus - rod comparison experiments. To be more prec ise , the 
Type F sodium loading is exactly four t imes the average sodium loading 
of a selected group of wel l -character ized l /2 x 2 x 6-in. plate-type sodium 
cans which will be used in these measurements . The Type F cans a re 
nearly full at room temperature and are therefore not intended for use in 
heated experiments . 



TABLE U, Inventory o( Calandria Cans 

Can Type 

Sciuare Cross 
Section 

Full at 20°C 

6-in, axial fill 

Full at 550°C 

Empty 

Triangular Cross 
Section 

Full at 20°C 

6-in. axial fill 

ful l at 550-0 

Empty 

Type 
Designation 

F 

SF 

H 

V 

F 

SF 

H 

V 

Sodium loading,^ g 

Nominal 

330,0 

165,0 

300.0 

-

206.3 

103.2 

187.5 

Range 

±1.0 

±1.0 

±1.0 

-

±1.0 

±1.0 

±1.0 

-

IVleasurement 
Precision 

±0.01 

±0.01 

±0.01 

-

±0.01 

±0.01 

±001 

Stainless 

Assembly*-

Nominal 

579.0 

579.0 

579.0 

579.0 

363.0 

363.0 

363.0 

363.0 

Measurement 
Precision 

±0.01 

±0.01 

±001 

±0.01 

±0,01 

±0.01 

±0.01 

±0.01 

Steel,'' g 

Single 

Nominal 

8.0 

8.0 

8.0 

8.0 

5.0 

5.0 

5.0 

5.0 

Rod Retainer^l 

fVteasurement 
Precision 

±0.01 

±001 

±0.01 

±0,01 

±001 

±0.01 

±001 

±001 

Approximate 

in 
Inventory 

375 

65 

375 

375 

80 

15 

SO 

80 

^Sodium loadings are specified to be wittiin "Range" of "Nominal" and to be measured within "Measurement Precision" l2ol. 
"Stainless steel nominal weigfits are only approximate,- these values are not directly specified. 
•••Assembly" includes jacket, two headers, three spacers, all tubes, and fill plug. 
dLoaded assemblies use two retainer plates and eight nuts; this value is for one retainer plate plus tour nuts. 

The Type SF cans have precisely half the sodium loading of the 
Type F cans and have been loaded so that the sodium is solidified in one 
end of the can, i.e., so that there is approximately a 6-in. void in one end 
of the can. This can type is intended for use in sodium-void coefficient 
experiments; sufficient cans are being procured to produce a 6-in.-deep 
planar void across the reference rodded core. The Type V, voided, cans 
will also be used in sodium-voiding experiments. The Type SF cans are 
not intended for heating; the Type V cans can be heated. 

Type H cans are designed to be full at 550°C and have a reduced 
sodium loading over the Type F cans to allow for sodium expansion 
on heating. The inside gas space on all the can types is evacuated so 
that gas pressure buildup during heating does not occur. 

4.5 Heatable Zone Facility 

4.5.1 Procurement Quality Assurance 

Procurement of the VTRZ Heatable Zone Facility has been governed 
by the four specification documents listed in Sec. 1.2(9)c. The procurement 
was divided into four units on the basis of logical separation and the principal 
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fabrication and assembly contractor. Table 12 summarizes the four VTRZ 
Heatable Zone Facility procurement units and the principal and secondary 
construction responsibil i t ies. 

TABLE 1^. VTRZ Heatable Zone Facility Procurei r 

Principal Secondary 
;nts Included Construction Const ruction 
1 Unit Responsibility Responsibility 

This unit covers all conriponents Central Shops 
within the ZPR assembly matr ix , the spe- Department 
cial dual-purpose control-rod mounting 
pla tes , and the external cooling-air duct-
blower systems. The major subassemblies 
in this section a r e : 

3. Inner (heatable) zone: matrix, 
internal thermocouple and healer wiring, 
barrel, front and rea r covers 

d. Special dual-pu 
rod mounting plates 

(argon) Loop 

Instrumentation 
and Control 

Electr ical 

of the iner t -gas system used to maintain 
high-purity argon cover gas wilhin the 
heatable zone during operation abo\ c roo 
tempera ture . The components include th 
circulation pumps, valves, piping, nas-
purification sys tems, and thi' mechanical 
connponenis of the ternperature controls 
and gas-puri ty monitoring equipment (He 
H^O, Oj, Pu o) external to the rea r cover 
of the heatable zone. 

This unit includes all iner t -gas 
loop ins l raments ; reactor scram circui t r 
heater interlock ci rcui t ry; off.normal 
a larm circui t ry; controls for hea ters , inei 
gas, and cooling sys tems; and n^onitorinE 
of t empera ture , iner t -gas purity, air and 
argon flow rates, and heated zone p r e s s u n 

This unit includes all components 
of the electr ical-power-supply system in 
the ZPR cell This includes t ransformer 
circuit b reakers , power cont ro l lers , and 
wiring to supply the heaters , in-cell in
s t ruments , and blowers. 



All mater ia ls to be used in the VTRZ construction are rigidly con
trolled through the qual i ty-assurance procedures required by the specifica
tion documents. Manufacturer 's certification of chemical composition and 
mechanical proper t ies and also traceabil i ty from procurement to finished 
part are required for all mater ia ls . Materials that a re part icularly impor
tant are subjected to ANL overchecks on composition, for example, s t ruc 
tural mater ia ls and the thermal insulation. (Hydrogen contamination is to 
be prevented in the thermal insulation.) 

The specification documents require extensive in-process and final 
inspections and tests of all of the VTRZ equipment. This includes dimen
sional inspections, leak tes ts , welder and weld qualification, and instrument 
operational tes ts . In-process weld control is par t icular ly important be
cause, even though load-versus^defl'ection tests can and will be done on the 
completed assemblies , it is essentially impossible to inspect the welds on 
the completed assembly since most of them are internal to the final s t ructure. 

The welding contractor is required through the specifications to 
establish procedures for all weld types to be performed. This includes p ro 
cedures for the following: Gas Tungsten Arc Welds (GTAW's) for butt, fillet, 
plug, matr ix tube, and matrix subassembly welds; Resistance Spot Welds 
(RSW's); Capacitor Discharge Stud Welds (CDSW's); and Electron Beam 
Welds (EBW's). The welding procedures and test records must show all 
essential variables affecting the welding-process cycle and the replication 
of welds. In addition, the welding procedures and welding operators must be 
qualified for each type weld through tests to be made on mater ia l ; weld-joint 
configuration, and conditions that a re identical to the construction of the 
VTRZ weld joints. Table 13 l ists the required welding-procedure qualifica
tion, operator qualification, and periodic tes ts to be made. As shown in the 
table, periodic tests on resistance spot welds and capaci tor-discharge stud 
welds must be made during production using test mater ia l s . These sample 
test welds are required to be approved by a weld inspector, other than the 
welder, before resuming production. All periodic test resul ts and samples 
must be retained for review by a representative of the VTRZ Project. 

In response to the significant increase in the formality required in 
quality assurance associated with ANL work, specific qual i ty-assurance 
requirements have been included in the VTRZ specification documents. 
These provisions require the Contractor to provide a quality-control orga
nization to supervise and control all quality functions required for the manu
facture of the VTRZ assemblies. Personnel performing the quality-control 
functions must have well-defined responsibility, authority, and organizational 
freedom to identify and evaluate quality problems and to initiate, recommend, 
or provide solutions. A complete description of the organization and func
tions of the Contractor 's quality-control organization must be submitted to 
the VTRZ Project for review and approval before the start of fabrication 
work. The Contractor is required to provide a comprehensive quality-
control plan specifically for the manufacture of the VTRZ assemblies . This 
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plan must include written procedures for the control of all quality functions 
and must include scheduled checkpoints and audits to periodically evaluate 
the effectiveness of the quality program. The plan must also include de
scriptions of all control forms to be used, procedures for indoctrination 
and qualification of personnel, procedures for mater ia l control, procedures 
for control of test equipment, all inspection procedures, material- traceabil i ty 
procedures , and nonconforming-material control procedures. 

TABLE 13, Welding-procedure Qualification, 
Operator Qualification, and Periodic Tests 

1. 

2. 

3. 

4, 

5, 

6, 

Procedure 
Tests 

Conventional (GTAW) 
l/8 Stock 
a. Transverse tension 

(butt) 
b. Bend test (butt and fillet) 
c, Metallographic (butt and 

fillet) 
Plug Weld (GTAW) 
a, Metallographic 

GTAW Matrix Subassembly 
a, Metallographic 

Resistance Spot Weld (RSW) 
a. Shear 
b, Metallographic 

Capacitor Discharge 
Stud Weld (SW) 
a. Torsion test 
b, Metallographic 

Electron Beam Weld (EBW) 
a. Transverse tension 
b. Bend test 
c. Metallography 

Procedure 
Qualification, 

in. 

16 

4 
4 

4 

8 
4 

10 
6 

34 
20 
10 

18 
9 
6 

" 
3 
3 
2 

Operator 
Qualification, 

in. 

8 

2 
2 

2 

4 
2 

5 
3 

17 
10 

5 

6 
3 
2 

8 
3 
3 
2 

Periodic 
Tests 

-
-
-
-
-
-
_ 
-

4/50* 
1 
1 

4/50* 
1 
1 

_ 
_ 
_ 
-

*Four test welds on sample materials at start of each day's production and at 
intervals of 50 production welds. 

4.5.2 Outer Matrix Bridge Structure 

The purpose of the outer matr ix bridge structure is to create a 
central cavity in the ZPR matr ix into which the heatable zone can be placed 
with minimum disruption of the regular ZPR matr ix pattern. Since s t ruc
tural support members around the inner (heatable) matr ix assembly would 
be an appreciable perturbation on the regular ZPR tube matrix, the design 
concept of a welded bridge structure composed of ZPR matrix tubes was 
used. The welded-tube outer matr ix bridge structure is designed to support 
a maximum load of 19,800 lb while maintaining all s t r e s ses within the 
s t r ess - l imi t standards given in Sec. 3.2. The 19,800-lb maximum load con
sists of a dead load of 18,000 lb (Table 5) and a seismic loading of 1800 lb 
(Table 2). 



The outer matr ix bridge structure is constructed of Type 304 stain
less steel and consists of two identical half-zone units, one for each half of 
the reactor , corresponding to the heatable half-zones. The bridge s t ructure 
is designed to permit plate-type fuel drawers to be loaded into regular ZPR 
matr ix tubes immediately around the insulation annulus separating the inner 
(heatable) matr ix assembly from the outer matr ix assembly. Each half-zone 
unit of the outer matr ix bridge structure is itself composed of two pa r t s ; 
viz., the outer matr ix assembly forming the octagonal hole for the heatable 
inner matr ix assembly and the central zone bridge, which aids in the support 
of the load above the outer matr ix assembly. The outer mat r ix assembly 
and central zone bridge are shown in cross section in Fig. 7. 

Each half-zone outer matr ix bridge structure replaces the central 
375 regular 4-ft-long matrix tubes in each reactor half (the outer mat r ix 
assembly replaces 225 tubes; the central zone bridge replaces 150 tubes) 
and is itself constructed of ZPR (2. 093-in.-square inside dimension by 
40-mil wall thickness) matr ix tubes. 

A 0.120-in.-thick Type 304L stainless steel liner, called the "outer 
bar re l , " is attached to the inside surface of the octagonal c ross-sec t ion 
cavity in the outer matr ix assembly and constitutes the physical outer sur
face of the VTRZ insulation annulus. The outer bar re l adds stiffness to the 
entire outer matr ix assembly and provides a strong stiff area for mounting 
the ball-mount brackets that support the inner matr ix assembly. (The ball-
mount brackets are described in Sec. 4.5.3.) 

The outer bar re l is approximately 24 in. across the flats and is 
attached to the matr ix tubes of the outer matr ix assembly by arc-welding 
l /S- in. pins attached to the outer-matr ix-assembly matr ix tubes into 
l /4- in . holes in the outer barre l . The l /8- in . pins are resis tance-welded 
to the matr ix tubes. This method of attachment of the outer ba r r e l to the 
outer matr ix assembly provides a large area of attachment while minimizing 
the possibility of damaging the 40-mil matr ix tubes. There are typically 
20 welded-pin attachments between the outer -matr ix-assembly mat r ix tubes 
and the outer bar re l in each of its hexagonal sides. The welded-pin attach
ments are typically 4 in. apart and run in two axial lines from the front to 
the back of the outer barre l . The axial lines of attachment are typically 
each 1 in. from the corners of the hexagonal outer ba r re l . For additional 
strength, the top edge of the bottom half of the outer ba r re l is fillet-welded 
to the adjacent matrix tubes to provide additional strength and stiffness at 
the points at which the ball-mount brackets are attached to the inside of the 
outer bar re l along the horizontal midplane. The locations of the outer-
bar re l weld attachments to the outer matr ix tubes are shown in Fig. 15. 

The outer matr ix assembly to which the outer ba r re l is welded is 
constructed from regular ZPR matr ix tubes. However, immediately adjacent 
to the outer barre l , the matr ix tubes are reduced in length from the usual 
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4-ft ZPR matr ix tube to approximately 3 ft. The actual tube lengths are 
shown in Fig. 15. The reduction in tube length is at the rear of the outer 
matr ix assembly and allows space for the inner-matr ix rear cover and for 
the cooling guard-ring air ducting. The outer matr ix assembly correspond
ing to each half-zone is constructed in two halves; an upper and a lower half. 
The split between the halves is just above the inner -bar re l support brackets 
with a step-up between the first and second matr ix tubes laterally. To allow 
convenient disassembly of the VTRZ, the upper and lower halves of the outer 
matr ix assembly are not welded together. 
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• B " TUBES - 37 5 / 1 6 " L0PI6 ( 2 REO'B.) 

* C * TUBES - 36 S / 8 ' LOUS (8 REQ'D.) 
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ON «* CENTERS ALONG LENGTH 
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CENTERS ALONG LENGTH 

Fig, 15, Welding Pattern Used in Outer Matrix Assembly 

To m a t c h the h e x a g o n a l shape of the ou te r b a r r e l , the m a t r i x t u b e s 
of the o u t e r m a t r i x a s s e m b l y tha t a r e ad jacen t to the 45° s loping s u r f a c e s 
of the o u t e r b a r r e l a r e s p e c i a l t r i a n g u l a r m a t r i x t u b e s . T h e r e a r e 12 of 
t h e s e s p e c i a l m a t r i x t u b e s in e a c h h a l f - z o n e o u t e r m a t r i x a s s e m b l y ; e a c h 
is c o n s t r u c t e d f r o m 4 0 - m i l - t h i c k Type 304 s t a i n l e s s s t e e l , a s a r e the r e g u 
l a r m a t r i x t u b e s . 



The outer matr ix assembly is constructed of individual bundles of 
matr ix tubes as shown in heavy lines in Fig. 15. The individual bundles are 
spot- and tack-welded together to form the outer matr ix assembly. The 
matr ix tube bundles are themselves formed by tack-welding matr ix tubes 
together. The tack welds used to form the matr ix tube bundles s tar t 1/2 in. 
from the front edge of the tubes and proceed, on 4-in, centers , along the 
entire length of the matr ix tubes. The tack welds are placed on both exposed 
sides of the matr ix tube bundle. 

The sequence of construction of the outer matr ix assembly is as 
follows: The matrix tube bundles are first tack-welded together to form the 
three separate par ts of each half of each outer matr ix assembly, the two side 
par ts forming the vertical and slanting octagonal sides and the center 10-tube 
part forming the horizontal side. The tack welds are on the exposed edges 
of the matr ix tube bundles. The same tack-weld pattern is used as was used' 
to form the matr ix tube bundles. The matr ix tube bundles in each separate 
par t of the outer matr ix assembly are then spot-welded together. The spot 
welds (3/16-in. welds) start I j in. from the front face of the matr ix tubes 
and proceed in pai rs on 2-in. centers for the full length of the matr ix tubes. 
The three separate parts are tack- and spot-welded together to form the 
complete outer matr ix assembly as shown in Fig. 15. 

The outer matr ix assembly has the same outer dimension as a 
1 5 x 1 5 ar ray of matr ix tubes. Most of the tubes making up the outer matr ix 
assembly are 48 in. long, though some of the tubes are shorter as shown in 
Fig. 15, to give room for the air-cooling ducts. The ducts are shown in a 
side view of the outer matr ix assembly in Fig. 16. The ducts are also shown 
in a rear vie'w of the outer matr ix assembly in Fig. 17. 

The outer ball-mount brackets mounted on the outer ba r re l are shown 
in Fig, 16. There are five ball-mount brackets on each vert ical side of the 
outer matr ix assembly. The brackets begin about ij in. from the front edge 
of the outer matr ix assembly and are spaced about 8 in. apart. The rea r 
bracket is Sbjin. back from the front edge of the outer matr ix assembly. 
Since the matr ix in the inner matr ix assembly is in the front 36 in., the 
major portion of the weight supported by the ball-mount brackets will be in 
the front 36 in., and the ball-mount brackets are concentrated in this length. 
Special inserts are provided in the triangular tubes in the lower half of the 
outer matr ix assembly to provide additional support for the lower ball-mount 
mounting pads. 

The outer matr ix assembly of each VTRZ half-zone has a thickness 
of only two matr ix tubes immediately over the central cavity. To ensure 
adequate stiffness and strength in the support of loads above the central 
cavity, an additional welded matrix tube ar ray , 10 tubes high and 19 tubes 
wide for the first five rows and 15 tubes wide for the next five rows, referred 
to as the central zone bridge, is placed over the outer matr ix assembly of 
each VTRZ half-zone. The central zone bridge is shown in Figs. 7 and 18. 
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Fig. 16, Side View of Outer Matrix Assembly. ANL Neg. No. 116-428. 
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The central zone bridge is made from regular 48-in.-long ZPR matr ix tubes. 
Individual matr ix tubes are formed into bundles of five tubes each as shown 
in heavy outline in Fig. 18. Bundles are formed by tack-welding the tubes 
together using 3/8-in. tack welds starting 2 in. from the front edge and ex
tending the length of the matr ix tubes on 4-in. centers . Matrix tubes in each 
bundle are also spot-welded together using 3 / l6- in . spot welds; the spot 
welds begin 1 in. from the front face and extend in pa i r s on 2-in. centers 
along the length of the matr ix tubes. The five tube bundles a re spot- and 
tack-welded together, in sets of three , to form one row of tubes 15 tubes 
long. The spot and tack welds follow the same pattern as used to make the 
five tube bundles. The rows are then tack-welded together along the exposed 
sides and spot-welded as above. The central zone bridge is not welded to 
the outer matr ix assembly because almost all the weight to be supported will 
be in the tubes above the outer matr ix assembly. The 10-tube height of the 
central zone bridge ensures adequate stiffness and strength to support the 
design load of 18,000 lb over the outer -mat r ix-assembly cavity. 

4.5.3 Inner (heatable) Matrix Assembly 

The inner (heatable) matr ix assembly consists of two essentially 
mi r ro r - image , half-zone units, one in the movable reactor half and the 
other in the stationary reactor half. Each half-zone unit consists of an 
octagonal cross-sect ion matrix assembly (191 in- across the flats and 
37 in. long), a gaslight envelope around the matr ix assembly, 10 rolling 
structural support assemblies (ball mounts), and components for the control 
of the thermal expansion and gross motion of the heatable zone. The matr ix 
assemblies consist principally of regular square Type 304 stainless steel 
ZPR matr ix tubes. The gastight envelope of each assembly is composed of 
a l /8- in . - th ick Type 304L stainless steel jacket (also called the inner barrel) 
along the 37-in. dimension and removable covers over the t'wo octagonal 
cross-sect ion ends. All removable covers are sealed with metal O rings. 
The ball mounts and motion-control components support and position the 
heatable assemblies within the insulated cavity formed by the outer matr ix 
bridge structure. 

The inner (heatable) matr ix assembly of one half-zone is shown in 
Fig, 19 without the surrounding envelope. Each half-zone inner mat r ix a s 
sembly consists of 57 regular square ZPR matr ix tubes and 12 approxi
mately triangular matr ix tubes; all of the tubes are constructed of Type 304 
stainless steel and are 37 in, long. Each tube of the inner matr ix assembly 
will be individually weighed before assembly, A typical matr ix tube is shown 
in Fig. 20. Three important features should be noted in Fig. 20: F i r s t , to 
provide for the 20-mil thickness of the front-cover portion of the inner-
matrix envelope, the inner matr ix assembly is recessed 20 mils back of the 
front surface of the outer matr ix assembly and the res t of the ZPR matr ix. 
It is desirable, however, when regular ZPR drawers are used in the VTRZ 
(at room temperature) , to have the ends of the drawers line up with the r e s t 



67 

Fig. 19. Inner-matrix Assembly. ANL Neg. No. 116-426. 
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Fig. 20. Typical Square Matrix Tube 



of the r e a c t o r m a t r i x . T h u s , t he d r a w e r - l o c a t i n g - t a b cu tou t s in t he m a t r i x 
t u b e s of the i nne r m a t r i x a r e 20 m i l s m o r e sha l low (0.293 i n s t e a d of 0.313) 
than for o u t e r m a t r i x t u b e s . Second , n ine l / 4 - i n . - d i a ho l e s a r e p r o v i d e d in 
e a c h tube f ace ; t h e s e h o l e s f ac i l i t a t e t he c i r c u l a t i o n of the a r g o n c o v e r g a s 
wi th in the i nne r m a t r i x enve lope . T h i r d , h o o k - s h a p e d cu touts a r e p r o v i d e d 
at the r e a r ends of the t u b e s for t he a t t a c h m e n t of c a l a n d r i a - c a n l oca t i ng 
c l ips a s d i s c u s s e d below. 

Al though e s s e n t i a l l y e v e r y tube in the i n n e r m a t r i x a s s e m b l y is 
unique for s o m e r e a s o n , t h e r e a r e b a s i c a l l y t h r e e s p e c i a l tube t y p e s in the 
inner m a t r i x : the tubes for the c e n t r a l h o r i z o n t a l r o w , the t r i a n g u l a r t u b e s , 
and the r e m o v a b l e c e n t r a l t u b e s . The t u b e s of the c e n t r a l h o r i z o n t a l r ow of 
the inner m a t r i x of e a c h h a l f - z o n e have c i r c u l a r c u t o u t s , a s shown in F i g s . 19 
and 21 , so that when the two h a l v e s of the V T R Z a r e b r o u g h t t o g e t h e r t h e r e 
is a l i - i n . - d i a hole for u s e a s a r a d i a l - a c c e s s ho le . T h i s r a d i a l - a c c e s s 
hole i s ava i l ab le only du r ing r o o m - t e m p e r a t u r e o p e r a t i o n when the f ront 
c o v e r s of both h a l f - z o n e s a r e r e m o v e d . The t r i a n g u l a r m a t r i x t u b e s a r e 
shown in F ig . 22 and a r e s i m i l a r to the s q u a r e t u b e s , excep t t ha t add i t i ona l 
a r g o n c i r c u l a t i o n ho les in the s h o r t s i d e s facing the e ight s m a l l t r i a n g u l a r 
c o r n e r ho l e s f o r m e d by the t r i a n g u l a r t u b e s (two on e a c h of four f la ts) have 
been added. The c e n t r a l n ine t ubes of the i nne r m a t r i x a s s e m b l y a r e r e 
movab le s ingly or a s a g roup to p e r m i t t he i r r e p l a c e m e n t by v a r i o u s s p e c i a l 
e x p e r i m e n t a l equ ipment . The in tent i s to p r o v i d e for m a x i m u m e x p e r i m e n t a l 
f lexibi l i ty . The c e n t r a l n ine t u b e s a r e s i m i l a r to the t u b e s of F i g s . 20 and 
21 , except that they wi l l p r o b a b l y have l e s s than the 4 0 - m i l w a l l t h i c k n e s s 
of the o the r t ubes to p r o v i d e sufficient c l e a r a n c e for r e m o v a l ; t h i s w a l l 
t h i c k n e s s wi l l be s e l e c t e d dur ing final a s s e m b l y . The nine c e n t r a l t u b e s 
wi l l be held to each o the r and to the s u r r o u n d i n g t ubes by s m a l l s c r e w s 
r e c e s s e d into the 4 0 - m i l w a l l s and t apped into ad jacen t tube w a l l s . 

The m a t r i x tubes of e a c h ha l f - zone inne r nna t r ix a s s e m b l y a r e fas tened 
toge the r by a combina t ion of GTAW ( i n e r t - g a s sh i e lded t u n g s t e n a r c weld) 
t ack we lds at the c o r n e r s of the m a t r i x t ubes and e l e c t r i c - c a p a c i t o r - d i s c h a r g e 

Fig. 21. Cutout for Radial Access Hole 
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spot welds between the mat r ix tube flats. To minimize distortions and maxi 
mize strength, assembly of the inner matr ix involves a complex hand-fitting 

procedure. The resultant weld
ment is summarized in Fig. 23. 
Ten-mil Type 304 stainless 
steel shims provide sufficient 
space for the removable central 
tubes. The GTAW tack welds 
use Type 304 stainless steel 
filler rod and essentially make 
the 40-mil tube continuous 
across the tube-to-tube gap 
over the 3/8-in. weld lengths. plan, p n q 

'^..ppaqiQp 
^ = l ' 10 mil sot SS SHIM 

I I 6 - 3/e-in, LONG GTAW TACK WELDS. EQUALLY SPACED ALONG 

) 37-in. LENGTH. BETWEEN THE TWO TUBE CORNERS AT THE 

' ' ENDS OF THE ARC. 

SET OF 3 / 1 6 - i n . D IA. SPOT WELDS ON 2 1 3 / 1 6 - 1 

ALONG ENTIRE 3 7 - i n . LENGTH 

CENTERS 

To p r o v i d e s e c o n d a r y 
c o n t a i n m e n t for t he p l u t o n i u m 
in the (Pu ,U)02 ox ide fuel r o d s 
and to p r o v i d e an i n e r t c o v e r -
g a s b l anke t a r o u n d the s o d i u m -
fi l led c a l a n d r i a c a n s , the inne r 
m a t r i x a s s e m b l y of e a c h V T R Z 
h a l f - z o n e i s e n c l o s e d in a s e p a 
r a t e g a s t i g h t enve lope . The 
enve lope c o n s i s t s of a 4 2 - i n . -
long j a c k e t and b o l t e d - o n c o v e r s 
at the f ront ( i . e . , at the r e a c t o r 
midp lane ) and the r e a r of the 
inner m a t r i x a s s e m b l y . 

Fig, 23, Summary of Inner-matrix Weld 
F i g u r e 24 shows the 

j a c k e t a t t a c h e d to t he i n n e r 
m a t r i x a s s e m b l y . The j a c k e t 

c o n s i s t s of two bent shee t s e c t i o n s e l e c t r o n - b e a m - w e l d e d t o g e t h e r in the 
42- in . d i r e c t i o n and front and r e a r f l anges , which a r e e l e c t r o n - b e a m - w e l d e d 
onto the shee t sec t ion . All j a c k e t m a t e r i a l i s Type 304L s t a i n l e s s s t e e l . 
Note in F ig . 24 that the ax ia l s e a m w e l d s p e n e t r a t e the 1 / 8 - i n . - t h i c k j a c k e t 
and p ick up the unde r ly ing m a t r i x t u b e s . A s s e m b l y i n s t r u c t i o n s c a l l for a 
v e r y t ight fit be tween the j a c k e t and the inner m a t r i x a s s e m b l y . T h e front 
f lange i s a coinplex forged uni t d e s i g n e d to inc lude four p o c k e t s for s c r a m -
r e s t r a i n e r b r a c k e t s , which a r e a n c h o r e d to the o u t e r m a t r i x a s s e m b l y ; the 
s c r a m r e s t r a i n e r s a r e d i s c u s s e d below. The inner m a t r i x j a c k e t i s r e c e s s e d 
in back of the front edge of the inne r m a t r i x , a s shown in F ig . 24, to p e r m i t 
u s e of the r a d i a l a c c e s s hole when the front cove r is r e m o v e d . A 5-2-in.-
deep s p a c e , ca l led the w i r ing s p a c e , is p r o v i d e d wi th in the j a c k e t a t the r e a r 
of the inne r m a t r i x for t h e r m o c o u p l e , h e a t e r , and m i s c e l l a n e o u s e x p e r i 
m e n t a l equ ipment ^viring. 
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The standard front-cover design is shown in Fig. 25; special vers ions 
of this cover are discussed in Sec. 4.5.15. This cover has been designed to 
minimize the disruption of the regular core pat tern and to accommodate ex
posure of the cover to the surrounding room environment, at maximum oper
ating tempera tures , in case of a reactor scram. The 20-mil-pan portion of 
the cover is attached to the heavy-flange portion in a bellows configuration 
designed to permit differential expansion. 

The rea r covers of the two half-zone inner mat r ix assemblies are 
complex units which provide for power and instrumentation wiring penetra
tions and for access to the central nine (removable) matr ix tubes. Figure 26 
shows the rear cover for one inner matr ix assembly with its outer insula
tion cover removed (the rear cover is refer red to as the service housing). 
For internal temperature instrumentation, four 37-pin (35 Chromel and 
two Alumel) thermocouple plugs are mounted on each service housing p r o 
viding a maximumi of 140 Chromel-Alumel thermocouples. As discussed 
below, each inner matr ix assembly is equipped with three independently 
controllable heater buses each capable of operating up to 15 1-kW heaters ; 
two heater-bus penetrations are provided in the service housing for each 
of the three heater buses. The service housing is fitted with a small access 
port, intended for use in taking internal smears for possible plutonium con
tamination before opening the inner matr ix envelope after a run. Access to 
the nine removable central matr ix tubes is made possible by removing the 
large port cover on the rear of the service housing. The intent of the port 
arrangement is to permit insertion of thimbles, up to a three-tube maximum 
diameter, through the port and into the central core position; the thimble 
would be sealed to the port bolting flange. Such use of the port is discussed 
more fully in Sec. 4.5.15. The service housing also provides inlet and outlet 
connections for the inert-gas (argon) circulation system and a connection for 
the internal s ta t ic-pressure-monitor ing line. 

Argon circulation within the inner matr ix assembly envelope is shown 
in Fig. 27. Argon gas enters through the service housing, splits into two 
tubes, passes forward through the lower left and right interst i t ial tr iangular 
tubes between the inner matr ix and the jacket, circulates through the matrix, 
and is removed at the top rea r of the wiring space. 

During thermal cycling of the inner matr ix assembly, it is not fea
sible to maintain the calandria cans and the adjacent mat r ix at the same 
temperature at all t imes; this is part icularly true of the calandria cans that 
contain heaters . To prevent calandria-can motion along the mat r ix tubes as 
a result of thermal racheting, calandria positioner clips are provided at the 
rear of the tubes of the inner matr ix assembly as shown in Fig. 28. The pin 
length in the calandria positioner clips can be adjusted to maintain the front 
calandria can 20 mils behind the reactor midplane (i.e., at the front edge of 
the inner matrix) or to maintain the front calandria can at the reactor mid
plane. The lat ter position would be used during room-tempera ture operation. 
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•with the front and rea r covers removed, to prevent calandria motion due to 
the differential p r e s su re along the tube caused by the matr ix air-cooling 
system circulation. 

The thermocouple wiring system within the wiring space behind the 
inner mat r ix assembly is shown in Fig. 29- For convenience, screw-plug 
disconnects are provided for each thermocouple plug on the inside surface 
of the service housing; these permit easy disconnection of components at
tached to the service housing from those attached to the inside of the inner 
matr ix jacket and facilitate removal of the service housing. Thermocouple 
cables extend from the disconnect plugs to thermocouple connector blocks 
on the left and right walls of the wiring space as shown in Fig. 29- Con
nections to individual thermocouples are made at these connector blocks. 
The intent is that thermocouple connections up to the connector block would 
be relatively permanent and in cables; the connector blocks are designed 
for rapid disconnection and reconnection of thermocouples. 

The heater -bus •wiring within the wiring space behind the inner 
matr ix assembly is also shown in Fig. 29. There are three heater buses 
(on each half-zone) to provide heating within the inner matr ix assembly. 
Each bus consists of two service housing penetrations, a fuse-panel sector, 
and internal wiring and may have up to 15 1-kW heaters . These components 
are sho^wn in Fig. 29. Each individual heater on each heater bus has one leg 
passing through the fuse panel, located at the bottom of the wiring space-

Experience •with the prototype model of the VTRZ has indicated that 
surface heat losses cause the extremities of the inner -matr ix-assembly 
envelope to remain substantially below the operating temperature of the 
inner matr ix itself. This sets up undesirable temperature gradients, which 
interfere with inner -mat r ix thermal equilibration, and causes undesirable 
thermal s t r e s ses in the s t ructure . The problem is principally with the front 
and rea r jacket flanges and with the service housing (i.e., the rear cover). 
To combat the tendency for lowered temperatures in the flanges, tubular 
heaters have been provided on the external surface of the inner -mat r ix 
jacket at the root of the front and rea r flanges on the sides opposite to the 
cover bolting surfaces; the heaters are shown in Fig. 30. In addition, two 
tubular heaters are provided on the surface of the service housing: one at 
the root of the cruciform section and one on the large port. The serv ice-
housing heaters are also shown in Fig. 30. 

With the thermal insulation in place, heat loss from the inner mat r ix 
assembly is too slow to permi t reasonable cooldown t imes from operating 
tempera tures without some auxiliary method of heat removal for cooldown 
purposes . Air ducts have been provided on four of the eight surfaces of the 
inner -mat r ix-assembly jacket as shown in Fig. 31. The ducts are sealed to 
the external jacket surface with GTAW fillet welds. When activated, the 
cooling air flows down one side of each duct and back up the opposite side. 
(Details of the air supply for this cooldown system are given in Sec. 4.5.6.) 
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The manner in which the inner matr ix assembly is mounted on the 
outer matr ix assembly (i.e., the ball-mounting arrangement) and the a s 
sociated expansion guides and motion r e s t r a ine r s are intended to control 
the thermal expansion of the inner matr ix so as to approach the ideal in 
which, as the inner matr ix is heated, the two front covers (which are 
aligned, paral lel , and in contact at room temperature) remain aligned, pa r 
allel, and in contact and the central long axes of the two inner matr ix a s 
semblies (•which are aligned at room temperature) remain aligned. That is , 
ideally, the center points of the two inner-matr ix front covers would always 
remain stationary and all expansion would occur radially and axially away 
from this point, the two half-zones always remaining aligned. Except for 
the small effects of nonuniform inner-matr ix-assembly tempera tures , this 
ideal is closely approached in the actual mounting arrangement. The s t ruc
tural load of each inner matr ix assembly is t ransmitted to the associated 
outer matr ix , and thence to the reactor bed, through 10 ball mounts arranged 
along the horizontal midplane of the inner matr ix assembly. The ball-mount 
locations a re shown in Fig. 32, and the details of the upper and lower bal l-
mount brackets , the inser t plates, and the balls a re shown in Fig. 33. The 
ball mounting is near the horizontal midplane of the inner matr ix so that 
there is little tendency for this midplane to move vertically when the inner 
matr ix is heated. The ball mounts fix the horizontal midplane in position, 
but provide no res t ra int to thermal expansion or gross motion in this plane. 
To res t ra in gross horizontal motion and at the same time maintain axial 
alignment and permi t axial expansion, axial alignment guides a re attached 
to the bottom of the inner matr ix jacket at the front and at the r ea r as shown 
in Fig. 32, These axial guides are thin blades, aligned axially, fitting into 
rolling fixtures attached to the outer matr ix assembly. To provide axial 
positioning of the front surfaces of the inner matr ix assemblies , four r e -
s t ra iner brackets , mounted on the outer matr ix assembly, span across the 
insulation annulus and fit into pockets m the front flange of the inner matr ix 
assembly as shown in Fig, 32, The res t ra iner brackets are thermally in
sulated with pyrolytic graphite. When the front covers are installed, the r e 
s t ra iners control the axial position of the front cover so that the front surface 
is in the correct position. 

The four axial-position r e s t r a ine r s described in the last paragraph 
and in Fig, 32 also serve to res t ra in gross axial motion of the inner mat r ix 
assembly •with respect to the outer matr ix assembly during rapid outer-
matr ix motion--for example, during reactor startups and sc rams . 

Figure 34, an overall assembly diagram of the inner matr ix complex, 
shows the relationships between the components described in this section. 
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4.5.4 Insulation-annulus Components 

An approximately 2-in.-thick annular insulation zone is provided in 
the VTRZ design between the inner (heatable) ba r re l assembly and the outer 
matr ix assembly of each half-zone unit. The insulation zone extends the full 
length of the inner barrel assembly. The 2-in. thickness consists of a 1-in. 
thickness of insulation next to the inner bar re l assembly, a l /8 - in . thickness 
of insulation next to the outer matr ix assembly liner (i.e., the so-called outer 
bar re l ) , and a 3/4-in.- thick CGR duct between the two insulation thicknesses. 
The 10 ball-mount assemblies , the two axial guide assemblies , and the 
four axial-motion res t ra iner brackets , discussed in Sec. 4.5.3, are located in 
the insulation annulus and span across the 2-in. gap. The configuration of 
the 2-in. insulation annulus is shown in Figs. 35 and 36, where the inner 
ba r re l assembly is removed and only the ball mount, axial guide, insulation, 
and duct components actually attached to the outer matr ix liner a re shown. 
All the insulation is a commercial refractory-fiber insulation, about 50% 
alumina and 50% silica, with a maximum service temperature of 2300°F 
(1260°C). 

In the elevated-temperature operating configurations, essentially the 
entire outer surface of each inner bar re l assembly, including the service 
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housing (rear cover), is covered with a 1-in. thickness of insulation; only 
the mating front surfaces of the inner -bar re l -assembly front covers are 
not insulated. Although there is little direct meta l - to-meta l contact between 
components of the heatable inner bar re l assembly and components of the 
nominally room-tempera ture outer matr ix assembly, the insulation thick
ness is of necessity locally reduced (and in some places eliminated) in the 
vicinity of the ball mounts, axial guides, axial motion r e s t r a ine r s , and 
front- and r ea r - cove r bolting flanges. Unavoidably, some heat is t r ans 
ferred from the inner mat r ix assembly to the outer matr ix assembly through 
these insulation gaps, which must be removed by gross air cooling of the 
outer matr ix assembly, as discussed in Sec. 4.5.6. 

The 1-in. insulation thickness was chosen as a compromise between 
competing requ i rements - - i . e . , the requirement to minimize the thickness 
and mass of the mater ia l in the insulation annulus, on the one hand, and the 
requirement to minimize radial heat transfer on the other. One inch is a 
reasonable compromise, from the physics viewpoint, and gives radial heat 
losses consistent with desired radial temperature profiles in the inner 
matr ix region; these considerations are discussed further in Sec. 5.2.6. 

The l /8 - in . insulation thickness between the CGR ducts and the 
outer mat r ix liner is included in the design because it significantly reduces 
the heat t ransfer from the cooling guard-ring air outward into the surround
ing matrix. 

Except for breaks around the ball mounts and other components 
spanning the 2-in. insulation gap, all the l / 8 - and 1-in. thermal insulation 
(including that on the service housing) is coverpd with Type 304 stainless 
steel sheet for mechanical support and for protection from abrasion; most 
of the covering is 10 mils thick. Appropriate gaps in the stainless steel 
insulation covers a re provided to avoid direct heat- t ransfer paths ac ross 
the insulation. 

The bulk of the heat that leaks radially through the 1-in. insulation 
thickness is intercepted by the air flowing in the CGR ducts. In the design, 
the relative thicknesses of the inner insulation (chosen as 1 in.), the CGR 
duct, and the outer insulation (chosen as 1/8 in.) were optimized within the 
overall 2-in. insulation annulus thickness to minimize radial heat flow 
across from the inner to the outer matr ix assemblies . For reasonable 
p ressu re drops (i.e., reasonable blower sizes), CGR air-flow rate, and 
therefore average air tempera ture , were optimized from an overall heat-
t ransfer standpoint at approximately a 3/4-in. duct height. 

There are eight CGR ducts on each half-zone unit running parallel 
to the long axis of the VTRZ; each duct is dogleg shaped in cross section 
as shown in Figs. 35 and 36. Cooling air enters at the r ea r of four of the 
ducts, alternating around the circumference, and flows forward along the 



i n su la t ion . N e a r the front f lange, the a i r r e v e r s e s d i r e c t i o n by flowing into 
ad jacen t r e t u r n duc t s and e x h a u s t s into e x t e r n a l duc t ing n e a r the r e a r 
f lange. De ta i l s of the CGR a i r f low p a t t e r n a r e given in Sec . 4 .5 .6 . The 
CGR duc t s a r e c o m p l e t e l y s ea l ed so tha t t h e r e i s no a i r l e a k a g e into the 
insu la t ion annu lus . Th i s is an i m p o r t a n t f e a t u r e ; a i r l e a k a g e f rom the CGR 
and i n n e r - m a t r i x cooldown a i r s y s t e m s into the i n su l a t i o n annu lus in the 
VTRZ p ro to type r e s u l t e d in u n d e s i r a b l e t e m p e r a t u r e g r a d i e n t s n e a r the 
ou te r s u r f a c e of the i nne r m a t r i x a s s e m b l y , but did not c o m p r o m i s e s y s 
t e m in t eg r i t y . 

The de ta i l ed des ign of the CGR duct s y s t e m , h a s been a r r a n g e d to 
effect ively i n t e r c e p t r a d i a l hea t l eakage th rough the annulus at the po in t s 
at which p e n e t r a t i o n s occu r in the i n su l a t i on a s wel l as over the wide , 
und i s tu rbed insu la t ed a r e a s . As m a y be seen in F i g s . 35 and 36, the CGR 
duc t s p a s s be tween the lower b a l l - m o u n t b r a c k e t s and the ou te r m a t r i x 
l i n e r to which they a r e a t t ached . The lower web por t ion of t h e s e b r a c k e t s 
is fas tened to the CGR duct wall ; the uppe r , c e n t r a l , and two l o w e r s u p p o r t s , 
which a t t ach the lower b a l l - m o u n t b r a c k e t s to the ou te r m a t r i x l i n e r , ac t 
as cooling fins in the a i r duct . It is expec ted that th i s a r r a n g e m e n t will 
effect ively r e m o v e hea t leaking th rough the ba l l -mount a s s e m b l i e s . In a 
s i m i l a r m a n n e r , the axia l guide a s s e m b l i e s a r e a r r a n g e d so that the l e a k 
age hea t path f rom the guide fin, a t t ached to the inner b a r r e l a s s e m b l y , 
t h rough the r o l l e r s to the guide b a s e , a t t ached to the o u t e r m a t r i x l i n e r , 
f o r c e s the hea t flow th rough po r t i ons of guide a s s e m b l i e s that a r e e s s e n 
t i a l ly fins in the c o o l i n g - g u a r d a i r f low. The r e a r p o r t i o n s of the b a s e of 
each of the four a x i a l - m o t i o n - r e s t r a i n e r b r a c k e t s a r e wi th in the CGR d u c t s , 
at t he i r f o r w a r d - m o s t ends of the d u c t s , in the r eg ion in which the a i r f low 
is r e v e r s i n g d i r e c t i o n a s it changes from e n t e r i n g to exit d u c t s . A i r -
def lec t ion fins a r e p laced within the CGR duc t s to d i r e c t the a i r a g a i n s t the 
b a s e s of the r e s t r a i n e r b r a c k e t s to m o r e effect ively cool t h e m . 

As men t ioned in connect ion with the n e c e s s i t y for s e a l e d CGR and 
i n n e r - m a t r i x cooldown a i r - s y s t e m d u c t s , it i s i m p o r t a n t to avoid e x t r a n e o u s 
cooling of the inner b a r r e l a s s e m b l y by l e akage a i r f low ove r i t s s u r f a c e . 
B e c a u s e it i s not feas ib le to sea l the r e a r end of the i n s u l a t i o n annu lus of 
each VTRZ ha l f - zone be tween the inner and ou te r m a t r i x a s s e m b l i e s , it was 
f o r e s e e n that t h e r e was a poten t ia l l eakage a i r - c o o l i n g p r o b l e m f rom the 
g r o s s m a t r i x a i r - c o o l i n g s y s t e m to be used in conjunct ion wi th the V T R Z . 
The g r o s s i n a t r i x a i r - c o o l i n g s y s t e m was des igned to r e m o v e p lu ton ium-a lpha 
decay hea t f rom p l a t e - t y p e co re a s s e m b l i e s by c i r c u l a t i o n of cool ing a i r d i 
r e c t l y th rough the m a t r i x tubes a round the i n s e r t e d fuel d r a w e r s . T h i s a i r 
s y s t e m c o n s i s t s of b l o w e r s , f i l t e r s , and l a r g e a i r - d i s t r i b u t i o n p l e n u m s behind 
the movab l e and s t a t i o n a r y r e a c t o r h a l v e s of the Z P R fac i l i t i e s . (The s y s 
t em is d e s c r i b e d in m o r e de ta i l in Sec . 4 .5 .6 . ) I t i s in tended that t h i s g r o s s 
m a t r i x a i r s y s t e m be used with the VTRZ to cool the m a t r i x r e g i o n s ou t s ide 
of the ou te r m a t r i x l i n e r to r e m o v e decay hea t f rom the p lu ton ium fuel that 
m a y be t h e r e and a l s o to r e m o v e w h a t e v e r l e akage hea t p e n e t r a t e s the 
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insulation annulus. The problem with respect to extraneous leakage air 
cooling of the inner bar re l assembly occurs because the rea r of the insu
lation annulus is directly exposed to the gross matr ix air-cooling plenum 
behind the reactor half and the a i r - p r e s s u r e head necessary to force air 
through the matr ix tubes also tends to force air axially through the insu
lation annulus. To protect against this induced-leakage airflow, an outer-
mat r ix -assembly to rear-mounting-plate skirt will be designed to isolate 
the insulation annulus from the reactor-cool ing-system pressure head. 

4.5.5 Argon Loop System 

4.5.5.1 Design of Overall Argon Loop System 

The function of the argon loop system, shown schematically in 
Fig. 37 and as a simplified line drawing in Fig. 38, purges the air out of 
both inner -mat r ix-assembly half-zones, before heated operation, replacing 
it with and maintaining a pressure-control led argon cover gas free of 
oxygen and water vapor. The purpose of the cover gas is twofold: F i r s t , 
it prevents significant burning of sodium within the enclosed zone in the 
event of a sodium leak from a calandria can. Second, the argon loop pro
vides the site for most of the VTRZ component failure monitors described 
in Sec 4.5.9. These component failure monitors, together with other loop 
monitors and controls, are located in the control-rod mounting-plate a reas 
or at the "Dr i -Tra in station" just east of the stationary half of ZPR-6. It is 
assumed for this discussion that the VTRZ will be installed in ZPR-6, 
although it nnay also be installed in ZPR-9. Both half-zones will be operated 
at a p re s su re of approximately -1 in. of water, with respect to cell p res su re , 
during heated operation to ensure retention of contamination from a pluto
nium rod failure within the inner-matr ix-asseinbly envelopes or, in the 
event of a concurrent leak in the inner-matr ix-assembly envelope, within 
the r eac to r -ma t r ix air-cooling system. The decision to operate at approxi
mately -1 in. of water is a compromise between a desire to limit in-leakage 
of oxygen and water vapor by raising the half-zone p ressure , a desire to 
ensure plutonium confinement by lowering the half-zone p ressure , and a 
des i re to limit mechanical yielding of the front cover plate by maintaining 
the half-zones at close to cell p ressure . The analyses and testing of these 
three factors a re discussed in Sees. 8.5, 8.4, and 6.5. 

The gas flow rate through each half-zone is set at approximately 
1 cfm (STP), providing a fresh gas blanket by flushing out the 2.5 ft̂  half-
zone gas space every 2.5 min. The decision to operate at this flow rate is 
a compromise between a des i re to minimize the time required to detect 
component failures (e.g., pin failure with subsequent plutonium-alpha 
contamination), a des i re to maximize half-zone purification ra tes by in
creasing flow, and a des i re to minimize system pressure drops by limiting 
flow. The analyses and tests relevant to the determination of these flow 
levels are discussed in Sees. 7.1, 8.5, and 8.4. 
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The oxygen and water-vapor partial p ressure in both half-zones will 
be kept sufficiently low to ensure a negligible half-zone p re s su re (and 
temperature) r i se in the event of a complete reaction with sodium. P ro to 
type experience relevant to operation at these part ial p re s su res is discussed 
in Sec. 8.5. Justification for operating at or below these partial p r e s su re s 
can be found in ANL-7638. 

The argon system has two parallel loops, one for each VTRZ half-
zone, as shown in Fig. 38. These loops may be fed by either of two func
tional argon-loop subsystems: the open-loop "purge mode" or the closed-
loop "normal mode." The function of the purge mode of operation is initial 
purging of the two half-zones and remote-control purging during heated 
operation if necessary. The normal mode functions in conjunction with a 
commercial gas control-purifier unit, of the type used with iner t -gas 
gloveboxes, which maintains the proper gas environment automatically. 
Both modes of operation are described in more detail below. 

4.5.5.2 Argon-loop Temperature Control, F i l t e r s , and Valve Controls 

The argon loop system external to the inner mat r ix assembly oper
ates at approximately room temperature with the exception of the sodium 
vapor monitor. 

Just downstream from the inner-matr ix-assembly exit, a heat 
exchanger, consisting of 7 ft of coiled copper tubing cooled by forced air, 
cools the argon gas from a maximum of 600 to 26°C. Two necessary con
straints are met in the removing of this approximately 200 W of heat in 
this manner. F i rs t , because the plutonium impaction surface must be 
minimized between the half-zone exit and the plutonium-alpha monitor 
(i.e., an obstruction-free path from the inner bar re l exit to the plutonium-
alpha monitor housing must be provided), no internal cooling fins or sharp 
tubing bends could be tolerated. Second, cell air is the only satisfactory 
cooling fluid. Tests relevant to the heat-exchanger design are covered in 
Sec. 7.1. 

Just before entering the hot inner -matr ix-assembly half-zones, the 
argon gas is heated to the temperature of the half-zones to eliminate cold-
gas thermal gradients in the half-zones themselves. A commercial electric 
air heater heats the argon gas from 20°C to a maximum of 550°C. Power to 
the heater is automatically cut off when argon gas flow falls below a certain 
predetermined level, thus protecting the unit from an overheat failure. 
Tests relevant to the acceptance of this commercial unit are discussed in 
Sec. 7.1. 

Downstream from the plutonium-alpha monitor, the argon gas passes 
through a filter on its way to the Dr i -Tra in station. This in-l ine, high-
efficiency, small-volume filter unit is made by Mine Safety Appliance Company. 



It uses a convoluted fiber glass filter paper, which filters out part icles 
down to 0.3 M, with an efficiency of 99.9%. It protects the Dr i -Tra in station 
instrumentation and controls from plutonium-alpha contamination in case 
of a fuel-rod failure. The filter is not intended for personnel protection. 
(Personnel-protect ion filters are discussed in Sec. 4.5.5.4.) The half-zone 
pressure-sens ing line also has a s imilar filter in-line to prevent plutonium-
alpha contamination of instrumentation. Unions are supplied in the pipes on 
either side of these filters to facilitate cartr idge changing. 

Other pipe unions will be installed throughout the loop, as indicated 
in Fig. 37, to facilitate installation, maintenance, and temporary d i sassem
bly. In high- temperature sections, the pipe unions will be stainless steel, 
ultrahigh-vacuum couplings with metal packing; in room-temperature 
sections, the unions will be b rass , O-ring type. 

Seven different kinds of valves are used in the argon loop system: 

(1) Check valves. 

(2) Solenoid valves. 

(3) Ball valves. 

(4) Hand throttling valves. 

(5) Motor-driven, remote-controlled throttling valves. 

(6) Pneumatic valves. 

(7) P re s su re - r e l i e f valves. 

* 
The configurations for valves 1-6 are tabulated in Table 14. The check, 
solenoid, and pressure - re l i e f valves are used in conjunction with the high-
pressure relief system described in Sec. 4.5.5.6. The ball valves a re on-
off type valves used to temporari ly isolate various parts of the system for 
servicing while maintaining the integrity of the rest of the system. The 
hand-throttling valves are used for initial in-cell adjustment of flows and 
p r e s s u r e s ; the remote-control led throttling valves (1 and 2) a re used for 
fine adjustments of flow and p ressu re due to mismatches of the half-zones 
during heatup and heated operation. The remote-controlled throttling 
valves (3 and 4) a re used exclusively in the purge mode for flows and p r e s 
sure regulation and are described further below. Division of the argon loop 
system into appropriate functional subsystems for either "normal mode" 
operation, "purge mode" operation, low-pressure relief, or h igh-pressure 
relief is accomplished by the pneumatic and solenoid valves shown in 
Fig. 37. The appropriate functional subsystem configuration is achieved by 
the digital-logic circui t ry shown in Fig. 39. 

Two high-pressure relief valves will be installed immediately down
s t ream from the h igh-pressure regulator. The h igh-pressure relief valves 
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TABLE 14. A r g o n - l o o p - s y s t e m Valve Conf igura t ions 

(Does not include D r i - T r a i n Unit va lves ) 

Opera t ion Mode 

Valve 

Pneuma t 

Solenoid 

Clieck 

R e m o t e -
Throt t l in 

Type* 

i c 

control 
'S 

Valve 
No . " 

1 

2 

3 

4 

5 

1 

2 

1 

2 
3 
4 

1 

2 

3 
4 

P u r g e 

O 

C 

C 

C 

O 

C 

C 

C 

C 
O 
O 

T - B 

T - B 

T 

T 

Normal 

C 
C 

0 

O 

C 

C 

C 

C 

C 
O 
0 

T - B 

T - B 

NIU 

N I U 

Low-
p r e s s u r e 

Relief 

O 

O 

C 

C 

C 

C 

C 

C 

C 
O 

O 

u 
u 

NIU 

N I U 

High-
p r e s s u r e 

Relief 

C 
C 

C 

C 

C 

O 

O 

O 

O 

o 
o 
u 
u 

N I U 

NIU 

Hand Throt t l ing 

Main Line 

Combus t ib les 
Monitor ing 

VTRZ 
Bypass 

T -

U-

T -

U-

T -
U-

T -

U-

T 
U-

T 

B initial 
- r emote 

B initial 
- r emote 

B initial 
• r emote 

B initial 
• remote 

- initial 
• remote 

- in i t ia l 

^Refe rence : F ig . 37 

Note: O = Open; B 

N o r m a l l y C. 
N o r m a l l y C. 
N o r m a l l y O. 
N o r m a l l y O. 
N o r m a l l y C. 

N o r m a l l y O. 
N o r m a l l y O. 

C r a c k s at < 1 
C r a c k s at < 1 

.n. of water. 

.n. of wa te r , 
Safety fea ture of O; moni to r . 
Safety fea ture of O; moni to r . 

Mechan ica l s tops a n d / o r 
l imit swi t ches p reven t c o m 
plete c los ing . 
Closed before purging s t a r t s . 

Before swi tching f rom cell 
con t ro l to Cont ro l Room 
cont ro l , all t he se va lves will 
be locked in posi t ion. Valve 
No. 7 will be ini t ia l ly 
th ro t t l ed in o r d e r to gene ra t e 
enough p r e s s u r e head to dr ive 
the loop. 

O = Open; B = Balancing; C ^ Closed; NIU = Not in use , T = Thro t t l ing ; U . Unchanged 
The ball va lves will be locked open {with the exception of the r e g e n e r a t i o n - l i n e bal l valve 
which will be locked closed) . Hand- thro t t l ing va lves 8, 9, 10, and 11 . be locked c losed. 
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Fig. 39. Pneumatic-valve Digital-logic Circuitry 



will be set to open at a maximum pressure of 50 psig. In addition to the 
h igh-pressure relief valves, a throttling plate will be installed immediately 
downstream from the high-pressure relief valves. The throttling-plate size 
and the high-pressure relief limit will be chosen to guarantee that a 
pressure- regula tor failure will not cause a failure of the front cover plate. 

The complete argon loop system external to the half-zones will be 
leak-tight and free of any dirt, grease, oxide, etc. Specifically, it will meet 
the requirement defined in the VTRZ Procurement Specifications, Argon 
Loop System Section. The physical loop layout, shown in Fig. 40, can be 
broken down into three sections: 

(1) Dr i -Tra in Station Section. 

(2) Stationary VTRZ Section. 

(3) Movable VTRZ Section including the flexible junction. 

All three sections are portable; that is, each section can be removed from 
the reactor cell, if necessary, within about 8 hr. The Dr i -Tra in station 
will be on a single frame and can be moved as a unit. 

4.5.5.3 Argon-loop Gas-parameter Monitoring 

The argon-loop-system monitors can be divided into two groups: 
those measuring heatable-zone component failures (e.g., helium and 
plutonium-alpha) and those measuring loop parameters themselves (e.g., 
flow and pressure) . The component-failure monitors are discussed in 
Sec. 4.5.9; the loop operating-parameter monitors are discussed here. 

A typical monitor assembly can be divided into the components 
shown in Fig. 41. The "loop subassembly," main electronics, slave elec
tronics, and recording capabilities shown in the figure are considered here. 
The a larm system, heater interlock system, and scram system for all 
applicable monitors are considered in Sees. 4.5.12, 4.5.11, and 4.5.10, 
respectively. The loop subassembly locations for all the monitors are given 
in Figs. 37 and 40. Associated "main electronics" will be located on racks 
in the reactor cell near the Dri-Train station, "slave electronics" will be 
located in the control room. 

.4.5.5.3.1 Argon-loop Oxygen Monitors 

The oxygen monitor (Lockwood and McLorie, Model GP) measures 
equilibrium oxygen partial p ressure from 1000 to 1 ppm and is unaffected 
by changes in total system pressure or the presence or absence of water 
vapor, CO2, combustion products, or combustibles. The principle of opera
tion is based on a simple coulometric process . The oxygen is reduced and 
the electrolysis current measured to indicate the oxygen content. The 
sample gas passes through a porous silver electrode immersed in a liquid 
electrolyte, and complete oxygen reduction occurs in the pores of the electrode. 
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Two loop s u b a s s e m b l i e s , one for each h a l f - z o n e , s a m p l e the a rgon 
loop gas d o w n s t r e a m f rom the h a l f - z o n e s at a r a t e of 100 c c / m i n (STP). 
The s a m p l e gas is then dumped into the r e a c t o r cel l a f ter p a s s i n g th rough 
a f i l t e r . E a c h s u b a s s e m b l y c o n s i s t s of the oxygen s e n s o r ce l l and hous ing , 
a g l a s s - t u b e - t y p e f lowmete r , e x t e r n a l a c c e s s v a l v e s for m e t e r c a l i b r a t i o n , 
a f l ow-ad jus tmen t va lve , a m e t e r pump, and two check v a l v e s in s e r i e s to 
p r o t e c t aga ins t backflow of the l iquid e l e c t r o l y t e into the a r g o n loop. 

B a s e d on pro to type e x p e r i m e n t s , the de lay t i m e b e t w e e n an oxygen 
in ject ion u p s t r e a m f rom the ha l f - zone and i t s d e t e c t i o n 45 ft d o w n s t r e a m 
is 1 min . 

The m a i n ( in -ce l l ) o x y g e n - m o n i t o r e l e c t r o n i c s package is s imp ly 
the c o m m e r c i a l unit with a spec ia l connec to r for the a s s o c i a t e d c o n t r o l -
r o o m e l e c t r o n i c s . The a s s o c i a t e d c o n t r o l - r o o m unit c o n s i s t s of the s lave 
m e t e r giving a cont inuous r eadou t of the oxygen c o n c e n t r a t i o n and l igh ts 
indica t ing power on to the oxygen m o n i t o r , c o r r e c t r a n g e on the m a i n 
e l e c t r o n i c s , ac power to the c o n t r o l - r o o m e l e c t r o n i c s , oxygen concen t r a t i on 
in a l a r m r a n g e , and oxygen concen t r a t i on in h e a t e r - i n t e r l o c k t r i p condition. 
All t h e s e l igh ts have r e s e t bu t tons , except the ac power l ight . The s l a v e -
m e t e r e l e c t r o n i c s c o n s i s t s of a buffer a m p l i f i e r ( impedance c o n v e r t e r ) , a 
O-lOO-^iA m e t e r , and a m e t e r c a l i b r a t i n g pot. At the m e t e r , a t ap is p r o 
vided for a 0 - l O - m V r e c o r d e r . 
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4.5.5.3.2 Argon-loop Water-vapor Monitors 

The water-vapor monitor (aluminum oxide hygrometer. Model 1000, 
Panamet r i cs , Inc.) measures water-vapor partial p ressure from 20,000 ppmv 
(parts per million by volume) to 0.002 ppmv and is unaffected by ambient 
tempera ture and p ressu re changes, flow ra tes , mater ia l s of construction 
(external to the sensor) , and piping configuration. Also, the sensor is com
pletely unaffected by the presence of petroleum gases, hydrogen, and carbon 
dioxide. 

The sensor consists of an aluminum strip, which is anodized to pro
vide a porous oxide layer. A thin coating of gold is evaporated over this 
s t ructure . The aluminum base and the gold layer form the two electrodes 
of what is essentially an aluminum oxide capacitor. Water vapor is rapidly 
transported through the gold layer and equilibrates on the pore walls in a 
nnanner functionally related to the vapor pressure of water in the a tmos
phere surrounding the sensor. The number of water molecules adsorbed 
on the oxide s t ructure determines the electrical conductivity of the pore 
wall. Each value of pore-wall resis tance provides a distinct value of 
electr ical impedance, which in turn is a direct measure of the water-vapor 
p re s su re . 

Two loop subassemblies , one for each half-zone, sense the main
line gas downstream from the half-zones. Each subassembly consists of a 
water-vapor sensor and its "tee-coupling" housing. 

As with the oxygen monitor, mentioned ear l ier , the delay time be
tween an air leak entering the loop and the detection of water vapor is about 
1 min. 

The main (in-cell) water-vapor-monitor electronics package is the 
commercial unit with a special connector for the associated control-roonn 
electronics and a shorted-probe selector switch. The latter alteration of 
the commercial unit guarantees meter operation with the single probe no 
mat ter what the switch position. The associated control-room unit consists 
of the slave meter giving a continuous readout of the water-vapor concen
tration and lights indicating correct range on main electronics, ac power 
to control-room electronics , water-vapor concentration in a la rm range, 
and water-vapor concentration in heater- inter lock trip condition. All these 
lights have rese t buttons, except the ac power light. The s lave-meter 
electronics consists of a buffer amplifier (impedance converter with gain 
of 10), a 0-100-u,A meter , and a meter-cal ibrat ing potentiometer. At the 
meter , a tap is provided for a 0-10-mV recorder . 

4.5.5.3.3 Argon-loop P res su re - sens ing Monitors 

The VTRZ pressure -sens ing system is identical for both half-zones. 
Each p ressure - sens ing monitor assembly is located at the Dr i -Tra in station 



and c o n s i s t s of a p r e s s u r e - s e n s i n g l ine which is run to a t ap at the r e a r of 
the h a l f - z o n e , a p r e s s u r e t r a n s d u c e r ( p o t e n t i o m e t e r - t y p e , i n f i n i t e - r e s o l u t i o n 
p r e s s u r e t r a n s d u c e r . Model 6000, CIC, Inc . ) , five d i f f e r e n t i a l - p r e s s u r e 
s w i t c h e s , and a d i f f e r e n t i a l - p r e s s u r e gauge (Magnehe l i c , Model 2320, 
Dwyer Mfg. Co . , Inc . ) . The t r a n s d u c e r p r o v i d e s con t inuous a r g o n - p r e s s u r e 
r e a d o u t in the con t ro l r o o m and p r o v i d e s a s i te for v a r i o u s a b n o r m a l -
condi t ion set po in t s . T h e s e a b n o r m a l - p r e s s u r e se t po in t s , t o g e t h e r with the 
five d i f f e r e n t i a l - p r e s s u r e swi tch se t po in t s , s ignal t r i p s for the r e a c t o r -
s c r a m s y s t e m , h e a t e r - i n t e r l o c k s y s t e m , and a l a r m s y s t e m ( d i s c u s s e d in 
S e e s . 4 .5 .10 , 4 .5 .11 , and 4 .5 .12. r e s p e c t i v e l y ) and for the h igh- and low-
p r e s s u r e re l i e f s y s t e m s . The c o n t r o l - r o o m p r e s s u r e r eadou t m e t e r s a r e 
p a r t of the p r e s s u r e - c o n t r o l - u n i t front panel d i s c u s s e d be low. The e l e c 
t r o n i c s c i r c u i t r y for th i s m e t e r c o n s i s t s of a buffer a m p l i f i e r ( i m p e d a n c e 
c o n v e r t e r ) , a t r i m pot, and a 0-100-u,A m e t e r . Dur ing leak check ing of the 
a r g o n loop, in i t ia l purg ing , and n o r m a l o p e r a t i o n s t a r t u p , the i n - c e l l 
d i f f e r e n t i a l - p r e s s u r e gauge p r o v i d e s r eadou t for the h a l f - z o n e p r e s s u r e s . 

All d i a p h r a g m s in the p r e s s u r e - s e n s i n g s y s t e m a r e i so l a t ed f rom 
a t m o s p h e r e by a th ro t t l ing p la te so that in the c a s e of a d i a p h r a g m r u p t u r e 
any p r e s s u r e d r o p to a t m o s p h e r e o c c u r s a c r o s s the t h ro t t l i ng p la te and not 
in the p r e s s u r e - s e n s i n g a r e a . T e s t s have shown that t h ro t t l i ng p l a t e s with 
five 13 -mi l ho les can p r even t s ignif icant p r e s s u r e d r o p s in the p r e s s u r e -
sens ing a r e a without s lowing the r e s p o n s e of the p r e s s u r e s w i t c h e s to 
an t i c ipa ted p r e s s u r e changes . 

4 .5 .5 .3 .4 A r g o n - l o o p Flow M o n i t o r s 

T h e r e a r e eight flow m o n i t o r s in the a r g o n loop s y s t e m : two m o n i 
t o r s , 0-380 c c / m i n for the oxygen m o n i t o r a s s e m b l i e s ; two m o n i t o r s , 
0 -1 .7 cfm for the p lu ton ium-a lpha m o n i t o r a s s e m b l i e s ; two m o n i t o r s , 
0 -1 .7 cfm for ha l f - zone flow m o n i t o r i n g ; one m o n i t o r , 0 -47 cfm for VTRZ 
b y p a s s flow m o n i t o r i n g ; and one m o n i t o r , 0 -2 cfh for the c o m b u s t i b l e s 
m o n i t o r a s s e m b l y . C o n t r o l - r o o m m o n i t o r i n g of flows is a c c o m p l i s h e d via 
the r e a c t o r - c e l l c l o s e d - c i r c u i t T.V. s y s t e m . In addi t ion , the ha l f - zone 
flow m e t e r s have c i r c u i t s that s e n s e flow d r o p s of 7 5 and 2 5% of the 
n o r m a l 1 cfm. T h e s e two condi t ions a r e r e a d out in the c o n t r o l r o o m a s 
pa r t of the a l a r m and h e a t e r - i n t e r l o c k s y s t e m s . 

4 .5 .5 .3 .5 A r g o n - l o o p C o m b u s t i b l e s Moni to r 

The c o m b u s t i b l e s m o n i t o r i s a T h e r m o x P r o b e s e n s i t i v e to both 
oxygen and c o m b u s t i b l e s . The p r i n c i p l e of o p e r a t i o n is that oxygen, c h a r g e d 
as negat ive ions , can m i g r a t e th rough a s p e c i a l l y defec ted c e r a m i c - o x i d e 
sol id e l e c t r o l y t e in r e s p o n s e to a g r a d i e n t in oxygen p a r t i a l p r e s s u r e . When 
conduct ive e l e c t r o d e s a r e loca ted on oppos i t e s i d e s of t h i s so l id e l e c t r o l y t e 
and connected th rough an e x t e r n a l c i r c u i t , a d i f fe rence in oxygen p a r t i a l 
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pres su re in the two sides produces an emf. To facilitate oxygen migration, 
the electrochemical cell is heated to 758°C at which temperature combus
tibles quickly combine with any oxygen present and reduce the apparent 
oxygen concentration. With low levels of oxygen concentration character
istic of the inert gas within the VTRZ, the emf generated in the e lec t ro
chemical cell becomes quite sensitive to ppm levels of combustibles, With 
the known oxygen level as determined by the Lockwood and McLorie oxygen 
monitors , which are not affected by combustibles, the combustibles level for 
low levels of combustibles can be determined quantitatively. 

A single combustible subassembly samples the argon gas downstream 
from the half zones at 1 cfh (STP). The subassembly consists of the e lec t ro
chemical cell and housing, a glass-tube-type flowmeter, external access 
valves for meter calibration, a flow-adjustment valve, and two tube unions 
for maintenance accessibility. 

The main (in-cell) combustibles-monitor electronics package is the 
commercial unit with a special connector for the associated control-room 
electronics. The associated control-room unit consists of the slave meter 
giving a continuous readout of the emf in the electrochemical cell and 
lights indicating power on to the electrochemical cell, correct range on the 
main electronics , ac power to the control-room electronics, and combus
tibles concentration in a larm range. All these lights have rese t buttons, 
except the ac power light. The s lave-meter electronics consists of a buffer 
amplifier (impedance converter), a O-lOO-piA meter , and a meter-cal ibra t ing 
potentiometer. At the meter , a tape is provided for a 0-10-mV recorder . 

4.5.5.3.6 Argon-gas Temperature Monitors 

The argon-loop-system thermocouples monitor argon-gas tempera
tures at the following locations: 

(1) Preheater exit--both half-zones. 

(2) VTRZ heat-exchanger exit for both half-zones. 

(3) Dr i -Tra in entrance. 

(4) Dr i -Tra in heat-exchanger No. 1 exit. 

(5) Dr i -Tra in heat-exchanger No. 2 exit. 

Thermocouples at locations 2, 4, and 5 check for heat-exchanger 
effectiveness and possible cooling-air-fan failure; the thermocouple at 
location 1 checks operation of the prehea ters . The remaining thermocouple 
checks that the Dr i -Tra in entrance temperature conforms to the Dr i -Tra in 
operation specifications. A representat ive temperature sensor (Thermo
couple Products Co., Inc.) and housing are shown in Fig. 42. In the control 
room, panels containing six me te r s continuously display the heat-exchanger 



THERMOCOUPLE 
HEAD 

and p r e h e a t e r t e m p e r a t u r e s . The 
D r i - T r a i n e n t r a n c e t e m p e r a t u r e is 
not m o n i t o r e d in the c o n t r o l r o o m . 
A t h e r m o c o u p l e b r i d g e is u sed for 
i n - c e l l t e m p e r a t u r e c h e c k s . 

A n a l y s e s and t e s t s r e l e v a n t 
to the s e l e c t i o n of the v a r i o u s m o n i 
t o r s and to the d e s i g n of the m o n i t o r 
a s s e m b l i e s a r e c o v e r e d in S e e s . 7.1 
and 8.5. De ta i l ed a s s e m b l y spec i f i 
ca t i ons can be found in the V T R Z 
P r o c u r e m e n t Spec i f i ca t ion , I n e r t 
Gas Loop Sec t ion (ANL Spec i f i ca t ion 
No. A N L - I G L - R P ) . 

4 .5 .5 .4 A r g o n - l o o p P u r g e - m o d e 
O p e r a t i o n 

The p u r g e m o d e of the a r g o n -
loop o p e r a t i o n h a s the function of 
flushing r e l a t i v e l y l a r g e q u a n t i t i e s 
of an unwanted gas f rom the h e a t a b l e 
h a l f - z o n e s in a s h o r t p e r i o d of t i m e 
and r e p l a c i n g t h e m with a h i g h - p u r i t y 
a r g o n - g a s b l anke t . In the p u r g e 
m o d e , the a r g o n loop is open, taking 
a r g o n gas f rom a supply t ank and 

dumping the m i x t u r e of a r g o n gas and unwanted gas into the r e a c t o r ce l l . 
The chief p u r p o s e is to p u r g e a i r out of both h e a t a b l e h a l f - z o n e s be fo re 
hea tup unti l a l eve l of p u r i t y is r e a c h e d w h e r e the n o r m a l m o d e of a r g o n -
loop o p e r a t i o n can take over without e x c e s s i v e l y loading the p u r i f i e r s . 
H o w e v e r , the pu rge m o d e can be used at any t i m e dur ing o p e r a t i o n , if it is 
felt to be n e c e s s a r y , s ince it i s des igned to be o p e r a t e d f rom the con t ro l 
r o o m a s wel l a s f rom the r e a c t o r ce l l . E x a m p l e s of s i t ua t i ons o the r than 
s t a r t u p w a r r a n t i n g p u r g e - m o d e o p e r a t i o n a r e : 

(1) A fa i lu re in the n o r m a l mode , e .g . , pump f a i l u r e , r e n d e r i n g the 
loop m o n i t o r s u s e l e s s and t e r m i n a t i n g ha l f - zone pu r i f i ca t ion . 

(2) Ou tgas s ing of l a r g e a m o u n t s of oxygen or o the r c o n t a m i n a n t s 
f rom the m a t r i x t u b e s , c a l a n d r i a c a n s , w i r i n g , e t c . R a t h e r than loading 
down the n o r m a l - m o d e pur i f i ca t ion s y s t e m , t h e s e c o n t a m i n a n t s could be 
f lushed out by purg ing . ^ 

ARGON 
GAS "* 

^THERMOCOUPLE SENSOR 

- STANDARD TEE 

Fig. 42. Typical Thermocouple Sensor and Housing 

To m a i n t a i n a p u r g e flow be tween 1 and 2 cfm p e r h a l f - z o n e and, at 
the s a m e t i m e , m a i n t a i n h a l f - z o n e s t a t i c p r e s s u r e s of 0.0 ± 1 . 0 in. of w a t e r , 
the s y s t e m m u s t be a r r a n g e d to have both a pos i t i ve p r e s s u r e u p s t r e a m 
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from the half-zones and a negative pressure (relative to reactor-cel l 
pressure) downstream from the half-zones. The positive p ressu re is 
supplied by the argon-gas supply cylinder; the negative p ressure is supplied 
by the purge pump. The flow and VTRZ pressure are adjusted using two 
throttling valves (motor-driven valves Nos. 3 and 4 of Fig. 37); one on either 
side of the half-zones. If a mismatch in pressure occurs between the 
movable and stationary half-zones, two balancing valves (motor-driven 
valves Nos. 1 and 2 of Fig. 37) can be used to rebalance the p res su res . 
Ordinarily, the purge is started by switching to "purge mode" on the 
control-room argon-flow-system front panel. This automatically sets the 
correct pneumatic valve configuration for the purge mode (given in 
Table 14), turns on the purge pump, and turns off the automatic control 
function on the Dri -Train unit. Next, the two purge-throttling valves a re 
cracked open, allowing argon gas to flow from the gas cylinder, through 
both half-zones, and to the purge pump and filter. The flow is brought up 
to -1.5 cfm while maintaining half-zone pressures in the range of 0.0 ± 
1.0 in. of water. A typical startup purge, based on prototype experience, 
lasts about 45 min before the oxygen and water vapor level is such that the 
Dr i -Tra in purifier can efficiently take over. Further purging experience 
is detailed in Sees. 7.1 and 8.5. 

The monitoring and pressure-re l ief functions associated with the 
argon loop system are operational in the purge mode, except the helium 
monitor and its associated alarm and heater interlock t r ips . 

L E A K - T I G H T H O U S I N G 

All purged gases are filtered before being dumped into the cell. The 
filter is a high-efficiency AEC-type filter with inorganic media, asbestos 

separators , and f ire-retardant ply
wood frame. The 8 x 8 x 3^-in. filter 
is inserted in a special housing as 
shown in Fig. 43. 

4. 5. 5. 5 Argon-loop Normal-mode 
Operation 

The normal mode of the 
argon-loop operation automatically 
maintains the proper gas environment 
in the inner matr ix assemblies . 
Specifically, this closed-loop mode 
maintains prescribed argon-gas 
purity, half-zone p res su res , and 
half-zone flow rates during all VTRZ 
experiments. The unit that performs 
the above three functions is called 
the "Dri -Train" (a somewhat modi
fied version of Vacuum/Atmosphere 's 

• 193-2). Two sealed rotron pumps generate the necessary p r e s -
for loop flow; two purifiers (used one at a time or together in parallel) 

- CLAMP P L A T E 

Fig. 

Model He 
s u r e head 

CLAMP BOLTS 

43. AEC Filter and Housing 
ANL Neg. No. U6-2601 



continually remove oxygen and water vapor from the loop gas. A "Photohelic" 
p ressure gauge, connected to the VTRZ movable half-zone, controls the 
pressure in that half-zone by adding argon gas when the p ressu re drops and 
removing gas, through a vacuum pump, when the p ressu re r i s e s . The sta
tionary half-zone pressure is controlled indirectly by the same system. 
Any p ressure mismatch between the two halves can be corrected either 
manually or automatically by throttling either or both of the two motor-
driven balancing valves in the stationary half-loop. Details of the p re s su re -
control system are given below. Since the Dr i -Tra in unit operates most 
effectively with a gas flow of -30 cfm, a "VTRZ Bypass" system removes 
most of the flow at the Dr i -Tra in exit and returns it directly to the main 
loop at the Dr i -Tra in entrance. All the Dr i -Tra in flow passes through this 
bypass during the purge mode, h igh-pressure relief, and low-pressure relief. 

The modified Dri -Train flow schematic is shown in Figs. 44 and 45. 
The modifications to the commercial VAC-He-193-2 unit are as follows: 

(1) Addition of another rotron pump in ser ies with the original in 
order to develop the necessary p ressure head. 

(2) Substitution of an air-cooled pump heat exchanger for the 
original water-cooled pump heat exchanger. 

(3) Addition of a second air-cooled pump heat exchanger. 

(4) Addition of a throttling valve (No. 13) in the argon supply line 
to reduce the amount of gas added to the argon loop when solenoid valve J 
is open. Justification for this valve addition is given in Sec. 7.1.3. 

(5) Addition of a throttling valve (No. 14) in the vacuum line to r e 
duce the amount of gas removed from the argon loop when solenoid valve K 
is open. Justification for this valve addition is also given in Sec. 7.1. 

(6) Addition of two heat-exchanger thermocouples. 

(7) Redesign of purification system for easy removal of purifica
tion system from Dri -Train to allow regeneration outside the reactor cell. 
No hydrogen-containing gas bottles \vill be allowed in the reactor cell at 
any time. 

As with the purge mode, the normal mode has the capability of being 
operated both from the control room and from inside the reactor cell itself. 
After initial in-cell purging has been completed, the system is switched to 
the normal mode and balancing adjustments of flows and p ressu res are 
made if necessary by using the hand valves provided. In the reactor control 
room, the argon-loop flow and pressure are monitored and controlled from 
the Argon Flow System front panel shown'in Fig. 46. In addition to display
ing the high-pressure relief, low-pressure relief, scram, heater- inter lock, 
and a larm lights indicating flow and/or p ressure abnormali t ies, the top 
panel shows the configuration of all the pneumatic, solenoid, and motor-dr iven 
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Fig. 46 (Contd.) 

valves as ^vell as a continuous readout of half-zone p ressu res and heat-
exchanger temperatures . Two switches are provided, one for selecting 
purge- or normal-mode operation and one manual-override switch for high-
and low-pressure relief. The middle panel displays the position of, and pro
vides automatic and manual control for, the argon-loop balancing valves. 
The bottom panel displays the position of, and provides manual control for, 
the purge throttling valves. 

During normal-mode operation, the pressure in the half-zones can be 
controlled in one of four ways: 

(1) Manual (Fig. 47). 

(2) Semiautomatic--Reactor-cell Operation (Fig. 48). 

(3) Semiautomatic--Control-room Operation (Fig. 49). 

(4) Automatic (Fig. 50). 

Control mode No. 1 is used for initial loop performance tes ts and 
checkouts of the various pressure-re l ief and a larm systems. In control 
mode No. 1, the operator has complete control over half-zone p r e s su re s and 
flo^v. 
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Control mode No. 2 is used for initial startup of the argon loop sys
tem during VTRZ experiments. Here, the photohelic automatically controls 
the movable half-zone p ressu re while the operator sets the level of flows in 
the half-zones and balances the stationary half-zone p ressu re to match that 
of the movable half-zone. 

Control mode No. 4 is the "normal" control mode. No operator is 
needed in this mode as the movable and stationary half-zone p ressu res a re 
controlled automatically. There is no flow control since the operation of 
the VTRZ is independent of the possible variations in flow encountered 
once in this mode. The comparitor and automatic-motor control matches 
the stationary half-zone pressure to the movable half-zone pressure by 
driving either an upstream or downstream valve until the p ressu re differ
ential between the p ressure t ransducers on the two half-zones is lowered 
to a predetermined point. 

Control mode No. 3 is used if there is a malfunctioning of the com
paritor and automatic-motor control or if the operator wishes to equalize 
the flows and p ressu res in the two half-zones. In this mode, the operator 
can drive either balancing valve in increments of 1.8° or at any continuous 
speed up to 100 rpm. The pressure-balancing controls are shown in 
Fig. 46. 

4.5.5.6 Argon-loop High-pressure Relief System 

The high-pressure relief system protects both heatable half-zones 
from an accidental overpressure . The pressure at which the h igh-pressure 
relief system takes effect is a predetermined Jevel below which there will 
be no failure of the front inner -matr ix-assembly cover plates. Upon a 
signal of high p ressu re in either half-zone, the p ressure relief system 
perforins two functions: 

(1) It isolates the half-zones from the most probable causes of the 
high p re s su re (the argon supply cylinder and the Dr i -Tra in blowers) by 
closing pneumatic valves 1-4 (if not already closed). 

(2) It opens a direct path from the half-zones to the reactor cell 
by opening solenoid valves. 

The argon-loop h igh-pressure relief system is shown in Fig. 51. 
For a given half-zone, the p ressu re relief operates as follows: 

(1) A high p ressu re is sensed by two differential p ressu re switches 
located at the Dr i -Tra in station. Both switches are normally closed, and 
the opening of either switch deenergizes both normally open solenoid valves. 

(2) The half-zone high p ressu re is relieved by opening the loop at 
point A to reactor cell p res su re . Gas flows from the half-zone, through the 



piping and v a l v e s shown, into an A E C - t y p e h igh -e f f i c i ency f i l t e r . Check 
v a l v e s p roh ib i t b a c k flow of a i r into the loop. The a r g o n loop r e m a i n s in 
the h i g h - p r e s s u r e re l i e f condi t ion unt i l r e s e t m a n u a l l y . 

1 
— [ > < ] — SOLENOID VALVE 
— I L / I I — CHECK VALVE 

HIGH PRESSURE 
RELIEF CIHCUITRT 

ANO PNEUMATIC 
VALVE LOGIC 

(ALL FIVE PNEUMATIC VALVES CLOSE) 

BATTERY STANDBY 

POWER 

Fig. 51. High-pressure Relief System 

The re l i e f s y s t e m is comple t e ly r edundan t , excep t for c o m m o n piping, 
In the event of a power f a i lu re , b a t t e r i e s supply the s y s t e m power unt i l n o r 
m a l power h a s been r e s t o r e d or the r e a c t o r e m e r g e n c y power s y s t e m t akes 
effect. 

Th i s s y s t e m is m o n i t o r e d on the VTRZ A r g o n F low S y s t e m front 
panel shown in F ig . 46. T h e r e a r e s e p a r a t e l ights for each p r e s s u r e swi tch 
and a comple t e layout of va lve conf igu ra t ions . A m a n u a l o v e r r i d e swi tch is 
p rov ided for use at the d i s c r e t i o n of the o p e r a t o r . 

The c i r c u i t r y logic h a s been des igned so that h i g h - p r e s s u r e r e l i e f 
o v e r r i d e s al l o the r s y s t e m s . F o r e x a m p l e , if one h a l f - z o n e had a p r e s s u r e 
low enough to s igna l for l o w - p r e s s u r e re l i e f while the o the r h a l f - z o n e had a 
p r e s s u r e high enough to s igna l for h i g h - p r e s s u r e re l ief , the h i g h - p r e s s u r e 
r e l i e f would o v e r r i d e . 

T h e r e a r e s e v e r a l r e a s o n s why the h i g h - p r e s s u r e r e l i e f p iping is 
tapped off of point A at the D r i - T r a i n s t a t ion ( see F i g . 51) r a t h e r than d i 
r e c t l y off the r e a r of the h a l f - z o n e s . F i r s t , s p a c e in the s h r o u d a r e a behind 
the zones is at a p r e m i u m , but it is r e a d i l y a v a i l a b l e a t the D r i - T r a i n s t a 
t ion. Second, the des ign would have to i n c o r p o r a t e two m o r e so leno id v a l v e s , 
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two more check valves, and two more filter housings, all adding loop costs. 
Third, during normal operation, point A is at a higher p ressure (about 20 in. 
of water) , than the half-zone. About +3.5 in. of water will t r igger high-
pressure relief at the half-zone. Therefore, the initial p ressure drop upon 
activating h igh-pressure relief is greater if the p ressure relief is tapped at 
point A ra ther than at the half-zones. Fourth, the check valves have a 
cracking pressure of +1 in. of water and therefore need the additional p re s 
sure head provided at point A. Fifth, since all valves between the half-zones 
and point A have mechanical limit points so they cannot close, the line from 
point A to either half-zone cannot be closed. 

As a backup to the above-mentioned high-pressure relief system, 
each half-zone contains a mechanical h igh-pressure relief valve, with a 
cracking p ressu re of approximately 42 in. of water (1.5 psig). As shown in 
Fig. 37, the relief valve for each half-zone is located in the argon-loop 
piping between the service housing and the preheater . In the extremely 
unlikely event of a h igh-pressure re l ief-system failure, these relief valves 
protect the VTRZ assemblies from serious overpressure damage and 
associated hazards by relieving the p ressures and dumping the overpressure 
gas into the reactor plenum areas . Gases entering the plenum areas a re 
filtered by the reactor cooling system before reconnbining with the reac to r -
cell a tmosphere. 

4,5.5.7 Argon-loop Low-pressure Relief System 

The low-pressure relief system protects both heatable half-zones 
from an underpressure . The pressure at which the low-pressure relief 
system takes effect is a predetermined level above which there is no yield
ing of the front cover plates. The difference between the low-pressure 
relief p ressu re and operating pressure is considerably larger than for the 
h igh-pressure relief because of the support given to the front cover by the 
inne r -ba r re l matr ix . Upon a signal of low pressure in either half-zone, the 
low-pressure relief system performs two functions: 

(1) It isolates the half-zones from the only two possible causes of 
low pressure (the Dr i -Tra in vacuum pump and the purge pump) by closing 
pneumatic valves 3-5 (if not already closed). 

(2) It opens pneumatic valves 1 and 2 to allow the argon supply gas 
to backfill the zone(s) at low pressure . 

The argon-loop low-pressure relief system is shown in Fig. 52. 
For a given half-zone, the p ressure relief operates in the following manner: 

(1) A low pressure is sensed by two differential switches located at 
the Dr i -Tra in station. Both switches are normally closed, and the opening 
of either switch actuates pneumatic valve logic, which in turn opens 
valves 1 and 2 while closing the pneumatic isolation valves. 



(2) The h a l f - z o n e low p r e s s u r e i s r e l i e v e d by backf i l l ing f rom the 
a r g o n supply c y l i n d e r . A l o w - p r e s s u r e r e g u l a t o r d r o p s the s u p p l y - l i n e 
p r e s s u r e f rom 20 p s i to about 3 in. of w a t e r . T h i s 3- in . ( r e l a t i v e to ce l l 
p r e s s u r e ) p r e s s u r e head a l lows a g r a d u a l backf i l l and a final s y s t e m p r e s 
s u r e that is l e s s than that which would a c t u a t e the h i g h - p r e s s u r e re l ief . 
The a r g o n loop r e m a i n s in the l o w - p r e s s u r e r e l i e f condi t ion unt i l r e s e t 
m a n u a l l y . 

RHEUMATIC VALVE 

Fig. 52. Low-pressure Relief System 

As with the h i g h - p r e s s u r e re l ief , the l o w - p r e s s u r e r e l i e f s y s t e m is 
m o n i t o r e d on the VTRZ A r g o n Flow S y s t e m front pane l shown in F i g . 46. 
T h e r e a r e s e p a r a t e l igh ts for each p r e s s u r e swi tch and the c o m p l e t e layout 
of va lve con f igu ra t ions . A m a n u a l o v e r r i d e swi tch is p r o v i d e d for u s e at the 
d i s c r e t i o n of the o p e r a t o r . 

4.5.6 A i r - c o o l i n g S y s t e m s 

F i v e comple t e ly independent a i r - c o o l i n g s y s t e m s a r e a s s o c i a t e d with 
the VTRZ: a cooling g u a r d - r i n g (CGR) for each h a l f - z o n e , an i n n e r - m a t r i x 
cooldown (IMCD) for each h a l f - z o n e , and the ex i s t ing Z P R - 6 r e a c t o r - m a t r i x 
cooling s y s t e m . E a c h a i r s y s t e m inc ludes a b l o w e r , flow c o n t r o l s , flow 
m o n i t o r s , and a duct ing s y s t e m . T h e s e a i r s y s t e m s a r e shown s c h e m a t i c a l l y 
in F i g s . 53- 55. , 

A pa i r of b l o w e r s that supply cooling a i r for the CGR and IMCD s y s 
t e m s for each VTRZ ha l f - zone a r e loca ted on a s m a l l shelf at the r e a r edge 
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of each of the two reactor tables as shown in Fig. 6. Cell air is picked up 
at this point and ducted through the control-rod mounting plate to the half-
zone duct system as described below and in Sec. 4.5.4, Return ducts pass 
through the control-rod mounting plate and exhaust the warm air into the 
cell behind the mounting plate. In the reac to r -mat r ix cooling system, under 
normal operating conditions (halves together), cell air enters the movable 
half-shroud, passes axially through the outer matr ix, continues through the 
stationary half-shroud, is ducted to a bank of fi l ters, and is then pulled 
through a 5000-cfm blower, which dumps the air back into the cell. The 
following paragraphs discuss the purpose of each cooling system, its hard
ware, monitoring and control equipment, and its operating charac ter i s t ics . 

The CGR maintains room-temperature conditions in the VTRZ outer 
matr ix assemblies by removing the heat t ransferred radially from the 
VTRZ inner matr ix assemblies in such a way that the system has minimal 
effects on VTRZ neutronics. A 3-hp air blower (Buffalo Forge Co.) serves 
each VTRZ half-zone CGR system and establishes a maximum 400-cfm 
flow rate at a static pressure of 17.6 in. of water. The main steel duct 
work of each half-zone CGR system divides into two pipe sys tems, which 
feed the VTRZ. The total flow and balancing of flow between the two pipe 
systems of each half-zone are controlled by two hand-operated butterfly 
valves. After the desired total flow and balancing are achieved, these 
valves are locked in place. The flow further divides once it enters the 
VTRZ half-zone insulation annulus. The balancing of these flows is accom
plished by baffle gates as shown in Fig. 53. After the desired flows in the 
CGR channels are achieved, these gates a re also locked in place. The flow 
patterns in the CGR channels are shown in Fig. 53; the physical layout of 
the channels, including channel obstructions (e.g., lower ball-mount 
brackets) , are discussed in Sec. 4.5.4. Air is forced down four CGR 
channels to the front of the insulation annulus of the half-zone, where the 
flow is reversed and forced into the other four CGR channels, which guide 
the flow back to the rea r of the half-zone. The flows recombine in the 
shroud and are ducted in two steel pipes out of the shroud and into the cell. 
Just upstream from each of the two CGR exits on each half-zone, a flow 
element senses the average velocity p ressure and deactuates one or more 
differential-pressure switches, depending on the flow (pressure) level. 
Placing these sensing elements near the CGR exhausts eliminates the 
possibility of sensing a flow that does not pass through the VTRZ. 

Except for ON-OFF switches for both half-zone CGR blowers, there 
are no CGR controls in the control room. Initial in-cell adjustments of the 
two butterfly valves and two baffle plates per half-zone to achieve correc t 
total flow and balancing are all that are necessary for normal operation of 
the CGR system. 

If the flow in any of the four CGR exhaust ducts falls below a preset 
level, a differential-pressure switch, held closed by the velocity p re s su re . 
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opens to light an a larm lamp on the VTRZ-CGR front panel in the control 
room, A further reduction in this exhaust duct flow tr ips the VTRZ heater 
power. The VTRZ a la rm and heater- inter lock systems are described in 
Sees. 4 5.12 and 4.5.11, respectively, the a larm and heater- inter lock tr ip 
levels are discussed in ANL-7638 (Sees. 3.2.3 and 3.2.2, respectively). In 
addition to this direct monitoring of CGR operation, outer -matr ix thermo
couple readings (described in Sec. 4,5.8) provide a backup indication of 
CGR flow failure 

At an operating flow of 400 cfm (STP), each of the two CGR loops 
removes about 1800 W of heat from each half-zone, which ra i ses the cooling-
air temperature by about 10 C° Details of the heat transfer of the system, 
together with a description of the temperature profile across the insulation 
annulus, appear in Sec. 5.2.6 CGR prototype experience and flow analyses 
appear in Sec. 7 2. In the event of an electr ic power failure, the emergency 
power system operates the CGR as described in Sec. 4.5.7. 

The inner-matr ix cooldown system cools down the inner matr ix as 
rapidly as possible without generating excessive thermal s t r esses in the 
inner ba r r e l and in such a way that the system has minimual effects on 
VTRZ neutronics, A i^ hp gas blower (Buffalo Forge Co.) serves each 
VTRZ half-zone IMCD system and establishes a maximum 160-cfm flow 
rate at a static p re s su re of about Z0.2 in, of water. This flow is controlled 
just downstream from the blower by a motor-driven butterfly valve, which 
can be operated remotely from the control room. Downstream from this 
valve, the main IMCD steel duct work of each half-zone divides into two pipe 
systems, which feed the VTRZ, Flow between the two IMCD pipe systems 
is balanced by two hand-operated butterfly valves on each half-zone, s imilar 
to the ones used on the CGR system. After the desired maximum total flow 
and flow balancing are achieved, these valves are also locked in place. The 
flow further divides once it enters the manifold duct of each half-zone, as 
seen in Fig. 55. This flow division is adjusted by a baffle with an adjustable 
gate s imilar to that of the CGR It too can be locked in place. The flow 
patterns in the annulus channels are shown in Fig. 54, and the physical lay
out of the channels is discussed in Sec. 4.5.3. Air is forced down one side 
of each of four ducts to the front of the half-zone, where the flow is reversed 
and forced down the other side of each duct to the rear of the half-zone. The 
flows recombine in the shroud and are ducted in two steel pipes out of the 
shroud and into the cell. The IMCD air exiting from the VTRZ can be very 
hot, and for this reason the exit air is deflected toward the ceiling of the 
cell as it exhausts. In each of the two entrance pipes for the IMCD, a flow 
element senses the average velocity p ressure and actuates one or more 
different ial-pressure switches depending on the flow (pressure) level. 
Since the IMCD system is monitored to prevent excessive flow during cool
down, placing these sensing elements in the IMCD entrance pipes ensures 
that all flow into the VTRZ cooling ducts is monitored. 
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In addition to ON-OFF switches for both half-zone IMCD blowers, 
the control-room IMCD chassis contains the drive controls for the two 
motor-dr iven butterfly valves. The valve motors have a continuously 
variable drive speed and also can be driven in a single-step mode with 
increments of 1.8° (50 steps from full open to closed). After in-cell 
adjustments of the balancing valves and baffle gates a re made, these two 
remote-controlled valves provide all necessary IMCD control. 

The IMCD monitoring scheme can be divided into two sections: 
valve-position monitoring and IMCD exhaust-flow monitoring. The exhaust-
flow monitoring section is similar to the CGR system, with four exceptions: 

(1) If the flow in any of the four IMCD exhaust ducts r i s e s above a 
preset level, a differential-pressure switch, normally closed, is forced open 
by the increased velocity pressure , lighting alarm lamps, etc. 

(2) This flow-trip preset level is adjustable in the control room 
and varied during a cooldown. 

(3) The IMCD flows are only on the a larm system because the 
heaters are turned off during cooldown. 

(4) Finite-step flow meters are provided for each exhaust flow. 

The valve-position monitors are mete rs sensing the change in 
resistance of potentiometers located on the motor-dr ive linkages. The 
inner-matr ix thermocouple readings (described in Sec. 4.5.8) provide a 
check on performance and guide the operator in making flow adjustments. 

Details of VTRZ IMCD heat-transfer character is t ics during cool
down appear in Sec, 5.2.7. Inner-matr ix cooldown prototype experience 
and flow analysis appear in Sec, 7.3. Electr ic power for the IMCD air 
blowers is not on the reactor emergency system. 

The outer-matr ix air-cooling (OMAC) system is the reactor cooling 
system described in Ref. 2. In addition to its pr imary function of stabilizing 
the temperatures of and removing the heat from a plutonium-loaded core, 
the OMAC system is used with the VTRZ to remove the small amount of 
heat that leaks through the insulation and CGR system from the inner matrix 
assembly to the outer matr ix assembly. Its pr imary function is to stabilize 
outer-matr ix temperatures rather than to remove large quantities of heat. 
As discussed in Sec. 4.5.4, in certain a reas in the insulation annulus the 
thickness of the insulation is significantly reduced. These a reas provide a 
heat- transfer path to the outer matr ix and would cause undesirable local 
temperature r i ses if the OMAC system was not functioning. 

The OMAC system, shown in Fig. 55, has two modes of operation. 
During normal operation, air is pulled through both reactor halves, entering 
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the movable half and exiting through the stationary half. The air is then 
ducted up to a bank of HEPA filters, through the blower, and dumped back 
into the cell. When the halves are separated, air is drawn into the halves 
at the exposed faces, out the shrouds, into the ducts, and through the f i l ters . 
Since the system is under negative pressure (relative to the cell) in both 
modes, all the air passing through the VTRZ outer matr ix assembly is 
eventually filtered before being dumped back into the cell. With the VTRZ 
in place, the OMAC system functions exactly as described in Ref. 2. A 
typical flow per matr ix tube in the operating OMAC system is 4 cfm with a 
24-in. wa te r -p res su re drop. All the matr ix tubes of the VTRZ outer matr ix 
assembly are identical to the normal ZPR-6 and -9 tubes, except for the 
12 tr iangular tubes on the diagonal flats of the outer bar re l , The tr iangular 
tubes contain special orifice plates to control OMAC flow through them. 

4.5.7 Electr ical Power System 

The VTRZ electrical power system modifies and extends the existing 
ZPR reac tor -ce l l electr ical-distr ibution system to provide all necessary 
electr ical power and control equipment for in-cell VTRZ components, i.e., 
for the cooling guard-ring (CGR) and inner-matr ix cooldown (IMCD) sys
tems, the internal and external inner-matr ix-assembly heaters , the inert-
gas loop system, and in-cell instrumentation. Figure 56 (with Fig. 57) is a 
schematic of the electrical power system; Fig. 58 shows the location of the 
major components of the system in the ZPR-6 cell, (installation in ZPR-9 
would be similar .) Procurement of the VTRZ electrical power equipment 
is governed by the Electr ical Power Section specification mentioned in 
Sec. 1.2.c(2). 

The inner -mat r ix cooldown-system blo'wers are supplied, from the 
existing in-cell 480-V three-phase bus. This power bus is not connected to 
the reactor emergency power system. Electr ical power loss to the cool
down air blowers, even during cooldowns and for long time periods, would 
be inconvenient but not dangerous. 

Although heat transfer radially through the insulation annulus is 
slow, even with the CGR airflow off, operability of the CGR system during 
extended normal power-supply outages is considered desirable. Therefore, 
the CGR blowers a re connected to the reactor emergency-power-sys tem 
208-V three-phase bus, which is automatically switched to the s team-driven 
generator in the basement when the normal power supply fails. Note that 
t ime-delay (3-55 sec) re lays are connected between the CGR blowers and 
the 208-V emergency bus. These delays are needed to avoid the very high 
start ing load on the emergency bus during the first few seconds after the 
power is t ransfer red to the s team-driven generator; an interruption of a 
few seconds (or even a few hours) is not important for the CGR system. 

Mechanically-latched s ta r t - s top switches for both the CGR and 
IMCD systems are located remotely on the VTRZ control panel in the 
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reactor control room. Once in the s tar t position, these switches remain in 
that position and cause the blowers to start again after a power loss as soon 
as the power is res tored or t ransferred to the emergency bus. 

All in-cell VTRZ instrumentation including all temperature , airflow, 
and argon-gas-loop instrumentation and the argon-gas-loop circulation and 
pressure-cont ro l equipment is directly connected to the reactor 208-V 
emergency power bus, without time delays, so that virtually uninterrupted 
operation is ensured. 

The power supply and control system for the VTRZ heaters is con
nected through stepdown t ransformers and a remotely controlled relay to 
the existing in-cell , normal 480-V three-phase power bus; this bus is not 
connected to the reactor emergency power system. Loss of heater power 
is inconvenient, but not dangerous. The remote relay is the central control 
element in the heater cutoff interlock system described in Sec. 4.5.11. 
There are six heater buses for each of the two VTRZ half-zones: the 
inner -ba r re l -assembly front-flange heater, rear-flange heater, service-
housing ( rear-cover) heaters (there are two heaters on the service housing), 
and three internal heater buses. Each heater bus is controlled by a com
mercia l (Robicon) variable power controller. These controllers operate by 
passing a selected fraction of the incoming power cycles (to produce rapid 
pulses of power); power interruption occurs as the voltage wave passes 
through zero, so that very little electrical interference should be generated. 
The heaters mounted on external surfaces of the inner ba r re l assembly 
are commercial steel-sheathed, MgO-insulated, Nichrome wire hea ters ; 
each heater has an individual fuse mounted near the service housing. 

Each of the three heater buses serving the inside of each inner 
ba r re l assembly is designed to supply a maximum of 1 5 1-kW heaters . 
These heaters are commercial 3/8-in.-dia Inconel-sheath, MgO-insulated, 
cartr idge heaters ranging in length from 6 to 36 in. and up to a maximum 
1-kW rating. The heaters replace oxide fuel rods in selected calandria 
cans; for example, a 36-in. heater would pass along a matr ix tube through 
three calandria cans. The exact number, power rating distribution, and 
bus assignment of the heaters within the inner matr ix depend on the experi
ment being performed and the desired spatial distribution of heating; three 
buses are provided within each inner matr ix assembly to permit maximum 
heating flexibility. Every heater distribution will probably include a ring 
of heaters in the outermost ring of calandria cans (i.e., next to the inner-
mat r ix jacket) on one bus to facilitate thermal equilibration. Each heater 
within the inner mat r ix assembly is fitted with an individual fuse mounted 
within the heated zone in the wiring space behind the inner matrix. These 
fuses operate in the 20-600°C argon environment and have a 6.3 ± 0.3-A 
fusing current (1.5 ± 0.07 kW) regardless of fuse temperature or history; 
the fuses a re described in detail in Sec. 8.1. Fusing within the hot zone is 
necessary because of the large number of individual heaters needed, the 
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practical limit on the number of service-housing penetrations, and the 
impracticality of protecting against individual heater failures by fusing an 
entire bus external to the hot zone. Current limitation to 6.3 A is adequate 
to protect the calandria cans and the fuel rods. 

The cartridge heaters are constructed of a ser ies of 1 - to 3-in. spiral 
Nichrome heater sections connected in parallel to a pair of power leads that 
pass down the center of the heater assembly. Fai lure modes in these 
heaters are unknown; the only failure that has ever occurred (even at full 
power and hanging free in air) throughout the prototype testing work has 
been lead-wire breakage during heater disconnections. 

As shown in Fig. 56, potentiometer controls and current monitors 
for each heater bus are provided on the VTRZ control panel located in the 
reactor control room. 

The only part of the electrical power system to be routinely handled 
by the VTRZ operating crew will be the connections to the 12 heater buses, 
six on each half-zone. These connections are located on the outside of the 
service housing and, for the six car t r idge-heater buses, within the wiring 
spaces behind the heatable matr ices . The maximum operating voltage of 
each bus is 240 Vac. Protection against electrical shocks to personnel will 
be handled primari ly by administrative controls, part icularly operating 
checklists. However, two safety precautions have been taken in the electri
cal system design: Fi rs t , the entire heater power system beyond the 
480-240-V t ransformers is connected as an ungrounded-delta system and 
is electrically isolated from the grounded reactor assembly. (The secondary 
side of the 480-V transformer is a grounded-Y connection.) This limits the 
electrical shock to a person standing on the reactor bed and accidently 
touching one leg of the three-phase 240-V system to the capacitive-coupling 
current in the 240-V phase to ground. Ground lights a re mounted on the 
north wall of the reactor cell. There are three lights, and they are all on 
if the delta-connected system is ungrounded One of the lights goes out if 
the corresponding phase becomes grounded. Second, the plenum doors pro
viding access to the heater bus connections at the service housing are 
locked. The VTRZ control-panel interlock key must be removed and the 
remote relay thereby opened to gain access to the plenum-door key. The 
padlock key must be inserted in the heater interlock chassis of the VTRZ 
control panel to permit closure of the remote relay and the acquisition of 
heater power. The padlock system is not foolproof, but is intended as a 
precautionary step. The design of the VTRZ heater power system has been 
reviewed and approved by an electrical safety engineer from the ANL Indus
tr ial Health and Safety Division. In part icular , the 240-V system was not 
considered by the safety engineer to be appreciably more hazardous than a 
120-V system. Significantly lower voltages have been ruled out by the r e 
quired cable and service-housing penetration bus sizes and by the unavail
ability of commercial heaters of sufficient power rating. 
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4.5.8 Temperature Instrumentation 

The purpose of the VTRZ temperature-instrumentat ion system is 
twofold: F i r s t , it measures and records radial and axial temperature pro
files needed for the control of VTRZ heating and cooling and for the analysis 
of VTRZ experiments. Second, it signals the occurrence of various abnor
mal conditions in the heating, cooling, and argon loop systems. The tem
perature instrumentation provided for the VTRZ is described in this section. 
The description is divided into the following paragraphs: 

4.5.8.1 Thermocouples and Their Locations 

4.5.8.1.1 Inner Matrix 

4. 5.8.1.2 Outer Matrix and Insulation Annulus 

4.5.8.1.3 Cooling Guard-ring and Inner-matr ix Cooldown AirSys tems 

4.5.8.2 Readout and Recording System 

The tempera ture instrumentation for the argon loop external to the inner 
ba r re l s is described in Sec. 4.5.5.3.6. The scram, heater- interlock, and 
a larm systems associated with VTRZ temperature monitoring are described 
in Sees. 4.5.10, 4.5.11, and 4.5.12, respectively. Safety considerations and 
temperature tr ip levels are discussed in Sees. 3.2.1-3.2.3 of ANL-7638. 
The relation of inner-matr ix temperature monitoring to calandria-can 
overheat detection is detailed in Sec. 8.2. 

4.5.8.1 Thermocouples and Their Locations 

4.5.8.1.1 Inner Matrix • 

The principal inner-matr ix thermocouples have Chromel-Alumel 
sensing elements packed in a high-purity magnesium oxide insulation and 
are sheathed in 20-mil-OD Type 304 stainless steel or Inconel 600 tubes. 
The wire connecting these thermocouples to the thermocouple reference 
junction is Chromel-Alumel thermocouple wire, insulated with glass braid. 
The VTRZ service housing provides feedthroughs to accommodate up to 
136 thermocouple wires , which sets the limit of inner-matr ix locations that 
can be monitored at one time. Of these 136 thermocouple locations (per 
half-zone), 66 are fixed in order to meet the calandria-can overheat-
detection requirements . Briefly, the calandria-can overheat-detection 
requirement is that every inner-matr ix calandria can containing a cartr idge 
heater must be in direct contact with, or directly adjacent to (separated 
only by a matr ix tube thickness), a thermocouple. Figure 59 shows a ther
mocouple location scheme that meets the above requirements for one echelon 
of calandria cans, independent of car t r idge-heater position. This scheme is 
repeated for the number of calandria-can echelons in a VTRZ half-zone. In 
the standard VTRZ loading, there are three calandria-can echelons in the 
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36-in. axial length of each inner bar re l . Since the calandria cans heat uni
formly along their length, it is unimportant just where the thermocouples 
a re located along their 12-in. length. The locations for the remaining 70 
of the total of 136 thermocouples are completely a rb i t ra ry (within the limits 
of practicability) and are determined by the nature of the experiment taking 
place. Normally, however, an effort will be made to provide a redundancy 
for the calandria-can overheat requirement. Without this redundancy, the 
operator would have to shut down if any one of the 66 thermocouples failed. 
For example, with a "complete-redundancy" pattern as shown in Fig. 60, 
there is a backup thermocouple for each of the basic 66; the operator would 
be forced to shut down only if two adjacent thermocouples failed, thus leaving 
a calandria can unmonitored. For the matr ix tubes marked with triangles in 
Fig. 60, there would have to be a three-adjacent-thermocouple failure in 
order to lose monitoring. In addition to providing a complete redundancy, 
the thermocouple distribution shown in Fig. 60 provides a detailed inner-
matr ix axial-cross-sect ion temperature profile including 45 thermocouples 
per half-zone that show the effects of the IMCD and CGR on the inner-matrix 
jacket temperatures . If this scheme were used, there would be 10 uncom
mitted thermocouples per half-zone that could be used as seen fit by the 
experimenter. 

When a calandria can is pushed to one side of the matr ix tube, a 
(nominally) 50-mil gap is created between the can and the tube, providing 
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a m p l e r o o m for t h e r m o c o u p l e i n s t a l l a t i on , A s p e c i a l i n s e r t is p rov ided to 
g u a r a n t e e good t h e r m a l con tac t be tween the t h e r m o c o u p l e , the m a t r i x tube , 
and the c a l a n d r i a can. 

The t h e r m o c o u p l e w i r e i s r u n f rom the t h e r m o c o u p l e to a c o n n e c t o r 
b lock l oca t ed in the w i r ing s p a c e of the i nne r m a t r i x a s s e m b l y , then t h r o u g h 
the s e r v i c e hous ing f e e d t h r o u g h s , and finally to the m a s t e r t h e r m o c o u p l e 
r e f e r e n c e junc t ion l oca t ed in a r a c k b e s i d e the D r i - T r a i n s t a t ion . The 
i n n e r - b a r r e l t h e r m o c o u p l e wi r ing is d i s c u s s e d fu r the r in Sec , 4,5,3 and 
shown in F ig . 29. 

4 .5 .8 .1 ,2 Ou te r M a t r i x and In su l a t i on Annulus 

T h e r e wil l be two o p e r a t i o n a l p h a s e s to the m o n i t o r i n g of t e m p e r a 
t u r e s in the o u t e r - m a t r i x and i n s u l a t i o n - a n n u l u s r e g i o n s : The f i r s t p h a s e 
wil l be i n - c e l l m o n i t o r i n g a s p a r t of the in i t i a l VTRZ checkout . The second 
wil l be the n o r m a l o p e r a t i o n a l m o n i t o r i n g f rom the c o n t r o l r o o m du r ing 
r o u t i n e V T R Z o p e r a t i o n . The n u m b e r and loca t ion of t h e r m o c o u p l e s for the 
checkou t p h a s e a r e v e r y f lexible and a r e d i c t a t e d by the d e m a n d s of the 
checkou t . F o r the n o r m a l o p e r a t i o n p h a s e , the t h e r m o c o u p l e s a r e l i m i t e d 
to 44 of which a m a x i m u m of 20 can be C h r o m e l - A l u m e l (high t e m p e r a t u r e ) . 
T h e s e l i m i t a t i o n s a r e d e t e r m i n e d by the capac i ty of the t h e r m o c o u p l e 
s c a n n e r and m u l t i p o i n t r e c o r d e r s d e s c r i b e d in Sec . 4 .5 .8 ,2 , 
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The p u r p o s e s of the t h e r m o c o u p l e s in the o u t e r m a t r i x and the in 
su la t ion annulus r e g i o n s a r e a s fo l lows: 

(1) Mon i to r the hot spo t s w h e r e the i n s u l a t i o n is th in o r nonex i s t en t 
( i . e . , at the ba l l m o u n t s , ax ia l guide a s s e m b l i e s , a x i a l - m o t i o n r e s t r a i n e r 
b r a c k e t s , and f langes) . 

(2) Moni to r the t e m p e r a t u r e at the o u t e r - m a t r i x m a x i m u m - s t r e s s 
p o i n t s . 

(3) M o n i t o r the m a t r i x tubes ad jacen t to the e m p t y t r i a n g u l a r - m a t r i x 
tubes on the d iagona l f la t s . 

(4) Moni to r the t e m p e r a t u r e of t yp i ca l o u t e r - m a t r i x t u b e s , and 
check for s t ab i l i ty and drif t , 

(5) Mon i to r the IMCD and CGR duct t e m p e r a t u r e s , 

A typ ica l t h e r m o c o u p l e loca t ion s c h e m e is g iven in F i g . 6 1 . N o r 
m a l l y , C h r o m e l - A l u m e l t h e r m o c o u p l e s a r e used when t e m p e r a t u r e s g r e a t e r 
than 100°C a r e an t i c ipa t ed , while c o p p e r - c o n s t a n t a n a r e used when t e m p e r a 
t u r e s l e s s than 300°C a r e an t i c ipa t ed . Dur ing n o r m a l o p e r a t i o n , when only 
44 of t h e s e t h e r m o c o u p l e s can be used , the e x p e r i m e n t e r can choose any 
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combination he wishes, as long as he fulfills the requirements of the 
"Cold Zone" a larm and heater- inter lock tr ips defined in Sees. 3.2,2 and 
3.2.3 of ANL-7638. 

4.5.8.1.3 Cooling Guard-ring (CGR) and Inner-matr ix Cooldown (IMCD) 
Air Systems 

The exit tempera tures for both the CGR and IMCD systems are 
measured in the exhaust ducts (four ducts per half-zone) outside the 
shrouds. These tempera tures , plus those measured in the insulation annu
lus, a re an adequate measure of the operating temperatures of these two 
systems. The exit tempera tures can be monitored both in the reactor cell 
and in the control room; however, they are not part of the control-room 
alarm or heater- inter lock systems. 

4.5.8.2 Readout and Recording System 

The thermocouple readout and recording system, shown schemati
cally in Fig. 62, performs the following functions: 

(1) It permanently records up to 372 temperatures as a function of 
time for use in VTRZ operation and in the analysis of experiments (300 are 
typed on the printer , and 72 are recorded on the three 24-point, s t r ip-char t 
recorders ) . 

(2) It t r ips the a larm system if temperatures are sufficiently 
abnormal. 

(3) It t r ips the heater- inter lock system if temperatures a re suffi
ciently abnormal. 

(4) It signals a failure of any of the 372 thermocouples monitored. 

(5) It provides readout of 72 temperatures on multipoint r eco rde r s , 
and provides virtually instant readout of any of 300 temperatures in p re -
assigned sequences on the pr in ter -scanner system. 

Each reactor half is assigned 200 thermocouples, 150 of which are 
reserved for the hot zone. The thermocouple extension wires are run from 
the service-housing feedthroughs and from the reactor locations external to 
the inner ba r r e l to terminal boxes mounted in or on the reactor plenum of 
each half-zone. The terminal s t r ips and input and output connectors in the 
terminal boxes are coinpatible with the thermocouples used. The thermo
couple wires from each reactor half-zone terminal box are run in 24-
conductor thermocouple extension cables to the main thermocouple junction 
box mounted next to the reactor in a relay rack. 

All the terminal str ips and input and output connectors in the main 
junction box are made of thermocouple mater ia l s . In the main junction box. 
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300 of the 400 thermocouples are selected for monitoring by the scanner-
printer system. The only constraint on the choice of thermocouples for the 
scanner-pr in ter system is that those thermocouples required for the heater-
interlock and a la rm systems must be included. The scanner system will 
accept both Chromel-Alumel and copper-constantan thermocouples. In the 
main junction box, 72 of the 400 thermocouples are selected for monitoring 
by the multipoint r eco rde r s . 

There are two constraints on the selection of the thermocouples for 
the multipoint r eco rde r s : F i r s t , a given multipoint recorder will not accept 
both Chromel-Alumel and copper-constantan thermocouples, and therefore 
these types cannot be mixed. Second, as with the scanner-pr inter system, 
the choice of thermocouples for the multipoint r ecorders must conform to 
the requirements of the heater- inter lock and a larm systems. 

The scanner-pr in ter system is made up of a thermocouple reference 
junction, a scanning system, an integrating digital voltmeter, a printer , a 
temperature comparitor, and a t imer. The thermocouple reference junction 
establishes a reference temperature and permits the conversion from 
thermocouple wire to copper wire without introducing temperature e r r o r s . 
The scanning system, made up of a master scanner containing 100 channels 
and a slave scanner containing 200 channels, scans 300 thermocouples in 
about 1 min, according to a preselected sequence. The scanning-system 
circuitry is set up so that it will be read 0°C for an open thermocouple. 
The output of the scanning system passes through an integrating digital 
voltmeter (analog-to-digital converter) and then to a high-speed printer , 
which can be started and stopped at the discretion of the operator. The 
printer also prints the time signaled from the t imer and the individual 
thermocouple identification. A digital comparitor signals the heater-
interlock and a la rm systems if abnormal temperatures are present. 

The multipoint r ecorde r s are fed directly by thermocouple extension 
wire from the main junction box. The recorders a re the chief readout sys
tem for the VTRZ operator. Normally, there will be one recorder assigned 
to monitor tempera tures in each heatable half-zone and one assigned to 
monitor "cold-zone" tempera tures . The a larm and heater- inter lock t r ips 
associated with these r ecorde r s a re described in Sees. 4. 5.11 and 4. 5.12, 
respectively. All three multipoint r ecorders are of the down-scale burnout 
type; i .e. , they read 0°C for open thermocouples. 

The CGR and IMCD thermocouples are wired directly to two Simpson 
tempera ture me te r s in the control room, one for each system. Manual 
switches permit readout of any of the four exhaust tempera tures desired. 

The independent temperature-sensing channels associated with the 
VTRZ sc ram system are described in Sec. 4.5.10. 
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4.5.9 Component Failure Monitors 

The key to safe operation of the VTRZ is the maintenance of the 
integrity of the calandria cans and fuel rods. Most of the VTRZ equipment 
discussed elsewhere in this report is designed to protect the integrity of 
these components. However, as a backup, a system of monitors has been 
developed to signal a failure of either component or an overheat condition 
that could lead to a failure of either component. A helium monitor and a 
plutonium-alpha monitor have been developed to detect fuel-rod failures 
by sensing increased levels of helium gas (from the fuel-rod fill gas) and 
plutonium-alpha content, respectively, in the argon cover gas downstream 
from the half-zones. A sodium monitor has been developed to detect a 
calandria-can failure by sensing an electrical short produced by the accu
mulation of liquid sodium at the bottom of the inner -mat r ix-assembly wiring 
space. The inner-matr ix-assembly temperature-monitoring system is 
designed to detect any abnormal heating in time for the proper action to be 
taken before a thermally induced can or rod failure can take place. The 
temperature-monitoring system is described in Sees. 8.2 and 4.5.8.1.1. The 
plutonium-alpha, helium, and sodium monitors are discussed below. 

The plutonium-alpha monitor detects plutonium part icles in the argon 
blanket gas as it exits from the inner bar re l and thereby signals a fuel-rod 
failure. The plutonium-alpha monitor is not used when there are no (Pu,U)02 
fuel rods in the VTRZ. The heater- interlock trip-point setting for 
plutonium-alpha contamination in the closed argon loop is determined by the 
number of counts corresponding to 1000 RCG-hr (i.e., 2 x 10"'' p,Ci-hr/cm^); 
the a larm set point is set for just half that amount. The theoretical sensi
tivity of the plutonium-alpha detector is such that counts corresponding to 
10 RCG-hr (i.e., 2 x 10"" |j ,Ci-hr/cm'); can be distinguished from back
ground. Theory of operation, analyses of the monitor sensitivity, and pro
totype testing relevant to the monitor performance are covered in Sec. 8.4.2. 
Monitor-system hardware and electronics are discussed here . 

Figure 63 shows the plutonium-alpha-monitor-piping with a detail of 
the sensing unit and a block diagram of the monitor electronics. The loop 
subassembly design is a compromise between conflicting operational 
cri teria; the pressure drop across the subassembly must be kept to a mini
mum, and the particle attenuation on the filter must be kept to a maximum. 
In the design, only one-fourth of the argon flow passes through the filters; 
the remaining gas flows in the bypass line. This division of flow generates 
a tolerable pressure drop (about 14 in. of water) while reducing the overall 
efficiency of the detecting system by only a factor of four. The main-line 
valves and unions are arranged to allow removal of the monitor housing for 
filter changes and/or monitor calibration with minimal a i r contamination 
of the argon loop. The housing itself has a quick-disconnect clamp for 
rapid access to the filter area. 
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Since plutonium particles in the argon flow will impact on flow ob
structions, an obstruction-free path is provided from the inner -bar re l exit 
to the monitor housing. There are no sharp turns or internal fins in the 
heat exchanger, and the one valve upstream from the monitor is a straight-
through ball valve. Also, the plutonium-particle-concentration ratio between 
the monitoring line and the bypass line should be more than or equal to the 
argon-gas-flow ratio of 1:3 because of the "straight-through" monitor-l ine 
piping. The bypass line contains a flowmeter (placed there to keep the sub
assembly pressure drop to a minimum) and a throttling valve used to 
generate the necessary pressure drop needed to drive 0.25 cfm through the 
monitor tubing. The VTRZ operator can detect a dirty plutonium-alpha-
monitor filter paper (bypass flow increases) or a filter paper failure 
(bypass flow decreases) by comparing the plutonium-alpha bypass flow with 
the main-line flow, both are monitored on the control-room T.V. screen. 

The operation of the plutonium-alpha monitor is briefly as follows: 
The portion of the argon gas exiting the half-zone and passing through the 
monitor (about 0.25 cfm) is forced through a 1.2-y, pore-s ize membrane 
filter, which attenuates 0 .3 li and larger particles with an efficiency of 
99.942%. A silicon-lithium solid-state detector senses the accumulation 
of alpha emit ters on the filter surface. The signal from the detector passes 
through a charge-sensit ive preamplifier and a linear amplifier and into two 
parallel single-channel pulse-height analyzers and accompanying scalers 
and digital-to-analog converters . The discriminated alpha pulses register 
on two meters with variable-tr ip-point circuits . 

The electronics package is identical to the packages for the impactor-
type plutonium-alpha monitors used in ZPR-6 and associated workrooms. 
For the VTRZ, however, both channels are set for detection of plutonium-
alpha, with one channel containing the a larm set point and the other the 
heater-interlock set-point. This provides redundancy in plutonium-alpha 
detectionbeyond the linear amplifier. The ZPR-6 plutonium impactors use one 
channel for the detection of radioactive alpha-emitting radon-daughter 
products, which are present in the air being monitored and which must be 
subtracted as background to determine the true cell plutonium-alpha activity. 

Alpha particles whose energies do not lie in the preselected energy 
channel are discriminated against by the high-energy-resolution detector 
and the pulse-height analyzer. Each energy channel has a variable-base-l ine 
setting and a variable channel width. Because of the low counting rates 
involved, the counts from each channel are summed over a preselected time 
interval rather than attempting to use a count-rate circuit with a longtime 
constant. At the end of each count-summation interval, the summing cir
cuits are reset to zero and the accumulation is res tar ted . 

To cover an adequate range of alpha activity, the electronics package 
is designed to display a range of four decades on a logarithmic scale from 
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counts of I to lO''. The trip circuit is operated by a voltage proportional to 
the logarithm of the number of counts. If the total logged counts over the 
summation interval exceed the t r ip- level setting, the relevant t r ip circuit 
is actuated. 

As with the plutonium-alpha monitor, the purpose of the helium 
monitor is to detect fuel-rod failure. In each fuel rod, the void space 
between the fuel pellets and the rod cladding is backfilled with an argon-
helium mixture during fabrication. If a rod fails during operation, nomi
nally 0.2 cc (STP) of helium is released and is mixed with the argon cover 
gas. The helium is then flushed out of the inner bar re l with the argon gas 
and passes by the hel ium-monitor-gas sampler, which continuously sniffs 
a small portion of the passing gas. A mass - spec t romete r helium detector 
responds to the presence of helium in the sample gas and t r ips the a larm 
and heater- inter lock circui ts . 

The basic flow and electronic circuits for the helium monitor, 
shown in Fig. 64, can be divided into four par ts : the sampling system, the 
vacuum system, the helium mass - spec t romete r detector, and the electronics 
systenn. The sampling system has two naodes of operation: the normal 
mode, which samples argon loop gas, and the calibration mode, which intro
duces a known amount of helium for system-sensit ivi ty and tr ip- level 
checks. The sniffer leak rate was chosen on the basis of prototype test 
experience (Sec. 8.4.1) and is a compromise between a desire to sample 
as much helium as possible, and thus increase the signal-to-noise ratio, 
and a desire to sample as little gas as possible, and thus increase the 
overall vacuum system and mass - spec t romete r operational efficiency. 
The sniffer leak rate presently planned is about ^0"'' std cc / sec (helium), 
although some adjustment may be made in the final VTRZ setup. All valves 
associated with the helium monitor are bellows-type high-vacuum valves. 

The vacuum system designed for use with the mass spectrometer 
includes a I 50- l i t e r / sec air-cooled NRC HSA 150 diffusion pump, a 36-hr 
liquid-nitrogen cold t rap with automatic filler, a 21- l i t e r / sec Welch fore-
pump, and bellows-sealed O-ring-type valves. A throttling plate in the 
cold-trap section, just upstream from the diffusion pump, permits greater 
diffusion of sampled gas to the mass spectrometer and thus greater sensi
tivity. Justification for insertion of this throttling plate appears in Sec. 8.4.1. 

The mass - spec t romete r helium detector, Norton Company NRC 925-
20, has a basic sensitivity of 1 x 10"" std cc / sec (helium). The spectrom
eter tube contains an ion source, an ion collector, a preamplifier, a d is 
charge gauge, and a single external magnet for all necessary fields. A 
unique feature of this tube is that the ion source is an inexpensive "throw-
away" unit containing two filaments. If the first filament burns out, the 
second filament can be switched on from either the reactor cell or the 
control room. 
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The electronics system for the helium monitor consists of the NRC-
925-20 mass - spec t rome te r electronics located in the reactor cell and the 
control-room slave electronics designed by ANL. The mass - spec t romete r 
electronics unit supplies all power, amplification, and control circuitry to 
the spectrometer tube. Tuning controls are behind locked panels. The 
Norton mass - spec t rome te r " leak-ra te" meter , p ressure meter , and 
emiss ion-current meter a re duplicated in the control room. The operator 
can select filaments and energize them as he wishes from the control room. 

A detailed description of the helium detection theory, the operating 
specifications and conditions, and prototype experience appears in Sec. 8.4.1. 
The a la rm and heater- in ter lock t r ips are discussed in Sees. 4.5.12 and 
4,5.11, respectively. 

The sodium monitor is designed to detect gross sodium leakage from 
the calandria cans by allowing the liquid sodium to short out a specially 
designed electr ical grid located at the bottom of the wiring space of each 
inner -mat r ix-assembly half-zone. Integrity of the grid circuit is constantly 
monitored by a continuity circuit. Four thermocouple feedthrough pins per 
half-zone are reserved for the necessary electrical connections to the 
external circuitry. 

Each sodium monitor contains two circuits (A and B), electrically 
isolated from each other during normal operation. Circuit A shorts to 
circuit B ac ross the circuit grid plates if liquid sodium accumulates between 
the grid plates. Each circuit contains a constant-current source (nominally 
10 mA), lead wires to and from a shorting grid, a shorting grid (located in 
the inner -bar re l wiring space), and a resis tance to ground, which completes 
the circuit and ac ross which voltages are measured. Each circuit also con
tains a bucking-voltage source, which is connected to the voltage measuring 
point through a large res is tance . Circuits A and B are of opposite polarity, 
one voltage measuring +8 V (circuit A) and the other measuring -8 V 
(circuit B) during normal operation. The circuits are so designed that: 

(1) A discontinuity in circuit A will regis ter as -1 V and light a 
discontinuity a la rm light. 

(2) A discontinuity in circuit B will regis ter as +1 V and light a 
discontinuity a la rm light. 

(3) A spurious short in circuit A lead wires will register at +10 V 
and light a spur ious-short light. 

(4) A spurious short in circuit B lead wires will regis ter as -10 V 
and light a spur ious-short light. 

(5) A liquid-sodium-induced short from circuit-A grid to circuit-
B grid will drop both circuit voltages to zero, light the appropriate lamps, 
and open the heater- inter lock circuit. 



140 

(6) A bucking-voltage-source power failure will make the discon
tinuity monitoring inoperative, but will not affect the sodium-short 
monitoring. 

4.5.10 VTRZ-ZPR Reac to r - sc ram System 

If the inner-matr ix-assembly temperature or p ressu re r i ses sig
nificantly after the heater power is cut off, the VTRZ is considered to be 
in an uncontrolled operating condition and an automatic reactor sc ram 
should be initiated. Thus, VTRZ high-temperature and h igh-pressure 
r eac to r - sc ram trips have been added to the regular ZPR scram conditions. 

The VTRZ reactor-scrann system comprises 10 independent chan
nels of which six (three per half-zone) respond to high tempera tures and 
four (two per half-zone) respond to high p re s su re s . The corresponding 
10 relay interlocks, together with the abnormal ZPR condition interlocks 
comprise the VTRZ-ZPR scram chain. An opening of the scram chain 
simultaneously cuts power to the boron-rod magnets, driving the boron 
rods into the core, and cuts power to the fueled-rod magnets, driving the 
fueled rods out of the core. As a redundancy to the above actions, opening 
of the scram chain also opens the control power chain, which, in turn, 
actuates a boron-rod scram and a fueled-rod scram and initiates table 
separation. 

Figure 65 is a simplified circuit diagram (showing eight of the 
10 channels). The pr imary VTRZ inner-matr ix-assembly high-pressure 
scram channel for each half-zone is composed of a static pressure-sensing 
line, a differential-pressure switch, and associated electronics. The 
redundant high-pressure scram channel for each half-zone comprises a 
static pressure-sensing line, a pressure transducer, and associated elec
tronics. For high-temperature scrams in either half-zone, the pr imary 
channel includes a sensing thermocouple, a sensing amplifier, and scram 
trip circuitry. The two redundant high-temperature channels per half-zone 
have circuits identical to the pr imary channel. There is no coupling between 
the high-temperature scram circuitry and the VTRZ tempera ture monitoring 
system, specifically the scanners and the multipoint r eco rde r s . 

An identical temperature scram system (95°C) is now used on both 
ZPR-6 and -9. The scram circuitry is outlined in Table 15. All the scram 
relays are normally energized, all p ressure switches are normally closed, 
and, where necessary, other electronic circuits are in fail-safe configura
tions. In the event of a scram, all the abnormal-condition lamps remain 
on and relays remain deenergized until the abnormal condition is corrected 
and the relays manually reset . If the positive portion (+15 V) of the scram-
tr ip-circuit power supply for a given chassis fails, all the corresponding 
alarm, heater-interlock, and scram lamps for that chassis light. If the 
negative portion (-15 V) of the scram tr ip circuit power supply fails, a 



MONITOR CHASSIS I ASSOCIATED SCRAM L A M P S -

I I 

CONTROL 

POHEft 

CHAIN 

*2UV 

-V: 

.V: 

- D I S P L A Y PANEL -

F© 

FEN RE[ 

- CONSOLE 

AHNUNCIATOM 

PANEL LAMP 

FI6. U.S.IO-I 

VTRZ SCRAM SYSTEM 

Fig. 65. VTRZ Scram System 



142 

TABLE 15. VTRZ Scram Conditions and C i rcu i t ry 

Sc ram Condition S c r a m Ci rcu i t ry 

1. High p r e s s u r e in mov
able half- zone 

2. High p r e s s u r e in s ta 
t ionary half-zone 

A continuous e l ec t r i ca l signal from the 
movable (s tat ionary) p r e s s u r e t r a n s d u c e r 
pa s se s through an impedance conver t e r . 
The signal is then compared to the s c r a m 
t r ip level in a compar i to r c i rcu i t , and, if 
abnormal , deenerg izes a r e l ay whose con
tacts open, completing c i rcu i t s to the 
s c r a m lamps and opening the s c r a m chain 
c i rcu i t s . 

3. High p r e s s u r e in mov
able half-zone 

4. High p r e s s u r e in s ta 
t ionary half-zone 

A d i f f e ren t i a l -p ressu re switch (normal ly 
closed) senses the movable (s ta t ionary) 
half-zone p r e s s u r e and opens if the p r e s 
sure is too high. This deene rg izes a coil 
whose contacts open, complet ing c i rcu i t s 
to the s c r a m lamps and opening the s c r a m 
chain c i rcu i t s . 

5. High t empera tu re in 
movable half-zone 

6. High t empera tu re in 
s tat ionary half-zone 

A " s c r a m thermocouple" is d i rec t ly con
nected to a sensing amplif ier , which in turn 
is connected to the s c r a m t r i p c i r cu i t ry . 
The amplified thermocouple t e m p e r a t u r e 
signal is compared to the s c r a m t r i p level 
in a compar i tor c i rcui t , and, if abnormal , 
deenergizes a re lay whose contacts open, 
completing c i rcu i t s to the s c r a m lamps and 
opening the s c r a m chain c i r cu i t s . This 
c i rcu i t ry is repeated for each half-zone. 

r e l a y d e e n e r g i z e s and opens the pos i t ive (+15-V) po r t i on , wh ich in t u r n 
l ights the c h a s s i s l a m p s . A k e y - o p e r a t e d s c r a m b y p a s s i s p r o v i d e d for 
r o o m - t e m p e r a t u r e ope ra t i on of the VTRZ faci l i ty . 

The ana lyz ing of the cause of a r e a c t o r s c r a m is exped i t ed by the 
viewing of the following c o n t r o l - r o o m p a n e l s : 

(1) The annunc ia to r panel l ight ind ica t ing a r e a c t o r s c r a m . 

(2) The d i sp lay panel l ights ind ica t ing what a b n o r m a l condi t ion 
s c r a m m e d the r e a c t o r . (See F ig , 68 l a t e r ) . 

(3) The m o n i t o r c h a s s i s with ind ica t ing l i g h t s , r e s e t b u t t o n s , and 
m o n i t o r m e t e r s . 
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4.5.11 Heater-power- inter lock System 

Removal of all heater power by causing the opening, or preventing 
the closure, of the main circuit breaker that feeds all 12 VTRZ heater 
buses is an effective means of ensuring correct initial startup conditions 
and of mitigating the effect of any operational malfunction. Most abnormal 
conditions unique to the VTRZ are t raceable to the heater operation. The 
heater-power interlock system is arranged so that the heaters can be en
ergized only after the VTRZ meets the operating requirements defined by 
the interlock system. The heaters can remain energized only if the VTRZ 
maintains these required operating conditions. A simplified circuit dia
gram of the heater-power interlock system is shown in Fig. 66. The sys 
tem can be divided into four parts: 

(1) The annunciator panel light, indicating a loss of heater power. 

(2) The display panel lights, indicating what abnormal condition 
tripped the heaters (see Fig. 68). 

(3) The monitor chassis with indicating lights, reset buttons, 
and monitor m e t e r s . 

(4) The heater-power interlock chain itself, including the contactor. 

The heater- in ter lock tr ip conditions are listed in Table 16 together with a 
brief outline of the heater- inter lock circuitry associated with each t r ip . 
All the heater- inter lock relays are normally energized, all p ressure 
switches a re normally closed, and wherever necessary other electronic 
circuits a re in fail-safe configurations. If the positive portion of the t r ip 
power supply for a given chassis fails, all the c3rresponding heater-
interlock and a l a rm lamps light. If the negative portion of this t r ip power 
supply fails, a relay deenergizes and opens the positive portion, which in 
turn lights the heater- inter lock and a la rm lamps. In the event of a heater 
power tr ip, the appropriate abnormal-condition lamps remain on and relays 
remain deenergized until the abnormal condition is corrected and the relays 
a re manually reset . A key-operated heater- inter lock bypass is provided 
for test purposes. 

The heater- inter lock chain is made up of 25 relays (four of which 
are shown in Fig. 66), a cable into the reactor cell, and the heater power 
contactor (Model 712EDB combination s ta r te r with disconnect switch). The 
contactor acts as a circuit breaker for the VTRZ heater electric power. 
When the heater- in ter lock chain is broken, the contactor coil deenergizes, 
opening the contactor and cutting power. 
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Heater- inter lock Condition Heater- inter lock Circui t ry 

1. High p re s su re in movable half-zone 
2. Low p re s su re in movable half-zone 
3. High p re s su re in stationary half-zone 
4. Low p re s su re in stationary half-zone 

5, Low argon flow in movable half-zone 
6. Low argon flow in stationary half - zone 

7. High oxygen content in movable 
half-zone 

8. High oxygen content in stationary 
half- zone 

9. High water-vapor content in movable 
half-zone 

10. High water-vapor content in stationary 
half- zone 

1 1. High helium content 

1 2. Low flow in movable CGR exhaust No. 1 
1 3. Low flow in movable CGR exhaust No. Z 
14. Low flow in stat ionary CGR exhaust 

No. 1 
15. Low flow in stationary CGR exhaust 

No. 2 

16. High Pu-alpha content in movable 
half-zone 

17. High Pu-alpha content in stationary 
half-zone 

A continuous signal from the p ressu re t ransducer 
passes through an impedance converter . The signal 
is then compared to the heater- in ter lock t r ip level in 
a comparator circuit , and, if abnormal, deenergizes a 
relay whose contacts open, completing ci rcui ts to 
lamps and opening the circuit in the interlock chain. 

The flowmeter float breaks a l ight-beam circuit to a 
photoresistor if the flow is low. This deenergizes a 
relay whose contacts open, completing circui ts to 
lamps and opening the circuit in the interlock chain. 

A continuous oxygen-content signal passes through an 
impedancf converter , is then compared to the heater-
interlock t r ip level in a comparator circuit, and, if 
abnormal, deenergizes a relay whose contacts open, 
completing circui ts to lamps and opening the circuit 
in the interlock chain. 

A different ia l -pressure switch (normally closed} 
opens if the flow is too low. This deenergizes a relay 
whose contacts open, completing circuits to lamps and 
opening the circuit in the interlock chain. 

18. High tempera ture on movable multi
point recorder 

19. High tempera ture on stationary multi
point recorder 

20. High tempera ture on cold-zone multi
point recorder 

21. High tempera ture in scanner 

22, Movable bus cover open 
23, Stationary bus cover open 

24, Short in movable sodium monitor 
25. Short in stationary sodium monitor 

26. Helium filament off 
27. Movable water -vapor-moni tor range-

switch position incorrect 
28. Stationary water -vapor-moni tor 

range-switch position incorrect 
29. Movable oxygen-monitor range-switch 

position incorrect 
30. Stationary oxygen-monitor range-

switch position incorrect 
31. Movable oxygen-monitor power off 
32. Stationary oxygen-monitor power off 

The t r ip circuit is operated by a voltage proportional 
to the logarithm of the number of Pu-alpha counts. If 
the total logged counts over the summation interval 
exceed the t r ip- level setting, the t r ip circuit is ac 
tuated by deenergizing a relay whose contacts open, 
completing circui ts to lamps and opening the circuit 
in the interlock chain. 

A microswitch on the multipoint recorder cam opens 
on a preset high tempera ture , deenergizing a relay 
whose contacts open, completing circui ts to lamps and 
opening the circuit in fhe interlock chain. 

For the scanner -pr in te r system, tennperature signals 
from the digital voltmeter a re compared to the in ter
lock t r ip level in a t empera tu re -compara to r circuit, 
and, if abnormal, deenergize a relay whose contacts 
open, completing circui ts to the interlock lamps and 
opening the circuit in the interlock chain. 

Two "captive-key"-type switches in se r ies must be 
closed to complete the interlock chain circuit . The 
keys can only be removed from the switches {in order 
to unlock the bus covers) if they a re open. 

Upon shorting, the 8-V nnonitoring voltage drops to 
zero. This deenergizes a relay whose contacts open, 
completing circui ts to lamps and opening the circuit 
in the interlock chain. 

These ON-OFF conditions a re not part of the actual 
heater - in ter lock chain. However, the coils for the 
oxygen, helium, water-vapor , heater - in ter lock-chain 
relays cannot be energized unless these requirements 
a re met. Lights indicating that these seven conditions 
a re met a re part of the a la rm system. 



146 

Table 17 lists the possible ranges of the heater- inter lock set points. 
The actual set points and justification for them are given in Sec. 3.2.2 of 
ANL-7638, The heater-interlock setpoints are always indicative of a more 
serious condition than that indicated by an a la rm (as discussed in Sec. 4,5.12); 
the a larm condition is always sensed first. The contactor has two independ
ent relays with their contacts connected in ser ies and their coils connected 
in parallel . 

TABLE 17. VTRZ H e a t e r - i n t e r l o c k Condit ions and Ranges^ 

H e a t e r - i n t e r l o c k Condition Range 

1. High p r e s s u r e in movable hal f -zone 
2. High p r e s s u r e in s t a t iona ry hal f -zone 

3. Low p r e s s u r e in movable hal f -zone 
4. Low p r e s s u r e in s t a t iona ry hal f -zone 

5. Low a rgon flow in movable hal f -zone 
6. Low argon flow in s t a t iona ry hal f -zone 

7. High oxygen content in movable hal f -zone 
8. High oxygen content in s t a t iona ry hal f -zone 

9. High w a t e r - v a p o r content in movable half-zone 
10. High w a t e r - v a p o r content in s t a t i ona ry hal f -zone 

11. High hel ium content 

12. Low flow in movable CGR exhaust No. 1 
1 3. Low flow in movable CGR exhaust No. 2 
14. Low flow in s t a t iona ry CGR exhaust No. 1 
15. Low flow in s t a t iona ry CGR exhaust No. 2 

16. High Pu-a lpha content in movable hal f -zone 

17. High Pu-a lpha content in s t a t iona ry hal f -zone 

18. High t e m p e r a t u r e on movable mult ipoint r e c o r d e r 

19. High t e m p e r a t u r e on s t a t iona ry mult ipoint r e c o r d e r 

20. High t e m p e r a t u r e on cold-zone multipoint r e c o r d e r 

21 . High t e m p e r a t u r e on scanner 

0.0 to +2.0 in. 
of wa te r 

-5 .5 to -2 .0 in. 
of wa te r 

0 .25-0 .40 f tVmin 

I - 1000 ppm 

0.01-400 ppm 

G r e a t e r than half 
r e f e r e n c e s igna l^ 

F o r each exhaus t , 
1200-3000 f t / m i n 
{80-200 ft^/min) 

1-10.000 P u - a l p h a 
counts ; 0.1 -99 .9 min 

580-650°C 

580-650°C 

30-150°C 

580-650' 'C 

^The ranges given reflect only the capabi l i t i es of the i n s t r u m e n t a t i o n used for each 
condition. 

^Refe rence s ignal = hel ium moni tor r e sponse obtained for a 0 . 2 - c m ' he l ium inject ion 
into the opera t ing a rgon loop at 20°C. 

4.5.12 Alarm System 

A system of a larms designed to warn the operator of slightly ab
normal conditions in the VTRZ is present in the reactor control room. 
The purpose of the alarm system is twofold: F i r s t , it a le r t s the operator 
to improperly operating monitors --for example, the incorrect "range" 
alarm on the water-vapor monitor or the thermocouple burnout a la rms on 
the temperature monitors. Second, it warns of actual VTRZ malfunctions, 
which could conceivably lead to improper system operation and/or safety 
hazards, e.g., an inner-barre l leak with a resulting increase in oxygen and 
water vapor or a shorted calandria heater resulting in a local inner -bar re l 
temperature r ise. If a further deterioration of a given malfunction occurs 
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the heater- in ter lock system described in Sec. 4.5.11 and (possibly) the 
VTRZ sc ram system described in Sec. 4.5.10 come into play. 

To provide immediate recognition of a VTRZ alarm condition and, 
at the same time, a rapid analysis of the specific problem, all but one of 
the a l a rm conditions signals simultaneously at three different control-room 
locations as shown in Fig. 67. For a given a larm condition, the VTRZ 
a la rm lamp on the ZPR control-room console annunciator panel lights 
directing the operator to the VTRZ display panel shown in Fig. 68. The 
display panel in turn directs him to the specific a la rm condition displayed 
on a part icular chass is . The one a la rm condition not monitored in three lo
cations is the loss of filament current in the helium monitor. However, 
loss of filament current deenergizes a relay that is part of the heater-
interlock t r ip chain; this is discussed in more detail in Sec. 4.5.11. Table 1 8 
lists all the a l a rm conditions and outlines the a la rm circuitry. 

All VTRZ monitors that have power supplies and/or range switches 
located in the reactor cell have corresponding "power-on" and "cor rec t -
range" a l a rms in the control roonn. All a la rm relays a re normally ener
gized, all differential p ressure switches normally closed, and other electronic 
circuits in fail-safe configurations whenever necessary . If the positive 
portion of the t r ip power supply for a given chassis fails, all the co r r e 
sponding a l a rm and t r ip lamps light. If the negative portion of the t r ip 
power supply fails, a relay deenergizes and opens the positive portion, 
which in turn lights the lamps. For a given abnormal condition, all the 
corresponding a la rm lamps remain on until the abnormal condition is cor
rected and the relay manually reset by the operator. 

Table 19 lists the possible ranges of the a la rm set points. The 
actual set points a re listed in Sec. 3.2.3 of ANL,-7638. 

4,5.13 Room-temperature Operation of the Heatable Zone 

During the comparison experiments between the plate- and rodded-
fuel assembl ies , there will be situations in which room-tempera ture opera
tion of the VTRZ with plate or rodded fuel in the inner matr ix assembly will 
be required. For the rodded fuel, either heatable (15% voided at 20°C) or 
unbeatable (full at 20°C) calandria cans may be involved and heaters may 
or nnay not be distributed throughout the inner matr ix . 

With plate-fuel drawers in the VTRZ inner ba r r e l assembly, no 
heating will be permitted. The only possible heat source in this case is the 
flange and service-housing heaters ; these heaters will be disconnected 
whenever plate-fuel drawers a re within the inner matr ix . Operation with 
or without the front and rear (service-housing) inne r -ba r re l covers is per
mitted with the plate fuel. If the plate fuel is plutonium, air cooling of the 
inner matr ix region will be necessary to achieve thermal equilibrium with 
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TABLE 18. VTRZ Alarm Conditions and Circuitry 

Alarm Condition Alarm Circuitry 

1. High pressure in movable half-zone 
2. Low pressure in movable half-zone 
3. High pressure in stationary half-zone 
4. Low pressure in stationary half-zone 

5. High-pressure relief in movable 
half- zone 

6. High-pressure relief in stationary 
half- zone 

7. Low-pressure relief in movable 
half-zone 

8. Low-pressure relief in stationary 
half-zone 

9. Low argon flow in movable half-zone 
10. Low argon flow in stationary half-zone 

1 I. Preheater off on movable half 
12. Preheater off on stationary half 

1 3. Oxygen monitor power off on movable 
half 

14. Oxygen monitor power off on sta
tionary half 

15. Incorrect range on movable water-
vapor-monitor range-selector switch 

16. Incorrect range on stationary water-
vapor-monitor range-selector switch 

17. Incorrect range on movable oxygen-
monitor range-selector switch 

18. Incorrect range on stationary oxygen-
monitor range-selector switch 

19. Incorrect range on helium-monitor 
range-selector switch 

20. High helium content 
21. High water-vapor content in movable 

half-zone 
22. High water-vapor content in sta

tionary half-zone 
23. High oxygen content in movable 

half- zone 
24. High oxygen content in stationary 

half- zone 

25, Helium monitor filament off 

26, High Pu-alpha content in movable 
half-zone 

27, High Pu-alpha content in stationary 
half-zone 

28. Short indication in sodium monitor 
in movable half-zone 

29. Short Indication in sodium monitor 
in stationary half-zone 

A continuous signal from the p ressure transducer 
passes through an impedance converter. The signal 
is then compared to an a larm tr ip level in a compara
tor circuit and, if abnormal, deenergizes a relay 
whose contacts open, completing circuits to a larm 
lamps. 

Differential-pressure switches (normally closed) open 
if pressure is abnormal. A signal passes through the 
solenoid and pneumatic-valve digital-logic circuit. 
Alarm lamps on the Argon Flow System Panel light 
when the pressure switches open. Alarm lamps on the 
Display Panel light when appropriate valves open. 

The flownneter float breaks a light-beam circuit to a 
photoresistor if the flow is low. This deenergizes a 
relay whose contacts open, completing circuits to the 
alarnn lamps. 

If power is cut, a relay is deenergized and its contact 
points open, completing a circuit to the a larm lamp, 

A comparator circuit output goes negative when the 
monitor power is turned off. This deenergizes a relay 
whose contacts open, completing a circuit to the alarm 
lamp. 

If the range is incorrect, a relay is deenergized and 
its contacts open, completing a circuit to the alarm 
lamp. 

A continuous forrign-gas - content signal passes 
through an impedance converter, is then compared to 
the alarm trip level in a comparator circuit, and. if 
abnormal, deenergizes a relay whose contacts open, 
completing circuits to alarm lanips. 

If the filament is turned off or burns out, a relay is 
deenergized and an alarm lamp turned on. 

The alarm tr ip circuit is operated by a voltage pro
portional to the logarithm of the number of Pu-alpha 
counts. If the total logged counts over the summation 
interval exceed the tr ip-level setting, the t r ip circuit 
is actuated by deenergizing a relay whose contacts 
open, completing circuits to the a larm lamps. 

WTien shorting, the 8-V monitoring voltage drops to 
zero. This deenergizes a relay whose contacts open, 
connpleting circuits to the a larm lamps. 
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TABLE 18 (Contd.) 

Alarm Condition Alarm Circuitry 

30 Loss-of-continuity indication in so- If continuity is broken, the 8-V monitoring voltage 
dium monitor in movable half-zone reverses polarity and lights a discontinuity alarm 

31. Loss-of-continuity indication in so- lamp, 
dium monitor in stationary half-zone 

32. High flow in movable IMCD exhaust No. 1 A differential-pressure switch (normally closed) opens 
3 i. High flow in movable IMCD exhaust No. 2 if flow is too high. This deenergizes an intermediate 
34. High flow in stationary IMCD exhaust relay, which in turn deenergizes another relay whose 

No. I contacts open, completing circuits to a larm lamps. 
35. High flow in stationary IMCD exhaust 

No. 2 

36. Low flow in movable CGR exhaust No. 1 A differential-pressure switch (normally closed) opens 
37. Lowflow in movable CGR exhaust No. 2 if flow is too low. This deenergizes a relay whose 
38. Low flow in stationary CGR exhaust contacts open, completing circuits to a la rm lamps. 

No. I 
39. Low flow in stationary CGR exhaust 

No. 2 

40. High temperature on movable multi- A microswitch on the multipoint recorder cam opens 
point recorder on a preset abnormal temperature, deenergizing a 

41. High temperature on stationary multi- relay whose contacts open, completing circuits to the 
point recorder alarm lamps. 

42. Low temperature on movable multi
point recorder 

43. Low tennperature on stationary multi
point recorder 

44. High temperature on cold-/.one 
recorder 

45. High temperature on scanner 

46. Failed-thermocouple indication on If a thermocouple fails, it gives an abnormal temper-
movable multipoint recorder ature reading of <5°C. Alarm circuitry is identical tu 

47. Failed-thermocouple indication on that for abnormal temperature (with set point at 5'̂ C) 
stationary multipoint recordi 'r as given in 40-45 above. 

48. Failed-thermocouple indication on % 
cold-zone multipoint recorder 

49. Failed-thermocouple indication on 
scanner 

50. High-combustibles - content indication A continuous fo rei^in-g.is-content signal passes 
on combustibles monitor through an impedance lonverler, is then compared to 

51. High-oxygen-contcnt indication the alarm trip lev<'l in a comparator circuit, and, i i' 
on combustibles monitor normal, de<-nergi/.eB a ri-lay whose tontacts open. 

completing circuits to alarm lamps. 
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TABLE 19. VTRZ Alarm Conditions and Ranges^ 

Alarm Condition Range 

1, High pressure in movable half-zone 
2, Low pressure in movable half-zone 
3, High pressure in stationary half-zone 
4, Low pressure in stationary half-zone 
5, High-pressure relief in movable half-zone 
6, High-pressure relief in stationary half-zone 
7, Low-pressure relief in movable half-zone 

Low-pressure relief in stationary half-zone 
Low argon flow in movable half-zone 
Low argon flow in stationary half-zone 
Preheater off on movable half 
Preheater off on stationary half 
Oxygen monitor power off on movable half 
Oxygen monitor power off on stationary half 
Incorrect range on movable water-vapor-monitor range-selector switch 
Incorrect range on stationary water-vapor-monitor range-selector switch 

17, Incorrect range on movable oxygen-monitor range-selector switch 
Incorrect range on stationary oxygen-monitor range-selector switch 
Incorrect range on helium-monitor range-selector switch 
High helium content 

9, 
10, 
1 1, 
12, 
l i , 
14, 
15, 
16, 

19, 
20. 

27, 
28, 
29, 
iO, 
il , 
32, 
33, 
34, 
35, 
36, 
37, 
38. 
39, 
40. 
41, 
42, 
43, 
44, 
45. 
46, 

} 

21. High water-vapor content in movable half-zone 
22. High water-vapor content in stationary half-zone 
2 3. High oxygen content in movable half-zone 
24. High oxygen content in stationary half-zone 
25. Helium monitor filament off 
26. High Pu-alpha content in movable half-zone 

High Pu-alpha content in stationary half-zone 
Short indication in sodium monitor in movable half-zone 
Short indication in sodium monitor in stationary half-zone 
Loss-of-continuity indication in sodium monitor in movable half-zone 
Loss-of-continuity indication in sodium monitor in stationary half-zone 
High flow in movable IMCD exhaust No. I 
High flow in movable IMCD exhaust No. 2 
High flow in stationary IMCD exhaust No. 1 
High flow in stationary IMCD exhaust No. 1 
Low flow in movable CGR exhaust No. I 
Low flow in movable CGR exhaust No. 2 
Low flow in stationary CGR exhaust No, I 
Low flow in stationary CGR exhaust No. 2 
High temperature on movable multipoint recorder 
High temperature on stationary multipoint recorder 
Low temperature on movable multipoint recorder 
Low temperature on stationary multipoint recorder 
High temperature on cold-zone recorder 
High temperature on scanner 
Failed-thermocouple indication on movable multipoint recorder 

47. Failed-thermocouple indication on stationary multipoint recorder 
48. Failed-thermocouple indication on cold-zone multipoint recorder 
49. Failed-thermocouple indication on scanner 
50. High-combustibles-content indication on combustibles monitor 
51. High-oxygen-content indication on combustibles monitor 

-1 to +1 in. of water 
-2 to -1 in. of water 
-1 to +1 in. of water 
-2 to - 1 in. of water 
+ 1 to +4.5 in. of water 
+ 1 to +4,5 in, of water 
-40 to -8 in. of water 
-40 to -8 in. of water 
0.75 to I.O ftVmin 
0.75 to 1.0 ftVmin 

Greater than l/S 
reference signal'^ 
0.01-400 ppm 
0.01-400 ppm 
I-1000 ppm 
I - I 000 ppm 

I-10,000 Pu-alpha 
counts; 0.1 -99.9 min 

For each exhaust 
20-80 ft'/'min 

For each exhaust 
1200-3000 ft/min 
{80-200 f t /min) 

Less than 590°C 
Less than 590°C 
Variable 
Variable 
30-100'^C 
Less than 590''C 
About 5̂ C 
About 5̂ C 
About Ŝ C 
About 5"C 
Variable 
5-50,000 ppm 

aThe ranges given reflect only the capabilities of tfae instrumentation used for each condition 
t^Reference signal = helium-monitor response obtained for a 0.2-cm' helium injection into the 
operating argon loop at 20 C. 
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the plutonium-alpha self-heating. This will require operation with the front 
and rea r covers of both half-zones removed to permit the regular reac tor -
matr ix air-cooling system to cool the inner matr ix in the same manner as 
it cools the outer matr ix . 

The same considerations and operating configurations apply to the 
rodded-fuel assemblies used in room-tempera ture tes ts , except that the 
cartr idge heaters may be installed in the calandria cans. Electr ical con
nection of the cartr idge heaters to the heater power supplies will not be 
permitted unless the front and rear covers a re also installed and the inert-
cover-gas blanket established. 

4.5.14 Miscellaneous Auxiliary VTRZ Components 

4.5.14.1 Control- and Safety-rod Mounting Plates 

The drive units for the ZPR safety and control rods for each reac
tor half a re mounted on a I;5:-in.-thick steel plate, called the control- and 
safety-rod (GSR) mounting plate. One CSR plate is mounted vertically at 
the rear of each reactor table paral lel to the rear face of the reactor matr ix 
and 28 in. behind it. In the present ZPR configuration, the CSR mounting 
plates form the rear wall of the reac tor -mat r ix cooling-air plenum behind 
each reactor half-matrix; the CSR mounting plate is shown in Fig. 6. 

Special CSR mounting plates are required with the VTRZ to provide 
penetrations for cooling guard-ring and inner -mat r ix cooldown air-cooling-
system ducts, iner t -gas- loop piping, electr ical power leads, instrument 
leads, and experimental equipment and provide the normal control- and 
safety-rod-drive mounting holes. Secondarily, the design of the VTRZ CSR 
mounting plates permits use of the plates when the VTRZ was not installed. 
Use of the CSR mounting plate as a wall of the matr ix a i r -c i rculat ion ple
num requires all penetrations to be reasonably .airtight.. The CSR mounting 
plates operate at room temperature . Figure 69 shows the design of the 
VTRZ CSR mounting plates. 

Duct and piping penetrations for the air and inert gas systems a re 
shown in Fig. 69. The design of the air and iner t -gas systems between the 
matr ix and the mounting plate is discussed in Sees. 4.5.5 and 4.5.6. In
evitably, the presence of these ducts res t r i c t s the possible safety- and 
control-rod mounting locations. This restr ic t ion has been minimized by 
placing all penetrations, as much as possible, either where these rods can
not be mounted (as over the insulation annulus) or where it is not foreseen 
that they would be desired. Behind the mounting plates, all ducts a re ca r 
ried straight back beyond the rear of the control- and safety-rod drives be
fore turning to avoid further interference with the rod dr ives . Relocation 
of rod drives will probably require demounting sections of the VTRZ ducting 
behind the mounting plate; this has been provided for in the design. When 
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the VTRZ mounting plate is used without the VTRZ, the duct penetrations 
could be used for rod-mounting locations through the use of appropriate 
inse r t s . 

The center of each VTRZ CSR mounting plate has a 14-in.-dia c i r 
cular cutout to permit complete access for experimental equipment to the 
rear port on each inner -ba r re l -a s sembly half-zone service housing; the 
outer diameter of the bolting flange on the service housing port is l l j in., 
the port itself is 10 in. in diameter (permitting access to the central 
nine removable tubes). WTien this hole is not needed, it may be filled with 
the special inser t plate shown in Fig. 69, which itself has a central 5-in.-dia 
experimental access hole and horizontal slot extensions to permit use of 
the ZPR-6 and -9 sample changer in the five central tubes of the central 
horizontal row. 

Provision is made in the VTRZ CSR mounting plate for six safety-
rod positions (the square cutouts). Numerous control-rod mounting loca
tions a re provided in the VTRZ CSR mounting plates. Additional control-
rod positions will be added if they later prove to be needed. 

Penetrations for the heater and instrument leads and also for the 
iner t -gas- loop piping are shown in Fig. 69, These penetrations are placed 
at the outer extremit ies of the CSR plate so as to be as much out of the way 
as possible. 

4,5.14.2 Reactor-knee Constraints 

The design s t ress analysis and load testing of the outer -matr ix 
bridge assembly has assumed firm horizontal sJpport of the reactor ma
trix by the reactor knee assembl ies . To ensure that the reactor knees do 
not move under any circumstances, and considering the uncertainty of the 
frictional resis tance caused by the knee-to-table bolting, the VTRZ design 
has provided for special constraint assemblies on the knees to prevent 
horizontal motion. Assuming the 18,000-lb load limit over the inner-
ba r re l - a s sembly cavity (see Table 5), not more than 13,000 lb of horizontal 
thrust can be applied to the reactor knees under static conditions, even 
under the most conservative assumptions. Actually, the horizontal thrust 
is estimated to be about 20% of that figure. To be very conservative, how
ever, the knee-constraint design has been based on the earthquake cr i ter ia 
of Table 2 and the maximum permissible table load of 180,000 lb (this limit 
is taken from Ref. 2) shown in Table 6; i.e., 180,000 x 0.4 = 72,000 lb hori 
zontal thrust against one knee acting alone without benefit of the knee-to-
knee tie rods or horizontal friction from knee-to-table bolting. The knee 
constraint takes the form of a 48 x 16 x I j - in . mild steel plate bolted to the 
side of the table with four 3/4-10 high-strength bolts so as to overlap the 
base of the knee; the arrangement is shown in Fig. 70. Stress analysis of 
the constraint is given in Sec. 6.6. 
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Fig. 70, Knee Constraint 

4 .5 .14 ,3 M a n u a l l y - m o u n t a b l e F r o n t I n s u l a t i o n - s u p p o r t C o v e r s 

Under some ope ra t i ng c i r c u m s t a n c e s , it wil l be conven ien t to have the 
i n n e r m a t r i x a s s e m b l i e s s igni f icant ly above r o o m t e m p e r a t u r e with the r e a c 
t o r ha lve s s e p a r a t e d . The d e s i g n inc ludes s p e c i a l f r o n t - c o v e r m a n u a l l y -
moun tab l e i n su l a t i on and suppor t c o v e r s to be p l aced ove r the exposed i n n e r -
m a t r i x - a s s e m b l y front c o v e r s (be tween the r e a c t o r ha lves ) in t h e s e opera t ing 
c i r c u m s t a n c e s . The c o v e r s s e r v e t h r e e p u r p o s e s : p e r s o n n e l b u r n p r o t e c 
t ion, VTRZ insu la t ion , and p h y s i c a l suppo r t for the th in (20 -mi l ) f ront c o v e r s 
when pos i t ive i n t e r n a l p r e s s u r e s a r e appl ied to the i n n e r m a t r i x a s s e m b l y f o r 
l e a k - t e s t p u r p o s e s . , 

The insu la t ion and suppor t c o v e r s a r e s l igh t ly l a r g e r than the front 
i n n e r - m a t r i x - a s s e m b l y c o v e r s and b a s i c a l l y c o n s i s t of a l / 8 - i n . - t h i c k s t a in 
l e s s s t e e l p la te ( aga ins t the front cover ) backed by I in . of i n s u l a t i o n . 
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4.5.15 Experimental Equipment 

The VTRZ has been designed to permit the maximum operational 
flexibility for the performance of experiments consistent with the technical 
design cr i te r ia and with relevant safety considerations. The principal pro
visions made in the design for experimental flexibility a re as follows: 

(1) The front and rear covers over the heatable matr ix of each 
half-zone are bolted on and easily removable. This permits complete 
access to the front and rea r of every matr ix tube. 

(2) The central nine matr ix tubes within each heatable half-zone 
are removable one-by-one, or as a group, to permit replacement by an in
strument thimble or other special equipment. 

(3) The rear cover (service housing) has a port and the control-
rod mounting plate (behind the matrix) has a cutout which permit direct 
(straight-in) access to the central nine tube locations for the insertion of 
an instrument thimble or other equipment. 

(4) The internal heating system of each heatable half-zone consists 
of many individual heaters (of several possible lengths), which can be flexi
bly located and which can be grouped into three independently supplied power 
groups to permit flexible zonal heating. 

(5) Internal temperature monitoring is completely flexible as to 
location. 

(6) There is no serious limitation on experimental equipment 
weight within the heatable zone. 

(7) With the front cover removed (i.e., at* room temperature) , there 
is provision for use of the ZPR radial sample changer in the central hor i 
zontal row of tubes. 

The principal considerations in the design of special experimental 
equipment for the VTRZ are the maintenance of the sealed iner t -gas en
velope and the avoidance of intolerable thermal s t r e s ses . 

The design of special experimental equipment to be used with the 
VTRZ at elevated tempera tures is not complete. The most significant por
tion of this equipment is that which will permit central-react ivi ty measure 
ments on various samples of various s izes-- for example, sodium-void 
measurements , Doppler measurements , and mater ia l worths. The design 
of this special equipment will be carr ied out within the design of the basic 
VTRZ components described in this report and within the operating limits 
specified in ANL-7638. The thimble and oscillator designs discussed in 
this section are intended only as i l lustrations of the type of equipment that 
can be used with the VTRZ. If any of the final designs include parts that 
connect between the reactor halves, provisions will be included for a break
away feature to ensure that the reactor halves cannot be prevented from 
separating. 
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The thimble to be used for central - react ivi ty measurements must 
provide the following features: 

(1) The interior of the thimble is to be thermally isolated from 
the heated zone of VTRZ. With the heated zone operating at 550°C, the in
ter ior walls of the thimble should not exceed 50°C (120°F) at any point. 

(2) The thimble should have a minimal perturbing effect on the 
hot-zone temperature distribution and on the neutron spectrum. To this 
end, the following requirements have been established: 

a. The rate of heat loss shall be less than 200 W per 
linear foot of thimble. 

b. Significant amounts of light mater ia l s (A < 20) shall 
not be included in the design. 

c. The total thickness of mater ia ls in the radial direction 
between the interior of the thimble and the adjacent fuel-diluent plates 
or calandria cans shall be less than 0.25 in. of Type 304 stainless steel, 
or its equivalent. 

d. Neutron-streaming channels shall be held to a minimum. 

(3) Identical straight-through thimbles a re needed for both VTRZ 
half-zones, with provisions made for axial alignment. 

(4) The thimbles a re to be flush with the VTRZ front covers and 
open, with no protrusions extending across the reactor midplane. 

(5) The maximum OD of the thimble shall be s6.5 in. (three drawer 
widths) to fit within the space provided by the removal of the nine central 
VTRZ matrix tubes. 

(6) The thimble shall be located at the radial center of the VTRZ 
heated zone. 

(7) Seals and bellows are required as necessary to maintain at all 
operating conditions the integrity of the sealed inert-gas-f i l led envelope in 
the VTRZ inner matrix assembly with the thimble installed. 

(8) The thimble must support internal moving loads of 25 lb/ft. 

(9) The principal mater ia l of construction shall be Type 304, 304L, 
or 316 stainless steel, which dictates a maximum operating temperature of 
600°C. 



159 

(10) The thimble design should be such as to minimize installation 
and removal t ime. 

(11) With the thimble installed, the VTRZ design cr i ter ia (see 
Chapter 2) must not be compromised. Where applicable, the thimble shall 
meet these VTRZ design cr i te r ia . 

The thimble is to be fabricated from three concentric, thin-walled, 
stainless steel tubes. To minimize the radial heat- t ransfer rate across 
the thimble walls, the outer annulus formed by this three- tabe arrangement 
will be evacuated and its facing surfaces will be polished and coated with a 
thin layer of gold. Air flowing through the inner annulus will provide the 
cooling required to maintain the central cavity, in which reactivity meas 
urements are to be made, at room temperature . A fourth tube will support 
the thimble along the central axis of the heatable zone. To maintain the 
sealed iner t -gas envelope in the VTRZ inner matr ix assembly, one end of 
this support tube will be welded onto the 20-mil portion of a specially fab
ricated front cover and the other end sealed with a bellows to the rea r -por t 
bolting flange. Identical thimbles will be mounted in each reactor half with 
provisions for axial alignment. Access to the inside of the thimble is from 
behind the control-rod mounting plate. 
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5. HEAT-TRANSFER ANALYSES AND TESTS 

5.1 Room-temperature Operation of Calandria-can Assemblies with 
(Pu,U)0; Fuel Rods 

5.1.1 Plutonium-alpha Self-heating 

The alpha decay of the plutonium isotopes in the (Pu,U)02 fuel rods 
results in significant self-heating in the rods. This is the same situation 
as is present in the Pu-U-Mo fuel plates, and it is intended that the matr ix 
air-cooling system, used to remove alpha-decay heat from the plutonium 
plates, will also be used to maintain near - room- tempera ture conditions 
within the inner bar re l assembly during nominal room-temperature opera
tion. To achieve matrix air cooling of the inner matrix, it is only neces
sary to leave the front and rear (service housing) covers off; this exposes 
the inner matrix to the air plenum behind each matr ix . 

Table 20 summarizes the calculated plutonium-alpha self-heating 
in the fuel rods . 

TABLE 20. Calculated Pu-alpha Self-heating in (Pu.UjOj Fuel Rods 

P u 
I s o t o p e 

238 
239 
240 
2 4 1 ^ 
242 

Hea t 
G e n e r a t i o n , 

W / g 

5.51 X 10" ' 
1.87 X 1 0 " ' 
6.90 X 1 0 " ' 

41 .70 x 1 0 " ' 
7.83 x 1 0 " ' 

Rod T y p e 

15% 
30% 

High 240 

11.5%-

N o m i n a l 
I s o t o p e , 

g /g P u 

0 .0005 
0.8640 
0.1150 
0.0180 
0 .0025 

N 
Wei 

-240 F u e l 

Hea t 
G e n e r a t i o n , 

W / g 

0.276 X 1 0 " ' 
1.616 X 1 0 " ' 
0 .794 X 1 0 " ' 
0.751 X 1 0 " ' 

3.4 X 1 0 " ' 

o m i n a l 
ght of P u 

p e r Rod, g 

11.9 
23.7 
14.4 

High-

N o m i n a l 
I s o t o p e , 

g / g P u 

0 .0009 
0 .6730 
0 .2593 
0 .0526 
0 .0142 

Alpha 
H e a t i n g , 
W / r o d 

0.040 
0.080 
0.082 

-240 F u e l 

H e a t 
G e n e r a t i o n , 

W / g 

0 .496 X 1 0 " ' 
1.259 X 1 0 " ' 
1.789 X 1 0 " ' 
2 .193 X 1 0 " ' 
0 .001 X 1 0 " ' 

5.7 X 1 0 " ' 

^Includes "̂"Am effect at 5 years. 

5.1.2 Inner-matrix Air-cooling System 

The design and operation of the matr ix air-cooling system is dis
cussed in Sec. IV.D of ANL-7442. The nominal operating paramete rs for 
this system are 5 ftVmin airflow per tube at a total 18 in. H^O pressure 
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drop across the two halves of the reactor (assuming two 33-in. drawers with 
cutdown ends). With the front and rea r inner -bar re l -assembly covers r e 
moved, matr ix a i r cooling of fuel drawers containing plutonium plates or of 
calandria cans containing (Pu,U)02 will occur just as in the outer matr ix in 
general. 

The calandria can outer (square) dimension, 2.039 (-^0.000, -0.005) in., 
has been chosen to closely match the airflow area available arotmd the regu
lar fuel drawers , i.e., about 0.23 in.^, assuming a 2.093-in.-square inside 
dimension on the matrix tube. Thus, approximately the same head loss is 

to be expected for axial matr ix a i r -
cooling flow over calandria cans and 
fuel drawers of the same length. 

The calculated total head loss 
across the matrix with the halves 
closed, as a function of air flow rate, 
is plotted in Fig. 71 for three 12-in.-
long, 2.038-in.-square, calandria 
cans per tube per reactor half, i.e., 
for a 72-in.-long calandria core. 
These calculations are based on ex
perimental measurements of flow 
versus p ressu re drop with fuel 
drawers in the matrix tubes. 

The temperature r ise in the 
cooling air as it c rosses the reactor 
matr ix is,a function of the flow rate 
per tube, the plutonium-alpha heating 
rate, and the pressure drop across 
the tube. Assuming 32 fuel rods per 
calandria can and three calandria cans 
per tube per reactor half, the alpha 
heating load is about 1.2 W per calan
dria for the 15% (Pu.UJO^ rods and 

2.4 W per calandria for the 30% and high-240 fuel rods. Figure 72 shows 
the calculated total temperature r ise across the matrix (halves together) 
as a function of airflow rate per tube for three 12-in.-long, 2.038-in.-square 
calandria cans per tube per reactor half; the four central calandria cans are 
assumed to contain (Pu, U)02 fuel, and the outer two cans are assumed to 
contain depleted UO2 fuel. The calculations of Fig. 72 account for frictional 
heating by the air as it passes through the tube and for the adiabatic-
expansion cooling of the air as it expands through the tube. It is, in fact, 
true that the expansion cooling very nearly exactly balances the frictional 
heating in this system, so that the cooling-air temperature r ise is e s sen 
tially only a function of the plutonium-alpha heating rate . 

AIB FLOW HI n jBE, 

Fig, 71. Calculated Total Differential Pressure 
(halves closed) across Matrix for Three 
12-in. Calandria Cans per Tube per 
Reactor Half (72-in. length): Matrix 
Cooling-air System 
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Fig. 72, Calculated Matrix Cooling-air Temperature Rise across 
72-in.-long, (Pu,U)02-fueled, Calandria-can Core 

5.1.3 H e a t - t r a n s f e r A n a l y s i s : Oxide F u e l Rods to Cooling A i r 

Tab le 21 s u m m a r i z e s the r e s u l t s of h e a t - t r a n s f e r c a l c u l a t i o n s for 

the flow of hea t p r o d u c e d by the p l u t o n i u m - a l p h a decay in t he fuel rods to 

TABLE 21. Calculations of Calandria-can Temperatures Resulting 
from Transfer of Pu-alpha Decay Heat from (Pu.U)©; Fuel Rods 

to Cooling Air Around Calandria Cans^ 

Sodium-filled 
Calandria Cans 

30% Pu and 
15% Pu High-240 
Fuel, F" Fuel, Y" 

Empty Calandria 
Cans (air in can) 

30% Pu and 
15% Pu High-240 
Fuel, F" Fuel, F° 

AT, average pellet temperature 
to pellet surface 

AT, pellet surface to sodium 
side of calandria tubes {air 
to gap) 

iT, average, from sodium side 
of calandria tubes to outer 
surface 

iT, calandria outer surface to 
cooling air 

Total iT, pellet average to 
cooling air 

1.0 

1.2 

16.9 

0.5 

17.5 

^Assuming 32 6-in. (Pu,U)0; fuel rods per calandria. 
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the cooling air flowing between the calandria cans and the matr ix tubes. 
Results of heat - t ransfer calculations for both sodium-filled and empty 
calandria cans containing 32 6-in. fuel rods of the 1 5% plutonium, 30% plu
tonium, or high-240 (Pu,U)02 fuel a re included in the table. For the empty-
cans, the inside of each calandria can is assumed to be filled with air at 
1 atm absolute p r e s s u r e . In all cases , a 5-mil-thick radial air gap is 
assumed between the fuel-rod cladding and the calandria tubes. The cal 
culations a re consistently conservative. Fuel- rod cooling due to the fact 
that some cooling air flows between the oxide fuel rods and the calandria 
can tubes is ignored. 

At about 70°F, the effective thermal conductivity, k, of the calandria 
cans with 32 6-in. oxide'fuel rods in place is about 12 Btu/hr- f t -F° for the 
sodium-filled cans and 0.2-0.4 Btu/hr- f t -F° for the empty cans. The sodium-
filled calandria cans operate essentially isothermally (i.e., all points in the 
can and fuel rods are within l / 4 F°), and the cans run about 1 F° above the 
temperature of the cooling air . This is not t rue for the empty cans. But 
even in the empty cans, all points in the can and fuel rods a re within about 
10 F° for the 15% plutonium fuel or comparable heat loads from the other 
fuel. 

5.2 Elevated-temperature Operation of the Fuel-rod-loaded Calandria-can 
Assemblies in VTRZ Heatable Zone 

5.2.1 Summary of VTRZ Heated Operation 

Initial preparat ions for heated operation include placing the required 
calandria can, fuel rod, cartr idge heater , and thermocouple a r rays in the 
inner matrix; connecting the cartr idge heaters , .through fuses, to the desired 
heater buses; connecting the thermocouples; and sealing the inner matr ix 
assembly by bolting on the front and rear covers of each half-zone. In the 
design-reference inner -mat r ix car t r idge-heater a r r ay for each half-zone, 
shown in Fig. 73, all heaters are 36-in., 1-kW units (i.e., passing through 
three calandria cans axially), equally distributed throughout the inner matrix, 
and approximately equally distributed on the three heater buses serving the 
inside of each inner -mat r ix half-zone assembly. Figure 73 is only i l lus t ra 
tive. Possible variations on the reference car t r idge-heater a r ray include: 

1. The use of 6- and 12-in. l-kW heaters , instead of 36-in. units. 

2. Different spat ial-heater distributions. 

3. Use of one heater bus per half-zone for experimental purposes, 
and distribution of all general heaters on the remaining 
t̂ wo buses . 

4. Pa t te rn of Fig. 74; this pattern removes heaters from the 
central portion of the zone and minimizes disruption of the 
rod-calandria pat tern. 
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Fig. 73, Design-reference Inner-matrix 
Cartridge-heater Array 

74. Alternative Inner-matrix 
Cartridge-heater Array 

The i n n e r - m a t r i x - a s s e m b l y hea t ing s y s t e m is d e s c r i b e d in Sec . 4.5.7. 

F i n a l p r e p a r a t i o n s for hea t ing inc lude the e s t a b l i s h m e n t of a h igh-
p u r i t y a rgon a t m o s p h e r e ^vithin the i nne r b a r r e l a s s e m b l i e s , s t a r t i n g the 
CGR a i r f low, and moving the r e a c t o r h a l v e s t o g e t h e r . The a r g o n a t m o s p h e r e 
is e s t a b l i s h e d by in i t ia l purg ing and is m a i n t a i n e d by con t inua l c i r c u l a t i o n 
(nominal 1 cfm p e r h a l f - z o n e , which r e p l a c e s the v o l u m e of gas in each 
h a l f - z o n e once e v e r y Zj min) and pu r i f i ca t ion as d e s c r i b e d in Sec . 4 . 5 . 5 . 
The CGR a i r f low is nomina l ly 100 cfm of a i r p e r h a l f - z o n e face (as d e 
s c r i b e d in Sec . 4 .5 .6 ) . Under n o r m a l cond i t ions , V T R Z h e a t u p o c c u r s with 
the r e a c t o r ha lve s t oge the r ; th i s m i n i m i z e s hea tup and e q u i l i b r a t i o n t i m e 
and a l so m i n i m i z e s d i s t o r t i o n of the 2 0 - m i l f r o n t - c o v e r p a n s . It i s , however , 
p o s s i b l e to hea t up with the r e a c t o r h a l v e s a p a r t , and m a n u a l l y - m o u n t e d 
front insu la t ion c o v e r s a r e p r o v i d e d for th i s p u r p o s e . By th i s t echn ique , 
the insu la t ion c o v e r s a r e r e m o v e d and r e a c t o r h a l v e s b r o u g h t t o g e t h e r with 
the inner m a t r i x a s s e m b l i e s hot . The r e a c t o r wi l l not b e c r i t i c a l dur ing 
the bulk of the t i m e for VTRZ hea tup , excep t dur ing s o m e s p e c i a l 
e x p e r i m e n t s . 

The to ta l hea t capac i ty of a fully loaded V T R Z h a l f - z o n e wi th sod ium-
fi l led c a l a n d r i a cans is a p p r o x i m a t e l y 60 kWh be tween 20 and 550°C (about 
20% l e s s for empty c a n s ) . The power r a t i n g s of each of the t h r e e i n n e r -
m a t r i x c a r t r i d g e - h e a t e r b u s e s p e r h a l f - z o n e and of e a c h ind iv idua l c a r t r i d g e 
h e a t e r (max 15 kW p e r b u s , m a x 1 kW p e r h e a t e r ) h a v e been c h o s e n to p r o 
vide the capabi l i ty of h e a t u p s in the r a n g e of 2 h r wi th f lexible zona l hea t ing ; 



165 

for example, the a r r ay of Fig. 73 is capable of an approximately 2-hr 
heatup with sodium-filled calandria cans, the a r ray of Fig. 74 of an 
approximately Z^- to 3-hr heatup. These heatup rates have been verified 
in the various full-scale prototype tes ts that have been car r ied out. As 
discussed in Sec. 5.2.2, the maximum heater power per calandria can is 
limited to 1000 W for the sodium-filled cans and 333 W for empty cans to 
protect the calandria tubes containing the heaters from excessively high 
tempera tures . 

Experience with the VTRZ prototype has indicated that the front-
and rear-bolt ing flange areas and, part icularly, the entire rear cover 
(service housing) tend to seriously lag the temperature of the inner matr ix 
during heatup and remain low at equilibrium if leakage heat from the c a r 
tridge heaters is depended upon for their heating. This is due to the p r o 
portionally larger surface-heat losses from these portions of the inner 
matr ix assembly and, for the rea r cover (service housing), the high thermal 
resis tance of the heat path around the wiring space (behind the matrix) to 
the rear cover. These temperature lags cause undesirable thermal s t r e s s e s . 
To offset these effects, special independently controllable heaters have been 
placed on the inner -matr ix-assembly outer surface just behind the front and 
rear flanges and on the rear cover; the power rating of these heaters is 
based on prototype experience and calculations of heat losses . The surface 
heaters -will be used routinely during inner -matr ix-assembly heatup to 
maintain extremity temperatures within ±50°C of central t empera tures . 

Heatup is car r ied out until the central-heated-zone temperatures 
reach the desired level (max 600°C). At this point, the power input is 
progressively reduced until equilibrium is achieved. Because of surface-
heat losses , a uniform distribution of heating throughout the inner matr ix 
results in lower than average temperatures near the outer surfaces of the 
inner matr ix . This tendency can be greatly reduced by maintaining equilib
rium with a ring of heaters in the outermost calandria cans--for example, 
Bus #1 and #2 heaters in Figs. 73 and 74. At equilibrium, the flange and 
rea r -cover -hea te r power levels are adjusted to match extremity t empera 
tures to the inner matr ix . The CGR is intended to be used at continuous 
full flô w during all stages of heatup, equilibrium operation, and cooldown. 

Inner-matr ix cooldown is accomplished by turning off all inner-
matrix heaters and running air through the inner-matr ix cooldown-duct 
system. This cooldown system is capable of providing 40 cfm of air on 
each of four faces of the inner ba r re l assembly. Experience with the 
VTRZ prototype and rough calculations have indicated that unacceptable 
thermal s t r e s ses a re produced in the inner matr ix if the maximum center -
to-radial-edge tempera ture difference is permit ted to exceed about 150°C; 
minor buckling of the extreme front and rear 1-2 in. of the 37-in. matr ix 
have been observed in tes ts in which the maximum center- to-edge t em
pera tures reached 250°C during cooldown. To cool down at the maximum 
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rate consistent with the t he rma l - s t r e s s l imitations, the cooldown procedure 
involves progressive adjustments in the flange and rea r -cover extremity 
heaters and the cooldown a i r - sys tem flow rate so as to remain in the range 
of 125-150 C° center- to-edge temperature differences. Within the 150 C° iT 
limit, cooldown from 550 to 100°C (sodium freezing) can be routinely ac 
complished in about 24 hr . 

5.2.2 Heat Transfer within Calandria Cans 

There are two important heat- t ransfer problems within the sodium-
filled and empty calandria cans loaded with oxide fuel rods. F i rs t , for those 
cans containing heaters , there is the question of what limitations must be 
imposed on heater power to protect the heaters , the calandria tubes contain
ing heaters , and the calandria cans in general from excessively high tem
pera tures . The heaters have Inconel X sheaths and may be reliably operated 
to 2000-2100°F. The calandria-can tubes a re Type 304L stainless steel and 
should not be subjected to temperatures exceeding 1700°F (assuming a pure 
argon atmosphere) in order to retain adequate strength and avoid excessive 
grain growth. In the sodium-filled cans, the calandria tube should not be 
permitted to exceed 1600°F to avoid local sodium-vapor p re s su res within 
the cans exceeding 1 atm absolute. Second, there is the question of the 
adequacy of heat transfer within the calandria can to permit transfer of 
heat from the heater to the rest of the can and to the can surface for t rans
mission to adjacent cans. 

At their maximum rated power, the 36-in., 1-kW cartr idge heaters, 
which will be the most common type used, produce 333 W per calandria can. 
In some proposed special configurations, 12-in., 1-kW heaters will be used 
that are capable of inserting 1000 W into each calandria can. The heater 
fuses, pr imari ly intended to protect sodium-filled calandria cans from over
heat failures in case of heater high-power failures, a re connected to limit 
the maximum power of any individual heater to 1500 W. 

Table 22 summarizes the results of heat - t ransfer calculations on the 
sodium-filled and empty calandria cans assuming full loads of 32 6-in. oxide 
fuel rods in each can. The effective thermal conductivity of the sodium-
filled and oxide-rod-loaded cans is approximately 12 Btu/hr-f t -F° , based 
on calculations and also on direct measurements on an a r ray of prototype 
cans. For the empty (i.e., no sodium) calandria cans with 32 oxide fuel 
rods, the effective thermal conductivity (including radiation and conduction--
there is no appreciable convection) varies from approximately 0.28 Btu/ 
hr- f t -F° at a 70°F can temperature to about 0.79 Btu/hr- f t -F° at a 1000°F 
can temperature; these values are based on calculations assuming argon 
gas at 1 atm absolute within the empty cans. It is assumed in Table 22 
that the heaters are separated from the calandria-can tube containing them 
by a 9-mil argon-gas-filled radial gap. The heater is assumed to be in 
one of the central four tubes, and the power produced by the heater is 
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assumed to be uniformly distributed along the 12-in. length of the can. Note 
that the reference temperature in Table 22 is the outer-can-surface (i.e., 
jacket) tempera ture . This is appropriate because the position of the the r 
mocouple monitors the calandria can tempera ture . 

T A B L E Zi. Opera t ing T e m p e r a t u r e s in Ca l and r i a Cans 
Containing H e a t e r s 

Sodium-f i l led Can Empty Can with 
wi th32 6- in , Rods 32 6 -m, Rods 

333 
1000 
1500 

333 
1000 
ISOO 

333 
1000 
1500 

100 
150 
190 

530 
580 
620 

1030 
1080 
1120 

T e m p e r a t u r e of T e m p e r a t u r e T e m p e r a t u r e T e m p e r a t u r e T e m p e r a t u r e 
Outer Surface of Hea te r Power of Ca landr i a of Hea te r of Ca l and r i a of Hea te r 

Ca landr ia Can pe r Ca l and r i a Tube Containing Sheath Surface , Tube Containing Sheath Surface , 
( i .e. , j acke t ) , °F Can, W Hea te r , °F °F Hea te r , "F °F 

70 333 100 640 1090 1350 
1340 1730 2210 
1680 

930 1250 1470 
1480 1800 2250 
1800 

1300 1490 1690 
1750 1830 2280 
2030 

The results of Table 22 have led to the heater power restr ict ions 
and recommendations shown in Table 23. The limitation to 1000 W per can 
for the sodium-filled calandria cans has been verified as being sufficiently 
low by thermal-cycling tes ts on prototype and production calandria cans. 
Seven cans have each been cycled 90-600-90°C, with heating rates of 
1000 W per can using typical cartr idge heaters , in excess of 350 t imes, 
with only minor dimensional changes and without any can failures. 

TABLE 23, C a l a n d r i a - c a n - h e a t e r Power R e s t r i c t i o n s and Recommenda t ions 

C a r t r i d g e H e a t e r Power L imi t over 
^ . , , ^ ... / , . 12-in, Can Length 
C a l a n d r i a Can Type (with 
32 6-in, oxide fuel rods ) Recommended Limi t , W/can Maximum, W / c a n 

Sodium-f i l l ed can 333 1000 

Empty (no sodium) can 150 333 

The adequacy of the heat t ransfer within the calandria cans may be 
judged from Table 22 with reference to the difference between calandria-
can-tube and outer (jacket)-surface tempera tures . For reasonable heater 
power, the sodium-filled cans operate with the cans essentially isothermal . 
Temperature gradients within the empty cans a re appreciable, and this 
fact must be considered in planning the heater distributions for VTRZ cores 
containing significant quantities of empty cans. 
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5.2.3 Hea t T r a n s f e r be tween C a l a n d r i a Cans 

The c a l a n d r i a cans a r e n o m i n a l l y 12 in. long and 2.039 in. s q u a r e 
o u t s i d e . The m a t r i x tubes into which they a r e i n s e r t e d a r e n o m i n a l l y 
2.093 in. s q u a r e ins ide wi th 4 0 - m i l w a l l s (Type 304 s t a i n l e s s s t e e l ) . Thus , 
in the conf igura t ion for hea t ed ope ra t i on , t h e r e a r e two 2 7 - m i l a r g o n - f i l l e d 
(I a t m ) gaps and two 4 0 - m i l Type 304 s t a i n l e s s s t e e l s h e e t s be tween the 
s ide faces of two ad jacen t c a l a n d r i a c a n s . The conduc t ion and r a d i a t i o n 
a c r o s s the a r g o n gaps c o n t r o l the c a l a n d r i a - t o - c a l a n d r i a hea t t r a n s f e r ; the 
i n t e rven ing 80 m i l s of s t a i n l e s s s t ee l h a s v e r y l i t t l e effect . 

The h e a t a b l e s o d i u m - f i l l e d c a l a n d r i a cans a r e bui l t wi th a p p r o x i 
m a t e l y 13% i n t e r n a l void at 20°C. To avoid i n t e r n a l g a s - p r e s s u r e bui ldup 
as the can is hea ted , the ins ide of the can is e v a c u a t e d b e f o r e it is s e a l e d . 
Th i s r e s u l t s in a s l igh t i n w a r d def lect ion of the 2 x 12- in . s i d e s of the can 
at 20°C u n d e r a t m o s p h e r i c p r e s s u r e . As the can is h e a t e d , the s o d i u m 
expands , and at a p p r o x i m a t e l y 550 'C the s i d e s a r e s q u a r e ; i . e . , the can is 
nomina l ly "full" at a p p r o x i m a t e l y 550"C. With f u r t h e r t e m p e r a t u r e i n c r e a s e , 
the sod ium con t inues to expand, bulging the 2 x 12- in . faces ou tward unti l , 
at about 675°C, the c e n t e r s of the four 2 x 12- in . c a l a n d r i a - c a n faces come 
into s i m u l t a n e o u s contac t with the ins ide s u r f a c e s of the m a t r i x tube con
ta in ing the can . Above 675 'C . the c a l a n d r i a - c a n s ide s f la t ten out aga ins t 
the ins ide s u r f a c e s of the matri .x t u b e s . H i g h - t e m p e r a t u r e c a l a n d r i a - c a n 
f a i lu re is d i s c u s s e d in Sec . 6 .2 .2 . 

The ins ide vo lume of the empty (no sod ium) c a l a n d r i a c a n s is vented 
to the i n n e r - b a r r e l - a s s e m b l y a rgon c o \ e r gas t h r o u g h ho les in the fill plugs. 
Thus , the empty cans r e m a i n nomina l ly s q u a r e at al l t e m p e r a t u r e s . 

The effecti\ 'e gap h e a t - t r a n s f e r coeff icient (h, Btu h r - f t " - F ' ) between 
adjacent c a l a n d r i a - c a n - j a c k e t faces has been c a l c u l a t e d and a l so d i r e c t l y 
m e a s u r e d in an e x p e r i m e n t in which an a p p r o x i m a t e l y known t h e r m a l c u r 
r en t was p a s s e d th rough an a r r a y of c a l a n d r i a cans and matr i .x t u b e s . The 
va lues of the h e a t - t r a n s f e r coeff ic ient a r e given in Tab le 24. F o r r e f e r e n c e , 
the expec ted t e m p e r a t u r e d i f f e rences r e q u i r e d to t r a n s f e r 100 W be tween 
adjacent 2 x 12- in . c a l a n d r i a - c a n faces t h rough the a r g o n - s t a i n l e s s - s t e e l 
gap a r e a l so given in Tab le 24. 

TABLE 24, Heat Transfer between Adjacent 
2 X 12-in. Calandria-can Faces 

;.T to Transfer 100 W 
(341 Btu hr) between 
Adjacent 2 x 12-in. 

Gap Heat- t ransfer Calandria-can Faces . 
Tempera ture , Coefficient,'h, q 

. ^T - F ' 
F Btu,hr-£t--F° ~ hA 

500 6 340 
750 13 160 

1000 22 90 



5.2.4 Heat Capacities 

A 3/8-in.-dia, 6-in.-long oxide fuel rod contains about 90.5 g of UO^ 
or (Pu,U)02 and 12.3 g of stainless steel and has a heat capacity of about 
0.51 W-min/C°, i.e., about 16.4 W-min/C° for all 32 pins in one calandria 
can. 

A full-size (12-in.) sodium-filled heatable calandria can contains 
about 300 g of sodium and 1110 g of stainless steel and has a heat capacity 
of approximately 12.7 W-min/C°; the latent heat of fusion of sodium is about 
568 W-min per calandria can. The total heat capacity per full-size (i.e., 
square-cross-sec t ion) sodium-filled calandria can in the heatable zone is 
approximately 33.4 W-min/C°, i.e., about 6.2 W-min/C° for the sodium, 
about 6.5 W-min/C° for the steel of the can, about 16.4 W-min/C° for the 
fuel rods and about 1.4 and 2.9 W-min/C°, respectively, for the stainless 
steel in the inner matr ix assembly prorated per calandria can. Each heat
able half-zone contains the equivalent of 193.5 full-size calandria cans, so 
that heatup from 20-550°C will require about 57 kWh per half-zone plus 
about 1.8 kWh per half-zone for the latent heat of fusion of sodium, assuming 
sodium-filled calandria cans are used. The total heat capacity per full-size 
empty calandria can (no sodium, but with 32 oxide rods) is 27.2 W-min/C° 
or 46.5 kWh per half-zone between 20 and 550°C. 

These heat capacities have been verified in prototype heatup tes t s . 

5.2.5 General Heatup 

The general procedures for VTRZ heatup are discussed in Sec. 5.2.1. 
Results of calculations and prototype tests of V^TRZ heatup character is t ics 
are discussed here . 

In the design-reference heater configuration of Fig. 73, 32 36-in., 
1-kW (max) cartr idge heaters per half-zone are distributed approximately 
uniformly among the 69 matrix-tube positions. Individual calandria cans 
with heaters have 333 W per can (max). Assuming fully loaded (32 oxide 
rods per calandria can) and sodium-filled calandria cans, the total heat 
capacity per half-zone of approximately 59 kWh will require a nominal 
I-hr 50-min adiabatic heatup time, 20-550°C (70-1020°F), for the reference 
32-heater a r r ay at full power. 

Two-dimensional heat- t ransfer calculations have been performed 
for VTRZ heatup (70-1020°F) with the reference heater a r r ay of Fig. 73 
operating at full powder, i.e., 333 per can in the cans with hea te r s . The 
calandria cans were assumed to be sodium-filled and fully loaded with 
32 oxide rods per can. The calculational model accounted for heat t ransfer 
within the calandria cans, the can-to-can argon gaps, the presence of the 
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i n n e r - b a r r e l cooldown duc ts with s t a g n a n t a i r , and h e a t l o s s e s f r o m the 
o u t e r s u r f a c e s of the i nne r m a t r i x a s s e m b l y t h r o u g h the I - i n . i n s u l a t i o n 

to t he a i r flowing in t he CGR d u c t s . 
The r e s u l t s of the c a l c u l a t i o n s a r e 
s u m m a r i z e d in F i g . 75. 

The c a l c u l a t e d h e a t u p p a t t e r n 
of F i g . 75 h a s b e e n c o n f i r m e d in 
p r o t o t y p e h e a t u p t e s t s . Note , h o w 
e v e r , t ha t the r a d i a l t e m p e r a t u r e 
g r a d i e n t a p p a r e n t in F i g . 75 is a 
r e s u l t of the u n i f o r m d i s t r i b u t i o n of 
h e a t e r s , o p e r a t i n g at u n i f o r m power , 
which was the b a s i s of t he c a l c u l a 
t ion . A m u c h m o r e u n i f o r m r a d i a l -
t e m p e r a t u r e p ro f i l e i s ob ta inab le by 
o p e r a t i n g the o u t e r r ing of h e a t e r s 
a t a h i g h e r power as d e s c r i b e d in 
S e c . 5 .2 .1 ; t h i s h a s been r e p e a t e d l y 
d e m o n s t r a t e d in p r o t o t y p e t e s t s . 

5.2.6 E q u i l i b r i u m O p e r a t i o n 

Af te r n o m i n a l o p e r a t i n g t e m 
p e r a t u r e s a r e ach i eved , t he h e a t e r 
power is r e d u c e d to z e r o for h e a t e r s 
in the c e n t r a l p o r t i o n of the i n n e r 
m a t r i x and to a low e q u i l i b r i u m value 
for the ou te r r ing of h e a t e r s . The 
g e n e r a l p r o c e d u r e s a r e d i s c u s s e d in 
Sec . 5 . 2 . 1 . Th i s s e c t i o n d i s c u s s e s 

Fig. 75. Calculated VTRZ Heatup Pattern 

the r a t e of t h e r m a l equ i l i b r a t i on , the e q u i l i b r i u m t e m p e r a t u r e d i s t r i bu t ion , 
and the e q u i l i b r i u m - h e a t - l o s s s i tua t ion . 

In the d e s i g n - r e f e r e n c e c a r t r i d g e - h e a t e r - l o c a t i o n p a t t e r n of F ig . 73, 
h e a t e r s a r e l oca t ed in c a l a n d r i a cans in e v e r y o t h e r m a t r i x tube in a 
c h e c k e r b o a r d p a t t e r n . In h e a t e r d i s t r i b u t i o n s l ike the r e f e r e n c e d i s t r i b u 
t ion , a t yp ica l hea t ed c a l a n d r i a can is s u r r o u n d e d by four i m m e d i a t e l y 
ad jacent unhea ted c a n s . The t i m e cons t an t for the decay of the t e m p e r a t u r e 
d i f fe rence be tween the hea t ed and unhea t ed cans in an inf ini te c h e c k e r b o a r d 
a r r a y , a f ter the hea t ing is cutoff, is a useful p a r a m e t e r of the r a t e of VTRZ 
i n n e r - m a t r i x equ i l i b r a t i on and h a s b e e n c a l c u l a t e d for both s o d i u m - f i l l e d 
and e m p t y (no sod ium) c a n s . A s s u m i n g 32 oxide r o d s p e r can and account ing 
for both the effects of the a r g o n gap be tween c a n s and the i n t e r n a l t h e r m a l 
r e s i s t a n c e of the cans t h e m s e l v e s , the c a l c u l a t e d r e l a x a t i o n t i m e cons tan t 
( l / e change) for the decay of the t e m p e r a t u r e d i f f e rence b e t w e e n cans of 
h i g h e r and lower t e m p e r a t u r e in a c h e c k e r b o a r d p a t t e r n at 1000°F is 2.2 min 
for the sod ium- f i l l ed cans and 4.4 m i n for the e m p t y (no sod ium) c a n s . 
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Two-dimensional heat- t ransfer calculations of VTRZ equilibration 
at about 1060°F with sodium-filled calandria cans have been car r ied out 
and are sumnaarized in Fig. 76 (note suppressed zero). These calculations 

have accounted for the effects of the 
internal thermal res is tance of the 
oxide-rod-loaded calandria cans, 
the effects of the argon gap between 
cans, the presence of the stagnant 
inner -mat r ix cooldown ducts, and 
heat leakage through the insulation 
to the CGR. The heater distribution 
pattern assumed wras the design 
reference pattern of Fig. 73, i.e., 
the checkerboard pattern. During 
heatup, 333 W per can with a heater 
was assumed. At the beginning of 
equilibration, all heaters were r e 
duced to 2 1 W per can with a heater , 
i.e., from a total inner-matr ix power 
of 32 kW during heatup to 2 kW during 
equilibration. Retaining 6.3% power 
uniformly in all heaters , ra ther than 
complete cutoff, causes the equilib
rium condition to be established 
more slowly. Also, retaining 6.3% 
power uniformly in all heaters causes 
an equilibrium radial temperature 
gradient and an equilibrium t empera 
ture difference between heated and 
unheated cans. In routine VTRZ 

operation, heaters in the central portion of the inner matr ix would be 
completely cut off and the outer ring of heaters used to maintain equilibrium. 

The results of equilibration tes ts on the VTRZ prototype have gen
erally confirmed the equilibration rates and radial temperature gradients 
shown in the calculations of Fig. 76. These tests have also confirmed the 
possibility of obtaining a more uniform inner-matr ix temperature distr ibu
tion by maintaining equilibrium with an outer ring of hea ters . 

/-' ' • -K 

^v-.S'^ 
T 

CENTER 

INNER M t T R U POSITION 

Fig. 76. VTRZ Equilibration from Uniform 
Power Reduction from 32 to 2 ItW 

T h e c a l c u l a t e d h e a t l o s s f r o m one i n n e r - m a t r i x - a s s e m b l y h a l f - z o n e 
is a p p r o x i m a t e l y 2000 W at an i n n e r - i n a t r i x t e m p e r a t u r e of 550°C; th i s 
c o n s i s t s of 1800 W r a d i a l l y t h r o u g h the 1-in. i n su l a t i o n to the CGR and 
200 W off the r e a r c o v e r ( s e r v i c e hous ing ) t h r o u g h the 1-in. i n s u l a t i o n to 
the m a t r i x c o o l i n g - a i r p l e n u m . A s s u m i n g the full t o t a l CGR flow of 400 cfm, 
the 1800 W of r a d i a l l e a k a g e c a u s e s an a p p r o x i m a t e l y 10 C r i s e in CGR a i r 
t e m p e r a t u r e be tween in le t and ou t l e t . T h e s e n u m b e r s have been g e n e r a l l y 
c o n f i r m e d in p r o t o t y p e t e s t s . 
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The axial heat loss through the rear cover (service housing) results 
in an axial temperature drop between the center and the rea r of the inner-
matr ix-assembly half-zone. Likewise, heat loss from the front-cover flange 
results in a slight axial temperature drop in the vicinity of the front cover. 
In prototype tests with no power to the front or rear flange heaters and no 
power to the access-por t heater, the axial centerline temperature gradients 
for the prototype inner matr ix assembly were 5 C° from front to center and 
40 C° from rear to center. With power applied to the front and rea r flange 
heaters as well as the access-por t heater, prototype equilibration test ex
perience has confirmed that axial temperature gradients can be greatly 
reduced or eliminated. With 500 W applied to the front flange and 2.2 kW 
applied to the rear -cover heaters , the axial centerline temperature gradi
ents were reduced to less than I C from front to center and 20 C° from 
rear to center. 

In routine VTRZ operation, the front and rear flange heaters and 
the access-por t heater will be used for two purposes. Fi rs t , the flange and 
port heaters will be used to reduce temperature differences between central 
inner-matr ix positions and extremity positions on the front and rea r flanges, 
as described in Sec. 5.2.1. Second, the flange and port heaters will be used 
to reduce axial temperature gradients, as explained above. If needed, axial 
temperature gradients can also be reduced by using additional 12-in. heaters 
in any of the three echelons of calandria cans in each half-zone of the VTRZ 
inner naatrix assembly. The heater power to the three echelons of calandria 
cans can then be varied to achieve the desired thermal equilibrium. 

5.2.7 Cooldown 

The inner-matr ix cooldown system was originally designed to permit 
cooldown from 550°C to complete sodium freezing (100°C) in 10 hr . Sodium 
freezing is taken as the low-temperature cri terion, because it is felt that an 
operator should be in continuous attendance whenever there is molten sodium 
in the VTRZ; below the sodium freezing point, cooldown could continue un
attended. To accomplish the 10-hr cooldown, the system was designed for a 
total of 160 cfm maximum airflow per half-zone, based on the results of two-
dimensional heat- transfer calculations. 

It was subsequently determined in prototype tests that full inner-
matr ix cooldown airflow at high inner-matr ix temperatures does in fact 
give the predicted cooldown rate, but also produces undesirable thermal 
s t r e s se s . These s t r esses ar ise from the center- to-edge temperature 
gradient, which can run as high as 300 C with maximum airflow in the 
initial stages of cooldown, and result in local inner-matr ix buckling. 
Although the observed buckling was not severe and confined to the extreme 
front and rear edges of the inner matrix, the distortion is definitely 
undesirable. 
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Rough t h e r m a l - s t r e s s calculations and t r ia l cooldown runs in the 
VTRZ prototype have led to the establishment of a maximum permiss ib le 
center- to-edge temperature gradient of 150 C° during cooldown. This is 
sufficiently res t r ic t ive to avoid any matr ix distortion, but results in s ig
nificantly increased cooldown t imes . To achieve the minimum cooldown 
time consistent with the 150 C° AT limit, cooldown airflow rate and flange 
heater power must be continuously adjusted during the cooldown p rocess . 
In prototype maximum-cooldowni rate tes t s , cooldo-wn airflow has been 
initially set at about 5% of full flow and progressively increased until full 
flow is achieved when the central tempera ture drops to about 200°C. This 
results in a 550 to 100°C cooldown in about 22 hr and cooldown to 30°C in 
an additional 20 hr with the inner-matr ix-assembly covers on. 

5.2.8 Front-cover Exposure 

The inner -matr ix-assembly front covers are designed to maintain 
the integrity of the VTRZ inner-matr ix-assembly inert-gas system and 
will be used during any heated operation. Most VTRZ heatups and cool-
downs wrill be conducted wfith the reactor halves together so that the front 
covers •will not be exposed to room-temperature a i r . Manually-mountable 
insulation covers have been provided for the front covers to protect them 
from exposure when heatup is accomplished with the reactor halves apart . 
Thus, under most conditions, the VTRZ front covers will not be directly 
exposed to the reactor room. There are , however, two situations in which 
exposure of the hot front covers is unavoidable: A reactor sc ram during 
heated operation will result in exposure of the hot front VTRZ covers . 
Also, if the VTRZ is heated with the halves apart, the front insulation 
covers will have to be removed and the covers exposed while the halves 
are coming together. This section discusses the ' the rmal - s t r e s s situation 
resulting from the exposure of the hot VTRZ front covers . 

The calculated heat loss from the front cover at 600°C is 8800 Btu/ 
hr-ft^ when the cover is exposed to room-temperature a i r . This heat loss 
will cause an appreciable drop in the temperature of the 20-mil-thick pan 
section of the front cover, but will not appreciably affect the tempera ture 
of the inner calandria. The exact drop in temperature of the front cover 
greatly depends upon internal p ressu re in the inner ba r re l (i.e., the degree 
to which the front cover is pulled into contact with the inner matrix) and 
the flatness of the front cover. If the contact between the front cover and 
the inner mat r ix is good over the entire front face, the calculated average 
temperature drop is about 30 C° at 600°C. If the front cover is warped or 
in other ways does not make good contact with the inner matr ix, the t em
perature drop may be as great as about 150 C°. Since it is hard to ensure 
perfect flatness and good contact between the thin front cover and the inner-
matr ix edges, the expected temperature drop is 100-150 C°. The t empera 
ture may also differ by about 100 C° between points making good contact 
and points separated from the inner matrix, since conduction across the 
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face of the thin 20-mil front cover is relatively small . As discussed in 
Sec. 6.5.1, temperature gradients of about 100 C° will cause warpage of 
the front cover, but will not lead to failure. 

The exposure of the front cover will not greatly affect the t em
perature of the inner matr ix and calandria, because the heat- loss rate 
is small compared to the internal heat capacity of the inner matr ix a s 
sembly and because the sodium-filled calandria cans are good conductors 
of heat. The 8800-Btu/hr-ft^ heat- loss rate off the front cover will result 
in a uniform cooling of the inner matr ix and calandria of less than I C /min . 
Exposure of the front cover, therefore, will not cause fast changes in reac
tivity due to temperature effects. 

The front flange through which the pan section of the front cover is 
attached to the inner nnatrix assembly will also drop in temperature when 
the front cover is exposed. The front flange will lose heat by conduction to 
the front-cover pan section and directly by radiation and convection from 
the exposed front surface. The calculated heat loss by conduction through 
the 20-mil front-cover face will be less than 2500 Btu/hr, whereas the 
heat loss due to radiation and convection off the exposed front-flange sur
face will be about 3000 Btu/hr . These heat losses can, however, be compen
sated for by the front-flange heater, a 2.4-kW (8000-Btu/hr) heater . During 
exposure of the front face, the temperature drop in the front flange can 
easily be kept to less than 50°C. The front flange can, therefore, be p re 
vented from cooling enough to cause distortion of the inner matr ix through 
the use of the flange heater during exposures of the front covers . 

Tests of the front covers during heated exposure on the VTRZ proto
type have generally confirmed the calculations. The prototype testing was 
conducted with an exact prototype of the final front-cover design. The final 
front-cover design has a radial bellows ring to permit expansion and con
traction of the front cover face as shown in Fig. 25. It was originally hoped 
that, with a small negative p ressure in the inner bar re l , the front-cover 
contact with the inner matr ix would be good enough to give only a 30 C° 
drop in the front-cover temperature when it was exposed. The prototype 
testing indicated, however, that good contact over the entire front-cover 
face is hard to achieve and the temperature drops recorded were in the 
range of 100-150 C°, as expected with poor contact. The larger tempera
ture drop is acceptable, as explained in Sec. 6.5.1, because of the bellows 
design. 

The prototype tests confirmed that the effect of exposure of the front 
cover on the inner matr ix is minimal. Even thermocouples placed within 
2 in. of the front cover in the inner matr ix recorded essentially no tempera
ture drop during exposure. 
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In the initial prototype tests , the front-flange temperature dropped 
about 100-150 C° during front-cover exposure. However, this was p r i 
marily due to the location of the front-flange heater in the prototype; the 
location was not the same as in the final design. That is, the prototype 
design had the front-flange heater on the front face of the flange so that 
when the insulation cover was removed the heater, as well as the front 
cover, was exposed to room air . Exposure of the flange heater, which 
operates at about 700°C, resul ts in large heat losses from the heater and 
greatly changes the equilibriunn power transfer from the heater to the 
flange. When the tests were repeated with insulation placed over the 
flange heater , so that only the front cover would be exposed, the front-
flange temperature drop was reduced to less than 50 C°. In the final de
sign, the flange heater is placed on the back side of the front flange so that 
it is not exposed to room air during exposure of the front face. The front 
of the flange will be exposed to room air; but as explained above, increases 
in the power to the flange heater will be able to compensate for heat losses 
from the front flange. 

5.2.9 Air Cooling of Outer Matrix 

Although the amount of heat leaking radially outward from the heated 
inner bar re l assembly through the insulation annulus to the reactor fuel 
dra^vers in the outer matr ix assembly is small, it is large enough to require 
continuous cooling if the stable temperatures needed for experiments are to 
be obtained in reasonable lengths of time. Heat leakage to the outer matr ix 
assembly comes from components that penetrate the insulation annulus (the 
ball mounts, the scram res t ra iners , and the axial guides), thin areas in the 
insulation (principally over the front and rear flanges), and general heat flow 
from the CGR air through the 1/8-in.-thick insvtlation layer. 

Table 25 lists the calculated leakage heat into the tubes of the outer 
matrix assembly immediately adjacent to the insulation annulus. The cal 
culations were made on a very conservative basis and probably overest imate 
the leakage. Measurements of the leakage heat have been made in the VTRZ 
prototype and have shown significantly less leakage than calculated for the 

TABLE 25, Calculated Heat Leakage from Inner Barrel to Outer Matrix 
at SSÔ 'C Operating Temperature 
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VTRZ prototype configuration. However, the amount of leakage heat is a 
sensitive function of the exact configuration of the insulation zone, and, 
since this is somewhat different for the prototype and the final design, 
the prototype results cannot be reliably extrapolated to the final design. 

The worst case of Table 25 is for the tubes (Type E) that receive 
the leakage heat frona the ball mounts (about 6 W per ball mount). Assuming 
a nominal 2;^-cfm matr ix air-cooling flow in these channels, a 35 C° tem
perature r ise across each half-zone (70 C° across the t'wo halves together) 
would be predicted. Although this temperature r ise would give a 90°C exit 
air temperature and come just within the temperature limit of Table 5 (95°C), 
it is considered undesirably high and will be lowered by increasing the 
matr ix cooling-air flow per tube if tests on the final assembly show that 
heat leakages as high as calculated in Table 25 in fact exist. Increased 
matr ix cooling-air flow will be obtained, if necessary, in the effected 
drawers (for example Type C, D, and E drawers of Table 25) by using 
special fuel drawers that are narrower than the standard drawers . 
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6. STRESS ANALYSES AND TESTS 

6.1 St ress Analyses and Tests of the Oxide Fuel Rods 

6,1.1 Fuel-rod Mechanical Character is t ics 

The physical charac ter is t ics of the UO^ and (Pu,U)02 fuel rods are 
discussed in detail in Sec, 4,3; Fig, 12 shows the oxide rod assembly. The 
mechanical charac ter i s t ics of the oxide rods that are important for the 
s t ress analysis are summarized below: 

(1) The cladding tube, end plugs, and internal spacer are Type 304 
stainless steel. 

(2) The cladding tube of each rod is nominally 5.9 in. long and has 
a 0.377-in. OD and a 0.012-in. wall. 

(3) The end-plug faces have 0.097-in.^ cross-sect ional area. 

(4) The tube-to-end-plug weld is an inert-gas-shielded tungsten 
electrode a rc weld and produces a total shear area of at least 0,022 in. be
tween the tube and the plug. 

(5) The oxide pellets within the cladding are nominally 0.346 in. in 
diameter, and approximately 10 pellets are stacked to produce a nominal 
5.72-in. stack length. 

(6) The axial free length between the pellet stack and the end plugs, 
nominally 0.046 in., is taken up by a nominally 0. 043-in.-thick spacer and 
0.003 in. of gap. 

(7) The internal spacers are in the form pf a cup and are designed 
to collapse 10-15 mils under loads in the range of 20-30 lb. 

(8) The internal gas volume of a fuel rod is nominally 0.027 in.^ and 
is filled with an argon-helium gas mixture of I atm abs at room temperature , 

(9) The specifications for the oxide rods set a maximum acceptable 
internal rod p r e s s u r e of 300 psig at 600°C. This includes the effects of any 
pellet outgassing as well as the effects of the initial gas fill. 

Acceptance testing at ANL of the depleted and enriched-UO^ fuel rods 
have indicated that the nominal dimensions given above are closely met in 
the production fuel rods. The entire inventory of the UO2 fuel rods has been 
received and inspected. In par t icular , destructive burst tes ts at ANL on 
30 rods randomly sampled from the UO^ inventory have shown typical m e a s 
ured internal p r e s s u r e s of about 70 psig at 600°C (the maximum observed 
was 120 psig); this may be compared to the 44 psig p re s su re to be expected 
from the initial fill gas alone. The rod manufacturer has carr ied out about 
60 burst t es t s , in addition to those carr ied out at ANL; all of these were r e 
ported simply as having less than 300 psig at 600°C, although the actual p r e s 
sures were not measured. The manufacturing procedure for the (Pu,U)02 
fuel rods is nearly the same as for the UOj. 
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6.1.2 Fuel-rod St ress Analysis 

The purposes of the s t r e s s analyses that have been carr ied out on 
the oxide fuel rods have been, first , to establish that, under normal oper
ating conditions, the rods remain sealed and do not distort sufficiently to 
impair their use in the experiments planned and, second, to determine to 
what extent the rods remain sealed when subjected to accidental mechanical 
and thermal abuse. The resul ts of s t r ess analyses carr ied out for normal 
and accident operating conditions are summarized in the following sections. 

6.1.2.1 Fuel-rod Stress Analysis under Normal Operating Conditions 

The normal operating temperature range of the VTRZ is 20-650°C. 
As shown in Table 5, the VTRZ inner matr ix assembly is designed to toler
ate 30,000 hr at 600°C and 100 hr at 650°C without physical distortion suffi
cient to compromise its use. Assuming 45 1-kW heaters per half-zone (the 
maximumi possible within the power-supply l imits), the maximum VTRZ 
heatup rate to be normally encountered is about 8.5 CVn^in (assuming ca
landria cans without sodium). At full cooldown airflow ra te , the maximum 
cooldown rate possible for the VTRZ is about 2 C°/min. Thus, the oxide fuel 
rods will be exposed to the following normal operating conditions: 

(1) Operating tempera tures , 20-650°C; up to 30,000 hr at 600°C and 
up to 100 hr at 650°C. 

(2) Maximum heating rate, 8.5 C°/min; maximum cooling rate 
2 CVmin. (These are to be interpreted as cladding-surface 
temperature-change rates.) 

Because of the internal axial gap between the oxide pellet stack and 
the cladding and because the rods are loaded at 0 psig at room temperature, 
there is no s t ress in the fuel rod at room temperature , except whatever is 
left over from the end-plug welding. 

The linear expansion coefficient of stainless steel is greater than 
that of UO2 or (Pu,U)02 so that, when the entire rod is at a uniform tempera
ture, there is no contact between the pellet stack and the cladding and, there
fore, no s t ress is produced in either the cladding or the pellets due to this 
cause. At uniform rod temperatures above 20°C, the important s t ress con
siderations are hoop and axial s t r e sses in the clad tube and shear s t ress 
between the cladding tube and the end plugs produced by the internal gas 
p ressure . Assuming the shear strength of the Type 304L stainless steel 
mater ia l to be half of the tensile strength and considering that the tube-to-
end-plug shear area is more than twice that of the axial tube cross-sect ional 
area, it may be concluded that, if the'cladding is adequately strong for axial 
cladding-tube s t ress , it is also adequately strong for shear of the end-plug 
weld. 
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Even under very conservative assumptions, at least 3 mils of in
creased overall length is permiss ib le over the lifetime of an individual 
oxide fuel rod; i,e,, 0.05% axial creep is permiss ible . Under equally con
servative assumptions, at least 3 mils of increase in the diameter of the 
fuel rod is permiss ib le over its lifetime; i.e., 0.8% creep on the diameter 
is pernnissible. 

At 600°C, it is conservative to assume a 300-psig internal p re s su re 
in the fuel rod (see Sec. 4.3), This produces a hoop s t r e s s of approximately 
4400 psi and an axial s t r e s s of about 2200 psi in the tube. The maximum 
shear s t r e s s in the tube due to the combination of these s t r e s ses is about 
1100 psi and does not significantly affect the creep rate. At 2200 psi and 
600°C, the axial creep rate in the Type 304L stainless steel cladding tube 
will be less than 10"''%/hr. , ,e . , l ess than 0.003% axial creep in 30,000 hr. 
At 4400 psi and 600°C, the creep rate on the diameter will be about 5 x 
10"''%/hr, i.e., less than 0.015% creep on the diameter in 30,000 hr. Both 
of these creep ra tes are acceptable. 

At 650°C, the maximum internal p re s su re in the fuel rod is about 
320 psig. This produces approximately 2350-psi axial s t r ess and an axial 
creep rate of about 7 x lO"'%/hr at 650''C, i.e,, about 7 x 10"^% axial creep 
in 100 hr. The 320-psig p r e s su re produces about 4700 psi of hoop s t ress 
and a creep rate on the diameter of about 5 x 10"^%/hr at 650°C, i.e., about 
0.005% creep on the diameter in 100 hr. These creep ra tes are tolerable. 

Therefore, assuming both 30,000 hr of operation of a fuel rod at 
600°C and 100 hr operation at 650°C. the total predicted axial creep is about 
0.003% (0,2 mil) and the total creep on the diameter is about 0.020% (0.1 mil). 
These total creep values a re acceptable. 

If a fuel rod is heated or cooled from the outer surface at an appre
ciable ra te , a temperature difference that is set up between the cladding tube 
and the oxide pellet stack resul ts in differential expansion. The possibility 
exists for a large axial tensile s t r e s s in the cladding tube if this differential 
expansion betvreen the cladding and the oxide pellet stack causes the internal 
cladding length, less the spacer thickness, to become less than the length of 
the pellet stack at the tempera ture of interest . 

The tempera ture coefficient of linear expansion for Type 304L stain
less steel is grea ter than that for UO2 or (Pu,U)02. Therefore, since the 
internal cladding length (less spacer) exceeds the pellet stack length at room 
temperature , there is no possibility of interference between the cladding and 
the pellet stack during a heatup, regardless of the heating rate. 

There is a possibility of cladding-to-pellet-stack interference during 
rod cooldown. Since the internal gap between the internal cladding length 
(less spacer) and the oxide pellet stack becomes larger as the temperature 
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is increased and because the temperature difference between the cladding 
and the oxide pellet stack required to maintain a given cooldown rate in
creases as the tempera ture decreases , the worst situation for possible 
length interference exists at the lower end on the operating tempera ture 
range, i.e., near room temperature . Although it is impossible to maintain 
the maximum cooldown rate of 2 C7min , even with maximum cooldown air
flow, except at high temperature (where a high AT exists between the VTRZ 
and the cooldown air) , assumption of a 2 -C7min rate gives a very conserva
tive calculation. At approximately 20°C, a 2-C°/min cooldown rate requires 
a cladding-to-pellet-stack temperature difference of about 0.1 C°. This 
causes only a trivially small increase in the pel let-s tack length over room 
temperature . Thus, there is no possibility of cladding-to-pellet-stack inter
ference at 2-C°/min cooldown ra tes . 

It may be concluded that under normal operating conditions there 
will be no significant fuel-rod distortions over the lifetime of the fuel rods. 

6.1.2.2 Fuel-rod Stress Analysis under Accident Conditions 

Two situations are considered here that are intended to be indicative 
of the l imits of the conditions under which the fuel cladding will remain 
sealed. F i rs t , the highest uniform temperature the fuel rods will sustain 
without bursting is estimated. Second, the highest temperature difference 
that can be tolerated between cladding and oxide pellets is estimated. 

If a uniform temperature is assumed throughout the fuel rod, the 
cladding bursting temperature is determined by the hoop s t ress in the clad
ding tube produced by the internal gas p ressure . It is reasonable to assume, 
based on experience with UO2 pellets at ANL and elsewhere, that all out
gassing of the pellets occurs below 600''C; thus, the absolute internal rod 
p ressu re may be assumed to be proportional to absolute temperature above 
the reference value of 300 psig at 600°C. The assumption of 300 psig at 
600°C is conservative (see Sec. 4.3). Table 26 summarizes the estimated 
rod-bursting temperatures taking the 100-hr and, alternatively, the 1000-
or 10-hr rupture s t resses as the criterion for bursting hoop s t ress . 
Table 26 gives the results of calculations assuming the fuel rod is heated 
alone and also assuming that the fuel rod is heated inside of a calandria-
can tube. When the rod is heated alone, only the 12-mil cladding is available 
to absorb the bursting force. If the rod is in a calandria-can tube, the rod 
cladding can creep outward until contact is made with the calandria tube. 
In this case, both the 12-mil rod cladding and the 10.6-mil calandria tube 
are available to res is t the bursting p ressu re . Even with the 10.5-mil ca
landria tube cross section added, hoop s t ress is still the determining factor 
in burst resistance. The bursting values of Table 26 are conservative in 
that they assume that the internal volume of the rod does not change as the 
tube expands under the high p ressure . In fact, the internal volume would 
substantially increase as the rod expands and would reduce the internal 
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pres su re and increase the bursting tempera tures substantially over those 
given in Table 26. The minimum elongation to failure for Type 304L stain
less steel at any temperature is 30%. 

TABLE ^6, Oxide Fuel-rod Bursting Temperatures 

Bursting Temperature. "C 

1000-hr 100-hr 10-hr 
Rupture-stress Rupture-stress Rupture-stress 

Case Criterion Criterion Criterion 

Fuel rod alone 750 840 "900 

Fuel rod in calandria-
can tube 830 890 "970 

With the oxide pellets at 900°C, calculations indicated that the clad
ding tube can be instantaneously reduced to about 520°C before cladding-to-
pellet-stack interference begins, to about 400°C with only crushing of the 
spacer occurring, and to 20°C with about 1% elongation of the cladding tube. 
With the oxide pellets at 600°C, the cladding tube can be instantaneously 
reduced to about 330°C before cladding-to-pellet-stack interference begins, 
to about 230°C within the built-in coUapsibility of the spacer, and to 20°C 
with about l /2% elongation of the cladding tube. 

The fuel rods should remain sealed regardless of their thermal 
history if the maximum rod temperatures are limited to about 900°C. 

6.1.3 Fuel-rod Operational Tests 

T'WO operational tests have been carr ied out on the oxide fuel rods 
to directly test the resul ts of the s t ress calculations as to the acceptable 
operating l imits. F i r s t , the cladding tubes with welded-in end plugs from 
eight randomly selected production fuel rods were subjected to internal 
p re s su res from 100 psig to bursting at 600 and 800°C to determine the 
adequacy of the 300 psig at 600°C in ternal -pressure limit in reducing the 
rod deformation to negligible levels under normal operating conditions. 
Secondly, 180 randomly chosen typical production depleted UO2 fuel rods 
have been cycled 90-600-90°C, in excess of 300 t imes, in six typical p ro
duction sodium-filled calandria cans to test for any possible problems 
under actual VTRZ operating conditions. 

Eight fuel rods were selected randomly from the inventory of 
14,600 depleted-U02 fuel rods. The cladding tubes, end plugs, and end-plug-
to-tube GTAW welds are considered typical of the entire inventory of 
depleted- and enriched-U02 and -(Pu,U)02 fuel rods because the tube and 
end-plug mater ia l s come from the same vacuunn-melt mater ia l batches; 
the fabrication methods used for the 6-in. cladding tubes and end plugs a re 
the same for all rods; and the welding equipment, welding pa ramete r s , and 
welding personnel will be the same for all rods. The selected rods were 
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sectioned, normal to the long axis, about 4 in. from one end and the pellets 
and internal spacer removed. The 4-in.-long section with one welded-in 
end plug was set up in a test rig, which was capable of independently con
trolling the temperature of the cladding and the internal cladding p ressu re . 
Each one of the eight samples was exposed to a single cladding tempera
ture and internal p ressu re combination for 2 hr in a pure helium atmosphere 
and then cooled to room temperature and examined for distortion. The ex
posure of each sample is given in Table 27. No measurable dimensional 
changes (in excess of O.l mil) were observed in any of the samples, except 
the bursting p re s su re sample (No. 6). Sample No. 6 failed at 600°C and 
3500 psig with a 0.38-in.-long longitudinal (i.e., axial) rupture beginning 
0.38 in. from the end plug. The burst sample increased in diameter from 
0.377 to 0.420 in. (11.4% elongation) before failure. 

TABLE 27. Fuel-rod Exposure Tests for Various 
Temperature and P r e s s u r e Conditions 

Sample 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

Cladding 
Temperature , 

600 
600 
600 
600 
600 
600 
800 
800 

°C 
Internal P r e s s u r e , 

psig 

100 
200 
300 
400 
500 

Bursting p re s su re (3500) 
200 
400 

To provide a final check on the design of the fuel rods and of the 
sodium-filled calandria cans, thermal-cycling tes ts were carr ied out on 
typical production fuel rods mounted in typical production calandria cans. 
Every effort was made to ensure that the test conditions were equal to, or 
more severe than, the operating conditions to be expected in the VTRZ. The 
180 fuel rods tested were randomly selected from the inventory of 14,600 
depleted-UOj fuel rods and are representative of all of the UOj and (Pu,U)02 
rods in every respect; i.e., they are identical as to mater ia l , dimensions, 
and fabrication process . The calandria cans selected were the first six pro
duction sodium-filled cans and are completely representat ive of the entire 
inventory of calandria cans with respect to mate r ia l s , dimensions, and fabri
cation process . Typical commercial 3/8-in, -dia cartr idge heaters of the 
type to be used in the VTRZ were used in the tes ts . 

The cycling tests were carr ied out from below the sodium freezing 
temperature to 600°C (i.e., 90-600-90°C on each cycle) to include whatever 
effects might be produced by repeated sodium freezing around the calandria-
can tubes. The heatup rates were the maximum of which the heaters were 
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capable; I kW per calandria can was used. The environment of the tes ts 
was argon gas, but with 500 ppm oxygen rather than the 50 ppm as in the 
VTRZ. to enhance whatever effects might ar ise from surface oxidation. 

The calandria-can tubes and the fuel rods were dimensionally in
spected initially and at the end of 1, 50, 100, 150, 200, and 300 cycles. 
A special inspection -was made at 154 cycles as discussed belov^. The first 
cycle had a 30-min heatup, 24-hr hold at 600°C, and a 4-hr cooldown; 
cycles 2-150 were 4^-hr cycles; and cycles 151-300 were 2-hr cycles. In
spection of the calandria-can tubes used 7.5-in. fall-through gauges; the fuel 
rods were measured for diameter , with a micrometer , and for central run
out. Initially, all calandria-can tubes passed 0.385-in.-dia, 7.5-in. fall-
through gauges; all fuel rods had less than 0.378-in. OD with less than 1 mil 
of central runout. 

After the first cycle, about half the calandria-can tubes would still 
accept the 0.385 x 7.5 fall-through gauges and about half had distorted so as 
to accept only smal ler -d iameter gauges. The average diametral reduction 
(measured by fall-through gauge diameter) of the tubes that had distorted 
was about 1^ mils ; the maximum reduction observed was 2.2 mils. The fuel 
rods did not change in diameter after the first, cycle, but showed some in
creased bowing; the worst increase in bowing was 0.5 mil. 

Some small increase in tube and rod bowing was observed at the 50-
and 100-cycle inspections, but very little beyond that point. As the cycling 
progressed, some tubes increased and about an equal number decreased in 
total bowing. The worst cases observed were a (fall-through gauge) tube 
reduction from a diameter of 0.384 in. to about 0.381 in. and a rod-runout 
increase of 1 mil to a total of 2 mils . Taking thi smallest tube and the rod 
with the largest bow (and assuming their bow is exactly opposite), there is , 
still a 2-mil tube^to-rod diametral clearance. This is adequate. There 
were no observed interference fits between rods and calandria tubes at any 
time during the tes ts . The surface oxidation was minor, amounting to less 
than 0.5 mil on any surface. The thickness of the oxidation layer is included 
in the apparent bowing measurements reported here. 

Just after the 150-cycle inspection of the calandria cans and fuel 
rods in the cycling tes ts , an accidental extreme overheat of the test cans 
and rods occurred at cycle 154 due to an operator e r ro r . The operator of 
the cycling test had accidentally disabled the automatic temperature-control 
system. The tempera ture-contro l system of the cycling test is much dif
ferent than that for the VTRZ, and its failure does not indicate anything about 
the VTRZ system. The disabling of the cycling-test control system pe r 
mitted the test calandria cans and fuel rods to r i se to 750°C on cycle 154 
before the operator noticed the problem and initiated a cooldown. The ca
landria cans and fuel rods were removed from the test rig as soon as room 
temperature was achieved, and a complete special inspection was made of 
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the calandria cans and fuel rods. Two of the calandria-can outer jackets 
remained bowed outward slightly after the cooldown. All the other calandria 
cans were unchanged from the 150-cycle inspection. None of the dimensions 
of the calandria-can tubes or fuel rods had changed significantly from the 
150-cycle examination. The test calandria cans and fuel rods were re in
stalled in the test rig, and the cycling tests were resumed at the 154-cycle 
point. 

6.2 Stress Analyses and Tests of Calandria Cans 

6.2.1 Mechanical Character is t ics of Calandria Cans 

The design and construction of the VTRZ calandria cans are d is 
cussed in detail in Sec. 4.4. Those mechanical character is t ics of the cans 
that are important to the s t ress analyses discussed in subsequent sections 
are summarized here : 

(1) All mater ia l is fully-annealed Type 304L vacuum-melt stain
less steel. 

(2) The headers , internal spacers , and jackets are nominally 
19 mils thick; the tubes have a nominally 10.5-mil wall. 

(3) The internal volume of a square-cross-sect ion calandria can, 
nominally 11.71 in. between headers, is about 765 cm' inside the outer jacket 
at 20°C. About 404 cm' of internal volume is preempted by the calandria 
tubes, leaving about 361 cm' of free internal volume at 20°C. 

(4) The maximum sodium loadings for the square-cross-sec t ion 
calandria cans are 301 g for the heatable (Type H) cans and 331 g for the 
unbeatable (Type F) cans. At 20°C, the heatable cans are about 86% full and 
the unbeatable cans about 95% full. 

(5) The triangular calandria cans contain the same sodium loading 
per calandria tube but more internal free volume per tube than the square 
cans and therefore have greater void volumes than the square cans. 

(6) The void volume within the sodium-containing calandria cans 
is evacuated before the cans are sealed. 

(7) The internal free volume of the empty (i.e., no sodium) calandria 
cans is vented through a hole in the fill plug to the atmosphere of the VTRZ 
inner matr ix assembly (air or argon). 

(8) The heatable (Type H) calandria cans are designed to be nomi
nally full (i .e., sides square and flat) at 550°C. Above 550°C, the jacket sides 
bulge outwards so that the centers of the four sides of the square cans will 
simultaneously touch the surrounding matrix tube about 675''C. 
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sUinlJ^l.^T^ ^"'^ °^^^'' calandria can is fitted with a 19-mil Type 304L 

h ad i r x t s l " " ' ' ' ' * ' '^^'"'''^ ' ^ ' ° " ' "^*^ *° ^*-<^^ spot-weld?d to the 
the calanJria '"T" "^ '"*""' '" ' ' ' ° ""^^^ * " ^"^^ ^°<i^ ^r°"^ falling out of tne calandria can during normal handling. 

^•^•^ St ress Analyses of Calandria C.n.. 

s t r e n g t J ' ' F ? r s T ' a r t ' t t T " * ' " * ' ' " " " " " ^ ^^'^^^'^^ ' ° - l a n d r i a - c a n 

c r n f r g u r r o n T ' " " ^ " ^ ^ ^ " ^ ^ " ^ < ^ - " ^ ^ - ^ - - ° f L ^ ^ d ^ T R r ^ ^^^ 

^•^•^•^ Normal Operation of Calandri . C = 

Normal operating conditions include or,er;,tin„ „f ti, 
triangular heatable (Type H) and empty (T^e^V) caiTndria ^ ^ " ^ ^ \ ^ " ^ 

- 0 to 2 0 . will probably n^ol e^L^L^d I ^ O ^ O ^ ^ r i T ^ I l e ^ ^ f V h ^ V T R ^ ^^ ^ 

s^des remain n o m i r a l l y T q u a l e ^ r d l T a V l u t e r p Z t r e " " °^'^'^^^""- ^^^ 

cans a r f c l T d t t r ^ l V e ^ i r f t r ^ ^ T ^^ ^ ^ ° " ' ^^""^ ^ ^ 
a small annular gap is probably form;d a round"" ^ T '' ^ ' ° " * ^°°°^ - ^ 
the linear coefficient of expansion oT!oH T '^^^^'^'^^^^ t^be since 
steel below the sodium freezing point T h " " f " *^^" *^* °' ^ ' ^ - 1 " ^ 
around the calandria tubes at r L ' m ^ e m p e r a t r e ' "'"''' ° ' ' ^^ ^"'^"^^^ ^^P 
general axial compression of the s o S ^ d ^ ' " ^ ' ^^"^^ i ' ^ because of the 
aster contraction of the calandria jacket I d ^ r i " " " ' ""^ *^ ' relat ively 

traction of the sodium below 100°C. ^ ^^"S*^ ^^1^«^« ^ the con-

Because of the lack of internal a= = 
calandria cans, the only cause of s i g n i f f c a n f r t r " " '^'^ - d ium-con ta in ing 
perature range of 20-650°C is the e^ansTon of " " " '''" ' " " ' ' " '""^ ''"^ 
dria cans; above the melting point. T o d ' m e ^ a n l " " " ' " ' ^ " ^ *° '̂̂ ^ - 1 — 
temperature than does stainless steel T^ ^^^^^ds more rapidly with 
the can jacket faces to flex; in the worst c a s l ' ^ a r . l ' " " ° ' '""^ =°^^""^ « ^ - - -
a square can, the centerline of the iacket f,. I •'^^^^* ^^^^^ center of 
cave (due to atmospheric p ressure ) ' to about 24 - ' ^ ' " " ' " " "^ " ' "^''^ ^ ° " -
exceeds the yield s t r e s s of the stainless steel so t w 7 T ' " ^^^^ ' ^^^^^ 

tnat fatigue cracking is a 
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possibility. Rough calculations indicated that the can faces should be able 
to take in excess of 50,000 cycles of this magnitude, at room tempera ture , 
without cracking. Since the operating tempera tures of the VTRZ are within 
the s t ress - re l i e f range for Type 304 stainless steel, some of the effects of 
the fatigue cycling are probably mitigated during normal operation. As a 
backup on the fatigue calculations, a typical calandria-can jacket was fatigue-
cycled in air at room temperature 75 mils concave to 75 mils convex; the 
specimen cracked at 21,000 cycles. There seems to be no problem with 
fatigue failure of the cans over any reasonable number of operating cycles. 
Calandria-can thermal-cycling tes ts are reported in Sec. 6.2.3. 

The total weight of 32 6-in. fuel rods in a calandria can is about 
3200 g or about 7 lb. Each of the four studs holding each calandria-can end 
cover (rod retainer) is required by the specifications to be capable of sus
taining a 10-lb pull. The studs are arranged so that one stud is immediately 
adjacent to each calandria tube. Direct tes ts have shown that the covers will 
retain the rods under a 3-4-g jolt as when the edge of a loaded calandria can 
is struck on the edge of a table. 

6.2.2.2 Overheat Conditions in Calandria Cans 

As the temperature of a heatable (Type H) calandria can is raised 
above about 550°C and the temperature of an unbeatable (Type F) can is 
raised above about 150°C, the square jacket sides bulge outward approaching 
a round cross section. The bulging s tar ts at the axial center and moves 
progressively toward each end. The tendency for the jacket to become round 
is constrained by the presence of the matr ix tube. Thus the expanding calan
dria can tends to fill the available volume within the matr ix tube and, to the 
extent that the matr ix tube walls are deflected, the available volume within 
the adjacent matr ix tubes. The bulging can fills the matr ix tube, beginning 
at the center of the can and progressing toward the ends as the can is heated. 

Below about 900°C, the vapor p ressu re of the sodium is small and 
the calandria cans expand by yielding only enough to accommodate the in
ternal volume of sodium within the yield s t ress of the jacket mater ia l . 
Above about 900°C, the sodium-vapor p re s su re r i ses rapidly to levels that 
cannot be contained by the diminished tensile strength of the Type 304L 
stainless steel. 

If it is assumed that all the volume within the mat r ix tube containing 
the can and half the volume in the adjacent mat r ix tubes a re available to 
accommodate the expansion of the overheated calandria can, then at 900°C, 
about 9.5 in. of the heatable can length and about 11 in. of the unheatable-
can length (out of the total 11,7 in. of calandria-can length between the 
headers) will be expanded out against the matr ix tube. Assuming reasonable 
ductility, probably neither the heatable nor unbeatable can would fail up to 
900°C. Direct calandria-can overheat tes ts , reported in Sec. 6.2.3, confirm 
this conclusion. 
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Above about 900°C, it is not possible to calculate accurately the 
course of calandria-can distortion and ultimate failure because of lack of 
strength data on Type 304L stainless steel in this range and the complexity 
of the header- to-jacket weld configuration. Rough calculations indicate that 
the rapidly rising sodium-vapor p ressu re will burst the cans, probably at 
the center of the header- to-jacket weld, somewhere in the range 950-1050°C, 
regardless of the calandria-can type. Calandria-can burst tes ts are de
scribed in Sec. 6.2.3. 

6.2.3 Operational Testing of Calandria Cans 

Two types of calandria-can testing have been carr ied out: first, 
thermal-cycling tests on heatable (Type H) cans within normal operating 
limits; second, overheat failure tes ts on heatable and unbeatable sodium-
filled cans. 

A total of I 7 heatable (Type H) calandria cans have been subjected 
to thermal-cycling tes ts at various times during the development and proof-
testing of the calandria can design. Of the 17, 11 were prototype calandria 
cans produced -with special tooling and stock mater ia ls , and the remaining 
six were production cans. The production cans were exactly typical of the 
entire inventory of cans in every ^vay: mater ia l , tooling, welding, etc. The 
cycling tes ts carr ied out are summarized in Table 28. There were no 
calandria-can failures in the thermal-cycling tests nor any distortions large 
enough to significantly interfere with the use of the cans for the planned ex
periments. The cycling tests involving calandria cans HXOl, HX03, HX04, 
HX06, HX07, and HXIO included an accidental overheat to 750°C, which 
caused only a small amount of distortion in the outer jacket of one can. 
The distortion was not significant operationally,* Details on the 750°C acci
dent are given in Sec, 6.1.3. 

TABLE ZH. Heatable {Type H) Calandr ia-can Thermal -cyc l ing Tes t s 

All t e s t s were 90 to 600 to 90^C with 30-60-min heatup t imes 
(using approximately 1 kW per calandria can) and 2-4-hr 

cooldown t imes ; about ]0 -min holds at 600°C 

Heatable (Type H) 
Calandria Cans Environment No, of Cycles 

fvlaterial in 
Calandria 

Prototype cans: 

Product ion cans: 

No, 
No , 
No , 
No , 
No , 
No, 
No , 
No , 
No, 
No, 
No, 

No, 
No , 
No, 
No , 
No , 
No 

7 

8 
10 
A 4 

A5 
A6 
A 7 
AS 

A9 
A l O 
3 

HXOl 
HX03 
HX04 
HX06 
HX07 
HXIO 

Argon 
A i r 
A i r 

Argon 
Argon 
Argon 
Argon 
Argon 
Argon 
Argon 
Argon 

Argon 
Argon 
Argon 
Argon 
Argon 
Argon 

3 5 0 

10 
10 
10 
10 
10 

10 
10 
10 
10 

350 _ 

350 ^ 
3 0 0 
4 0 0 
6 0 0 
6 0 0 
600 ^ 

- SS bars 

Depleted-UO; 
fuel rods 
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Calandria-can overheat tests have been carr ied out on six heatable 
(Type H) and four unheatable (Type F) cans. All the tes ts except one have 
been carr ied out in matr ix-assembly sections, with 2.037-in.-square steel 
bars in the tubes adjacent to the heated can, which very closely simulate 
the situation in the VTRZ matrix as to available volume for the expansion 
of the calandria can. All the tes ts were carr ied out in air. Two of the 
heatable and one of the unheatable calandria cans tested were prototype 
cans; the rennaining cans were production cans exactly typical of the overall 
inventory as to mater ia ls , welding, tooling, etc. The resul ts of the overheat 
tests are summarized in Table 29-

TABLE 29- Resu l t s of C a l a n d r i a - c a n Overhea t T e s t s 

Can Type; 
P ro to type or H = Heatable 

P roduc t ion Can F - Unheatable Can No. Can History- Tes t Setup 

T e m p e r a t u r e at 
Which Sodiunn 

Was R e l e a s e d , "C 

Pro to type 

Pro to type 

Pro to type 

Produc t ion 

Produc t ion 

Produc t ion 

Product ion 

Product ion 

Produc t ion 

Produc t ion 

Produc t ion 

Product ion 

H 1 New can In uncons t r a ined 
m a t r i x tube 

F X U 

FX16 

FX18 

300 cycles'^ 

After 
400 cyc les 

After 
600 cyc les 

^Anomalous fa i lure ; see text. 
^^300 cyc les , 90 to 600 to gO^C. 

In m a t r i x 
typica l of 

In m a t r i x 
typica l of 

In m a t r i x 
typ ica l of 

In m a t r i x 
typica l of 

In m a t r i x 
typ ica l of 

In m a t r i x 
typica l of 

In m a t r i x 
typ ica l of 

In m a t r i x 
typica l of 

In m a t r i x 
typica l of 

In m a t r i x 
typica l of 

In m a t r i x 
typ ica l of 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

a s s e m b l y 
VTRZ 

1010 

905^ 

>910 

>960 

>915 

1035 

>940 

925 

>930 

>910 

935 

950 

Several points should be made regarding the overheat test resul ts 
of Table 29-

(1) The cans were heated in these tes ts with four independent 1-kW, 
12-in. cartridge heaters per can of the type that will be used in the VTRZ. 
In almost every test run, one or more of these heaters failed below 900''C. 
Where the can exceeded 900°C but did not fail and enough of the heaters 
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failed to make it impossible to ra ise the temperature further, the test was 
not rerun and the highest temperature reached is given in Table 29 and 
marked by a greater- than sign (>), For example, prototype can Type F No. 4 
did not fail up to 910°C, at which point all heaters had failed. 

(2) Prototype can Type H No. 2 failed at an unusually low tempera
ture due to the rupture of an accidental and unintentional weld between the 
fill plug and the underlying tube; i.e., the can was defective. A special 
X-ray examination step was added in the calandria-can production process 
to avoid this problem in the production cans. 

(3) Prototype can Type H No. I was tested in an unsupported single 
matr ix tube, which permitted bulging in excess of that which is possible in 
the regular VTRZ matr ix assembly. This resulted in the relatively high 
bursting temperature . 

6.3 The Inner Matrix Assembly 

6.3,1 St ress Analysis 

The design of the VTRZ Inner Matrix Assembly (i,e., the heatable 
zone) is discussed in detail in Sec. 4.5.3. This section summarizes the r e 
sults of s t r e s s analyses of the inner matr ix assembly mounted on the ball 
mounts, the inner -matr ix-assembly gross axial motion re s t r a ine r s , and the 
effect of a center- to-edge radial temperature gradient in the inner matr ix 
assembly. Load-ver sus-deflection tes ts on the inner-matr ix-assembly 
prototype are discussed in Sec. 6.3.3. 

6.3.1.1 St ress Analysis of Inner Matrix Assemb],y Mounted on Ball Mounts 

The combination of the l /S- in .- thick jacket and the a r ray of nnatrix 
tubes within it resul ts in a very rigid box-like structure. From Tables 2 
and 5 it is assumed that the load in the inner matrix, including the seismic 
load, totals 5500 lb and is uniformly distributed axially and radially. 

In the direction t ransverse to its long (36-in.) axis, the inner matr ix 
assembly may be considered as a simply-supported beam about 21 in. be
tween the two sets of ball-mount supports with a height at the center of the 
span of about 19.5 in. and with an effective width of 37 in. (see Fig. 7). Be
cause of the assumed unifornn loading per matr ix tube and the shape of the 
inner mat r ix (i .e. , the octagonal shape), the beam is approximately of uni
form strength across the span. Therefore, taking the conditions at the center 
of the span as typical, the beam may be considered as a beam of uniform 
cross section with a moment of inertia of about 1670 in. (including the jacket 
and the matr ix , but excluding the front and rear flanges, the front and rear 
covers, and the central nine matr ix tubes), a height of 19.5 in., a uniform 
load of about 395 lb/ in. , and an unsupported span of about 21 in. With this 
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assumption of an equivalent uniform beam, the calculated maximum outer-
fiber tensile s t r ess due to bending is about 110 psi and the central downward 
deflection much less than 1 mil. 

In the direction of the long axis, the inner matr ix assembly is essen
tially a uniform beam with an overall effective length of 37 in., a height of 
about 19.5 in., and a moment of inertia of about 850 in.^ (including the jacket 
and the matrix, but excluding the central nine tubes). Assuming the uniform 
5500-lb load, the beam is loaded uniformly along its 37-in. length at about 
150 lb/in. There a re , in fact, five ball mounts uniformly distributed along 
each of the two sides of the inner bar re l , which probably produce inter
mediate supports along the 37-in. length. For a conservative calculation, 
however, assume that the 37-in.-long inner bar re l is simply supported only 
at the extreme ends. In this case, the maximum outer-fiber tensile s t ress 
due to bending is about 300 psi, and the maximum central deflection is about 
0.2 mil. 

These s t resses and deflections are negligible at any temperature 
within the normal operating range. 

6.3.1.2 Stress Analysis of Inner-matr ix-assembly Axial Motion 
Restra iners 

The axial motion res t ra iners serve two purposes: F i r s t , they con
trol the axial position of the front cover face of each half-zone; second, they 
prevent gross axial motion of the inner matr ix assembly as a result of rapid 
changes in reactor- table position as in reactor sc rams, starting and stopping 
of the movable table, and earthquakes. Thus, the impact loads on the axial-
motion-rest ra iner brackets may be axially forward or rearward. There are 
four motion-restrainer brackets on each half-zone. They are welded to the 
outer-matr ix liner, near the front, and extend across the insulation space 
into pockets in the front flange. Figure 77 shows a mot ion-res t ra iner bracket. 

The highest movable-table axial-motion speed occurs during a scram. 
To scope the problem, the scram speed of 30 in,/min was taken as the cr i 
terion in the s t ress analysis for the motion res t ra ine rs . All friction in the 
ball mounts was ignored. Table acceleration time was ignored in the analy
sis. The s t ress analysis was carried out under the assumption that the 
inner matr ix assembly will be moving at 30 in./min when the impact with 
the stationary outer matr ix assembly occurs through the motion-rest ra iner 
brackets . This analysis also covers the case in which the outer matr ix 
assembly is moving at 30 in./min and str ikes the stationary inner matr ix 
assembly through the motion res t ra ine r s (as in a scram). 

As the inner matr ix assembly is decelerated from 30 in. /min to 
zero by the axial mot ion.res t ra iners , there is an exchange of energy between 
the inner matr ix assembly and the res t ra iner brackets ; the kinetic energy of 
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the inner mat r ix assembly is absorbed into potential energy of the deflec
tions of the brackets . The maximum deflection of the tips of the res t ra ine r 
brackets can be obtained by equating the kinetic energy with the deflection 
energy of the bracket. The maximum fiber s t r ess at the base of the bracket 
is then obtainable from the standard equations for a cantilever beam. As
suming a 5000-lb inner-matr ix-assembly weight, the calculations predict 
a maximum res t ra iner deflection of about 1 mil, a maximum fiber s t r e s s 
in the base of the res t ra ine r bracket due to bending of about 800 psi , and a 
maximum shear s t r ess in the b racke t - to -ou te r -bar re l - l ine r weld of about 
2500 psi . The res t ra ine r brackets operate between a maximum of 650°C at 
the top of the bracket to about 40-50°C at the base. The calculated s t r e s ses 
are acceptable within the design limits of Tables 3 and 4. 

1 " GTA» F I U F I » E U ) -

8 

BOTH SIDES IHD 

AROUND CORNeOS AS 

SHOWN 

005" - 30»L SST 

CI' 

RESTRAINER BtOCK 

3 0 t t SST 

Fig. 77. Axial-motion-restrainet Bracket 

T h e r e wi l l be s o m e t endency for the i nne r b a r r e l to bounce off the 
r e s t r a i n e r b r a c k e t s and r e s t r i k e the b r a c k e t s in the oppos i t e d i r e c t i o n . 
Th i s is not c o n s i d e r e d s e r i o u s . A x i a l - m o t i o n f r i c t ion in the a s s e m b l y 
should r a p i d l y d a m p out the ax ia l o s c i l l a t i o n . 

6 .3 .1 .3 T h e r m a l S t r e s s in Inne r M a t r i x Assennbly due to a C e n t e r - t o -
Edge T e m p e r a t u r e G r a d i e n t 

If a r a d i a l t e m p e r a t u r e g r a d i e n t i s p e r m i t t e d to deve lop be tween the 
c e n t e r of the i n n e r m a t r i x and the i n n e r m a t r i x j a c k e t so tha t the j a c k e t i s 
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cooler than the matrix, the inner matr ix is compressed by the jacket as it 
attempts to take on a smaller circumference. This thermal s t r ess situation 
a r i ses during inner-matr ix cooldown because the heat is removed from the 
outer surface of the jacket. 

Although yielding, and not simple buckling, of the matr ix- tube walls 
is the real limiting factor in setting permissible center- to-edge tempera
ture differences, rough the rma l - s t r e s s calculations have been based on 
buckling of the matr ix as the criterion. Very conservative calculations 
have been carr ied out that assume the entire inner matr ix is isothermal 
and the jacket is at a cooler temperature (i.e., the radial tempera ture p ro
file is flat with a step change at the matr ix- jacket interface). The analysis 
indicates that, accounting for the elastic elongation of the jacket caused by 
the outward reaction forces from the matrix, center- to-edge temperature 
differences of up to 180°C are acceptable before matr ix-tube buckling occurs. 

Experience gained in about 20 heatup and cooldown cycles on the 
VTRZ prototype has indicated that some permanent buckling of matrix-tube 
walls occurs if the center-to-edge temperature difference is permit ted to 
reach 250-300 C°. Only minor buckling occurs , even at this temperature 
difference. In those prototype tes ts in which the center-to-edge temperature 
difference has been limited to 150 C°, no buckling has occurred. Based on 
this experience and the approximate calculations, the 150 C° temperature 
difference has been adopted as an operational limit. The 150 C° limit is 
applied between the highest and the lowest temperature observed in order 
to be conservative. 

6.3,2 Inner-matr ix-assembly Seismic Analysis 

Because of the means of support, the inner matr ix assembly generally 
responds out of phase with the outer matr ix assembly during an earthquake. 
The built-in mechanical constraints to gross motion of the inner matr ix as 
sembly during an earthquake are discussed in this section. 

The inner matr ix assembly of each half-zone is located and con
strained within the insulation annulus by the 10 ball mounts, the two axial 
guides, the four axial-motion re s t r a ine r s , and the insulation and CGR struc
ture. Gross vertical motion is constrained by the ball mounts and the in
sulation annulus structure. Gross horizontal motion is constrained by the 
axial guides, the ball-mount brackets , and the insulation annulus structure. 
Gross axial motion is constrained by the axial motion r e s t r a ine r s , the axial 
guides, and the insulation annulus s tructure. 

6.3,2.1 Possibility of Gross Vertical Motion 

Calculated on the basis of the inner matr ix jacket and matr ix alone, 
the natural period of the inner mat r ix assembly is about 0.001 sec. With 
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the most pess imis t ic interpretation of the tes ts of the flexibility of the ball 
mount and outer matr ix liner discussed in Sec. 6.3.3, the inner-matr ix and 
ball-mount combination has a natural period of about 0.05 sec. In either 
case, the c r i te r ia of Table 2 apply and the appropriate vert ical seismic 
design load is about 0.1 of the dead load within the design s t ress and about 
0.2 within the yield s t r e s s . The cr i te r ia have been applied in the design of 
all VTRZ components and in the design of the inner -mat r ix and ball-mount 
components in par t icular . 

Within the assumed earthquake conditions, it is clear that the ball 
mounts will not fail (see Sec. 6.4) so as to perinit gross vert ical motion. 
It is t rue, however, that even if the ball mounts were to fail completely, the 
5000-lb design weight of the inner-matrix-assemibly load is not sufficient 
to crush the insulation annulus mater ia l s more than about l /Z to 3/4 in. 

6.3.2.2 Possibil i ty of Gross Horizontal Motion 

Assuming the inner matr ix temperature is 650°C at the time of an 
earthquake, about 300 lb of horizontal load would be required to yield the 
two axial guides. 

Ignoring the axial guides and the insulation annulus s t ructure , it is 
only possible for the inner matr ix assembly to roll about l / 4 in. horizon
tally before direct mechanical contact is made between the inner matr ix 
assembly and outer matr ix assembly through the ball-mount brackets . 
The inner mat r ix assembly cannot move horizontally far enough to drop 
off the ball mounts without gross distortion of the outer matr ix assembly. 
Note that the reactor knee constraints (see Sec. 6.6.4), which are designed 
to res is t 0.4 of the dead load in the ZPR facility outside of the inner ba r r e l 
assembly, will back up the outer mat r ix assembly in resisting horizontal 
motion (see Sec. 4.5.14). Also, horizontal forces of the order of 1000 lb 
would be required to appreciably crush the insulation annulus structure. 

6.3.2.3 Possibili ty of Gross Axial Motion 

Gross motion either forward or backward in the axial direction is 
constrained principally by the axial-motion r e s t r a ine r s (see Sec. 6.3.1.2). 
Assuming a tempera ture of 100°C at the base of the res t ra iner brackets , an 
axial force of more than 88,000 lb would be required to yield all four of the 
res t ra iner brackets . In addition, about 1000 lb applied axially would be r e 
quired to yield the two axial guides and perhaps 200-300 lb to move the in
sulation annulus s t ructure axially any appreciable distance. 

Although arguments as to earthquake resis tance are somewhat quali
tative, no gross motion of the inner matr ix assembly relative to the outer 
mat r ix will occur in any earthquake that can be reasonably foreseen. 



194 

6.3.3 Inner-matr ix-assembly Prototype Load Tests 

The flexibility of the upper and lower ball-mount brackets and, pa r 
ticularly, the flexibility of the connection of these brackets to the inner 
matr ix assembly and the outer matr ix liner are very difficult to calculate 
accurately. It is , however, important to know that these connections are 
not sufficiently flexible to permit excessive deflection of the inner ba r r e l 
assembly under load or to cause a natural resonance period large enough 
to amplify earthquake acceleration spectra. 

Load-versus-deflection tes ts carr ied out on the VTRZ prototype 
included a complete VTRZ half-zone assembly, i.e., inner mat r ix assembly, 
outer matr ix assembly, and ball mounts. The tes ts were carr ied out at 
room temperature using depleted-uranium blocks inserted into the inner 
matrix. The front and rear covers were off during the test. To simulate 
the conditions in the ZPR assembly, the outer matr ix was completely loaded 
with depleted-uranium blocks during the test. Although the test was not done 
in the regular reactor matrix, a jig structure was arranged around the outer 
matr ix assembly to simulate the effect of the surrounding mat r ix tube bun
dles. Loading was varied from the empty matr ix to 5500 lb in the matrix. 
The result of the test was a linear (no permanent set) downward deflection 
of the bottom center of the inner bar re l assembly. At 5500 lb, the average 
deflection was about 28 mils ; the front flange deflected downward about 
38 mils , and the rear flange about 18 mils . Assuming that the deflections 
are inversely proportional to Young's modulus, the predicted deflections at 
600°C would be about 15% larger--about 33 mils for the average. 

The measured deflections are considered acceptable, but greater 
than ideal. To reduce these deflections in the final design, additional bracing 
has been added to the design of the ball mounts to reduce their flexibility. 
The axial distribution of the ball-mount locations has been changed to achieve 
a more equal front and rear deflection under load. Although the effect of the 
stiffening and relocation of the ball-mount brackets is not known accurately, 
the deflections in the final design will be less than those in the prototype. 

6.4 Ball Mounts 

6.4.1 Ball-mount Stress Analysis 

6.4.1.1 Ball-mount Brackets 

Each of the 10 ball mounts on each of the VTRZ half-zones has been 
designed to withstand a load of 2750 lb within the design s t ress l imits of 
Sec. 3.3. The 2750-lb load per ball mount is based on the maximum load 
that could be applied to a single ball mount within the 5500-lb design load 
(5000 lb plus 10% seismic load; see Tables 2 and 5) of each inner -mat r ix 
half-zone assembly. Although there are 10 ball mounts (five per side) on 
each VTRZ half-zone, the most conservative assumption is that only three of 
them (two on one side and one on the other), the minimum number required 
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for static equilibrium, are actually in contact and taking load. Thus, one 
ball mount may be called on to car ry half the 5500-lb load, i.e., 2750 lb. 

The design of the lower ball-mount bracket shown in Fig. 78 reduces 
bending moments in the lower bracket by providing direct support in the 
vert ical plane of the applied load. The designs of both the upper and lower 
ball-mount brackets are intended to provide very stiff support for the insert 
pad a reas at the center of the brackets in order to reduce bending moments. 
This may be seen in Figs, 78 and 79. 

A s t r e s s analysis of the upper ball-mount-bracket horizontal c ross -
piece (see Fig. 79) that supports the upper insert pad indicates that, for the 
design load of 2750 lb per ball mount, the maximum deflection of the c r o s s -
piece •will be l ess than 0.1 mil. This will not cause any appreciable s t r e s ses 
in the insert pads. The load on the ball mounts will never be off the center 
of the crosspiece by more than 3/8 in. (3/8 in. is the maximum thermal ex
pansion of the entire axial length of the VTRZ), so that with the central sup
port the maximum s t r e s s in the crosspiece will not exceed 4000 psi. The 
s t ress level in the upper ball-mount crosspiece is, therefore, well within 
the design limit s t r e s se s given in Sec. 3.3 for Type 304L stainless steel 
up to 600°C. 

The entire upper ball-inount bracket is made from a single piece of 
Type 304L stainless steel, so that welds are not needed to attach the vert ical 
gussets to the horizontal crosspiece. This eliminates possible we ld-s t ress 
concentrations if -welds were used. A s t ress analysis of the bending-moment 
s t r e s ses induced in the vertical gussets indicates that even if the upper 
gusset is assunned to support the entire 2750-lb load, the maximum s t ress 
in the gusset will not exceed 4000 psi. If the upper and lower gussets are 
assumed to equally support the load, the maximum s t ress will be less than 
1000 psi. These s t r e s s levels are well within the design s t ress l imits. 

Pickup holes are provided in each upper ball-mount bracket for 
lifting and removing the VTRZ inner matr ix assembly from the outer matr ix 
assembly. The calculated s t r e s s levels in the upper brackets will be less 
than 10,000 psi if at least two brackets per side (four per half-zone) are 
used in lifting the inner matr ix assembly. Since the inner matr ix assembly 
will always be removed at room temperature , the indicated s t r e s s levels 
are well within the design limit s t r e s ses for tempera tures less than 100°F 
(see Sec. 3. 3). 

The upper ball-mount brackets are attached to the inner matr ix 
jacket by 3/8-in.- long, l /8 - in . -deep fillet welds on 5/8-in. centers running 
along both sides of the upper gusset and the outside of the lower gussets , 
as shown in Fig. 79. The calculated tensile s t r e s ses in these welds due to 
bending moments are less than 3000 psi , and the calculated shear s t r e s se s 
a re about 2500 psi. Both of these values are within the design s t r e s s l imits 
for 600°C operation. 
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The lower ball-mount bracket (Fig. 78) is attached to the outer ma
t r ix assembly and is designed to operate at tempera tures near room tem
pera ture ; operating temperatures on the lower bracket will certainly never 
exceed 300°C. The appropriate design s t ress l imits , therefore, are those 
for Type 304L stainless steel below 300''C, except for the dowel pins and 
bolts, which will be made of high-strength steel to provide an additional 
safety factor. 

The lower ball-mount brackets are bolted rather than welded to the 
outer ba r r e l so that the brackets can be removed during disassembly. The 
top of the lower ball-mount bracket is attached to a support pad by two 
Type 410 stainless steel dowel pins and by a 10-32 UNF machine screw, as 
shovm in Fig. 78. The support pad is welded to the nominal l /8 - in . outer 
ba r re l by l /8- in . fillet welds. The dowel pins are 5/ l6 in. in diameter and 
have a minimum shear strength of 11,000 lb; this may be compared to the 
design load of 2750 ib per ball mount. The shear s t r ess in the l /S- in . welds 
holding the support pad to the outer bar re l is about 7300 psi at full design 
load, which is within the design-limit s t ress . The dowel pins and support 
pad welds could therefore safely support the entire load, even without the 
foot support. As with the upper bracket, however, the lower bracket p ro 
vides direct support of the load in the vert ical plane of the load in order to 
reduce bending moments. The foot of the vert ical support is attached to the 
outer ba r re l by two 10-32 socket-head machine screws. Even if the entire 
load on the ball mount were transmitted to these machine screws, the tensile 
and shear s t r esses would be more than a factor of two less than the yield 
s t ress for these screws. The combination of upper dowel-pin support and 
lower foot support therefore provides a more than adequate safety margin. 

The critical buckling load in the vert ical par t of the lower ball-mount 
bracket is 79,000 lb, which is well above the 2750-lb design load. If the 
upper and lower supports of the lowrer ball-mount bracket are assumed to 
share the load on the ball mount, the maximum bending s t r e s s in the bracket 
is calculated to be in the upper 3/8-in.-wide section and will be about 
10,000 psi; this is within the design-limit s t r ess for Type 304L stainless 
steel at 300°C. The tension in the upper machine screw resulting from the 
tendency of the lower ball-mount bracket to rotate is conservatively cal
culated to cause s t resses less than one-third the yield s t ress in the ma
chine screw. 

Lower-ball-mount-bracket calculations have assumed a maximum 
temperature of 300°C in the lower bracket. This is conservative, since in 
most regions of the ball-mount brackets the temperature will be about 50°C. 
Note that, with maximum s t ress levels of about 10,000 psi in the Type 304L 
stainless steel, it would take temperatures above 650°C to cause rupture in 
1000 hr, so that even abnormally high tempera tures in the lower brackets 
will not cause failure. 
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6.4.1.2 Ball-mount Insert Plates and Balls 

The weight of the entire inner matr ix assembly is supported by the 
10 ball mounts. These ball mounts are the only vert ical load-carrying con
nection between the inner and outer matr ix assemblies . The design load 
for the inner matr ix assembly, including seismic cr i ter ia , is 5500 lb so that 
the nominal load per ball mount is 550 lb. However, thermal distortions or 
misalignments in the ball-mount brackets may cause one ball mount to sup
port the entire load on one side of the inner ba r re l , which would mean a 
maximum possible load on one ball mount of 2750 lb for a design load of 
5500 lb in the inner bar re l . The ball-mount insert plates and ball are 
therefore designed to support loads of 2750 lb. 

The upper ball-mount bracket is attached to the heatable inner ba r re l 
and must be designed to operate at high temperatures approaching the maxi
mum operating tempera ture of the VTRZ. The lower ball-mount bracket is 
attached to the outer matr ix assembly and -will operate at much lower tem
pera tures , since the outer matr ix will be maintained at approximately room 
temperature. The expected operating temperature of the upper-ball-mount-
bracket insert plate during heated operation is approximately 400°C. The 
lower-ball-mount-bracket insert plate is expected to operate at less than 
200°C. However, to be conservative, both the upper and lower insert plates 
and the ball have been designed to operate at temperatures up to 550°C. 
Since the bal l-mount-bracket insert plates and balls operate in an air at
mosphere, they are also designed to show negligible oxidization effects 
during heated operation. 

A simple analysis of an isothermal ball rolling on a flat surface 
at the same temperature shows that, within the elastic limit of the plate 
and ball mater ia l , the maximum compressive s t r e s s , qj,, on the surface of 
contact is given by 

q̂ j = 0.388yPEVR^, 

where P is the supported load, E is Young's modulus, and R is the radius 
of the ball. For the 5/8-in.-dia balls used in the ball mounts, very small 
loads can create very large s t r e s ses . For instance, for an elastic modulus 
of 30 x 10^ psi and perfectly elastic behavior, a load of 1000 lb will cause 
a compressive s t r e s s of 2.1 x lO' psi. There are no mater ia ls , therefore, 
that can operate in the temperature range of up to 550°C and elastically 
support the design load of 2750 lb per ball. However, very small amounts 
of inelastic yield will greatly increase the surface area of contact and allow 
the ball and plate to support the load without failure. Direct testing carr ied 
out as part of the VTRZ development program showed, in fact, that special 
machine-tool grades of tungsten carbide, titanium carbide, alumina (AI2O3), 
and silicon carbide could support the design load with very small inelastic 
yield. This is especially true of certain grades of tungsten and titanium 
carbides which supported loads in excess of 10,000 lb at 600°C without 
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failure in the tes ts . These mater ia l s , however, a re very br i t t le , and failure 
will typically cause complete cracking of either the plate or the ball. Ductile 
mater ia ls such as steel will show much greater yielding under load than the 
very strong and hard carbides, but will not exhibit brit t le failure. Ductile 
mater ia ls will simply continue to yield under load until the a rea of contact 
is large enough to support the load with s t r e s s less than the yield s t r e s s . 
Ductile mater ia ls therefore tend to exhibit inherently safer behavior under 
load. 

Ductile mater ia ls such as stainless steel, while having excellent 
corrosion propert ies and exhibiting no brit t le failure, a re comparatively 
weak and give large amounts of yield. A large number of very strong super 
alloys were considered as possible mater ia ls for the inser t plates and balls. 
Inconel 718 was chosen for testing on the basis of its excellent oxidization 
resis tance and very high yield strength at elevated tempera tures . Typically, 
Inconel 718 has a yield strength in excess of 150,000 psi at 600°C. No super 
alloys have significantly stronger yield strengths than Inconel 718 at 600 C. 

No s t ress-analys is theory was found during the design of the VTRZ 
ball mounts to adequately describe the s t r esses in a rolling ball caught be
tween two plates, carrying a vert ical load, and subjected to a ver t ical tem
perature gradient. As a result , the ball-mount insert plates and balls were 
designed almost entirely on the basis of direct tes ts on various ball-mount 
configurations under conditions exceeding the actual VTRZ conditions in 
severity. The extensive ball-mount insert plate and ball testing carr ied out 
is described in Sec. 6.4.3 below. As described there , the ball-nnount insert 
plate and ball combination shown by the tests to meet the load, rolling, tem
perature , and corrosion-res is tance requirements was Inconel 718 plates and 
5/8-in.-dia tungsten carbide balls. 

6.4.2 Corrosion of Ball-mount Insert Plate and Ball Material 

Since the ball-mount brackets are not in an inert atmosphere, the 
mater ia ls used in the brackets must have good oxidization res is tance at 
elevated temperatures . The ball-mount brackets themselves are stainless 
steel and therefore exhibit very little oxidization. The various proposed 
insert plate and ball mater ia ls were specifically tested for oxidization r e 
sistance. The Inconel 718, alumina, and silicon carbide mater ia l s showed 
essentially no oxidization up to 600°C, even over very long time intervals. 
The tungsten and titanium carbides did show varying amounts of oxidization, 
depending upon mater ia l grade and temperature . 

The oxidization tests were conducted in an open electr ic furnace with 
thermostatic control. Various sample sizes were placed in the furnace for 
periods between 10 and 72 hr with open exposure to the atmosphere. The 
test samples were weighed before and after heating to determine any weight 
gain or loss during heating in order to determine the oxidization rate. The 
samples could therefore be quantitatively rated in t e rms of weight change 
per unit surface area per hour. 
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As mentioned in Sec. 6.4.1.2, the insert plate mater ia l chosen for 
the final design was Inconel 718. For all temperatures tested up to 600°C, 
Inconel 718 showed no measurable oxidization and exhibited only very slight 
discoloration. 

Tungsten and titanium carbides did exhibit measurable oxidization. 
The titaniunn carbides were appreciably better than the tungsten carbides 
in oxidization res is tance at 600°C. The titanium carbide showed an oxidiza
tion rate gain of 5 x 10" g/cm^-hr at 600°C in comparison with 5 x 10"' g/ 
cm -hr of tungsten carbide at 600°C. Nevertheless, tungsten carbide was 
chosen for the ball nnaterial on the basis of the load-test resul ts discussed 
in Sec. 6.4.3 and the fact that the expected temperature range of the ball is 
400°C or less . At 400°C the tungsten and titanium carbides have essentially 
the same oxidization ra te , about 2 x 10"' g/cm^-hr, so that neither mater ia l 
is appreciably more oxidization-resistant than the other in the expected 
operating tempera ture range. Fur ther , the oxidization rate of either ma
ter ial at 400°C is negligibly small, and both have sufficient oxidization r e 
sistance for the ball-mount application. Tungsten carbide was also chosen 
as the ball mater ia l because of its grea ter availability (especially in ball 
form). 

The roll ing-ball-mount tes ts and the prototype test experience, 
described in Sec. 6.4.3, confirmed that oxidization of the tungsten carbide 
balls and the Inconel 718 plates during heated operation is not a problem. 

6.4.3 Ball-mount Tests 

The pre l iminary ball-mount design used in the VTRZ prototype 
called for a total of 1 2 ball mounts to support the inner barre l . Each ball 
mount had high-density alumina (AI2O3) insert plates and a l /2- in . -d ia alu
mina ball. The prel iminary design load for each ball was calculated on the 
basis of equal loading of each ball mount, giving a design load of about 
320 lb per ball mount; the initial inner -bar re l design weight was set at 
3800 lb. A s t r e s s analysis of the prel iminary ball-mount bracket design 
indicated adequate strength for the brackets under a design load of 320 lb 
per ball mount. In addition, the alumina plates and balls were tested at 
room tempera ture and found to have an ultimate strength of 1500-1800 lb 
per ball. This indicated an expected load capacity of 700 lb per ball at 
600°C and a load capacity of about 1000 lb at the expected operating tem
perature of 400°C. The alumina plates were also known to be completely 
stable when heated to 600°C in an air a tmosphere, so that no oxidization 
problems v/ere expected. 

The prototype VTRZ heatup tests confirmed many of the calcula
tions made for the prototype design ball inounts. In par t icular , the calcu
lated and measured temperature distributions in the ball mounts were in 
good agreement, and the expected maximum operating temperature of 
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about 400°C for the ball-mount insert mater ia l s was confirmed. The proto
type tes ts also showed that oxidization of the alumina during operation was 
not a problem. The stainless steel portions of the ball-mount brackets also 
showed no sign of failure or yielding in the prototype VTRZ heatup t e s t s , 
which included a 100-hr, 550°C heatup run. The prototype tes ts did uncover, 
however, misalignment and thermal-dis tor t ion problems leading to unequal 
loading of the ball mounts and resultant cracking of some of the alumina 
insert plates. The unequal loading of the ball mounts had not been con
sidered in the prel iminary design of the ball mounts. The prototype tes ts 
led to a reevaluation of the design load per ball mount, and the final design 
load was set at 2750 lb per ball mount. The 2750-lb load per ball mount is 
the maximum possible load on any one ball mount for a total design weight 
of 5500 lb in the inner bar re l , since at least one ball mount per side must 
support the inner ba r re l no matter what thermal distortions or misal ign
ments exist. 

The alumina insert plates failed during the initial prototype testing. 
The failures could have been caused by one ball mount taking nearly half 
the prototype inner-bar re l weight of 2500 lb during heatup, or could have 
occurred during handling of the bar re l during insertion and removal. What
ever the cause, the failures proved that the original design load of 320 lb per 
ball mount was unrealist ic. Later prototype tes ts were conducted with tung
sten carbide balls and insert plates. The tungsten carbide balls and insert 
plates have shown no sign of failure in the later prototype testing. 

Even though no tungsten carbide insert plates and balls failed in the 
VTRZ prototype testing, this testing was not considered adequate to provide 
a basis for the final bal l-mount-insert mater ia l design. The prototype VTRZ 
inner matr ix assembly, for example, weighs only about 2600 lb, vi^hich is 
the normal weight of a VTRZ half-zone but is less than half the desired 
design load of 5500 lb. Fur ther , the exact load on each ball nnount during 
prototype testing is not known, so there is no assurance that wors t -case con
ditions have been encountered. For these reasons , a heatable ball-mount 
test rig was constructed to determine the best mater ia ls for the insert plates 
and balls. The test rig permits applying a load of up to 10,000 lb on a single 
ball, while at the same time heating the upper insert plate up to about 600°C 
and maintaining the lower plate at about 100°C. The test rig can therefore 
duplicate the wors t -case conditions for the actual ball mounts in regards to 
load, insert-plate temperature , and temperature gradient across the ball. 
In addition, the ball-mount test rig can simulate the actual rolling of the ball 
between the insert plates by moving the lower platform supporting the lower 
insert plate. 

The ball-mount test rig was used to test a large variety of possible 
combinations of insert-plate and ball mater ia l . Tungsten carbide and t i 
tanium carbide mater ia ls supported the largest loads with the least yield of 
any mater ia ls tested. In the static tes t s , loads of 10,0001b could be supported 
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with total yield in the plates and ball of only about 2 mils . InGomel I71'8, ^ 
a nickel-based super alloy, was also tested and shown to be able to support 
loads up to 10,000 lb, but with larger amounts of yield than the very hard 
and brit t le carbides. 

Rolling tes ts of the insert mate r ia l s were also conducted to com
pletely simulate the actual operating conditions. The tungsten carbide 
insert plates and balls were demonstrated to be able to support 5500 lb at 
550°C through 50 rolling cycles in the same groove. However, if a tungsten 
carbide ball was rolled through a previous groove in an insert plate, at right 
angles to the groove, failure was observed at the design load of 2750 lb. 
The titanium carbide showed an even greater tendency to fail during rolling 
tests than tungsten carbide and was rejected in comparison to tungsten car
bide. In the actual VTRZ, the ball can be expected to roll in virtually the 
same path in each heatup so that tungsten carbide does seem to be a suitable 
material for the inser t -plate and ball mater ial . However, tungsten carbide 
has the disadvantage that when failure occurs it typically means the complete 
fracture of either the inser t plate or the ball. Fur ther , the insert plates and 
balls would have to be changed each time the VTRZ was disassembled, or 
otherwise moved, in such a way as to change the position of the ball on the 
insert plates, i.e., change the groove. 

Inconel 718 is a very strong nickel-based super alloy with excellent 
corrosion res is tance and high-temperature yield strength. Test resul ts 
from the ball-mount tes t rig showed that Inconel 718 can support loads of 
up to 10,000 lb with much less yield than other ductile mater ia ls such as 
steel. However, static tes ts of Inconel 718 showed that, for an Inconel 718 
ball on Inconel 718 plates, significant flattening of the ball as well as groov
ing of the plates occurred at the design load of 2750 lb. This would lead to 
the possibility that the ball would be moved between the plates by sliding 
rather than rolling motion. For this reason, the use of a hard tungsten 
carbide ball between ductile Inconel 718 plates was considered the best po
tential combination for the final design. 

Extensive rolling tes ts of a 5/8-in. tungsten carbide ball between 
Inconel 718 plates have demonstrated the adequacy of these mater ia ls for 
the final design. Tests have been conducted with loads of 2750 and 5500 lb 
on one ball and with the upper plate heated to 550°C and the lower plate 
maintained at about 100°C. The tes ts have confirmed that the tungsten car 
bide maintains its roundness, while the Inconel 718 deforms slightly (grooves) 
to support the load with greatly reduced s t ress relative to the tungsten car 
bide on tungsten carbide cA.ses. Fur ther , the tests have shown that sideways 
forces of less than 100 lb are enough to cause movement of the Inconel 718 
plates relat ive to the tungsten carbide ball with a 2750-lb load. This side
ways force is not appreciably greater than the force needed to cause move
ment of the tungsten carbide plate and ball, even though there is some yielding 
in the Inconel 718 plate. 
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The 5/8-in. tungsten carbide ball has been tested on Inconel 718 
plates for more than 100 rolling cycles, and endurance tes ts have shown 
no failure during several weeks of heated operation at 2750-lb load. In 
addition, tests have also been conducted in which the ball has been rolled 
in many directions through previous grooves in the Inconel plates . No fail
ure has been observed in either the Inconel plates or the tungsten carbide 
balls during any of the tes ts . The maximum depth of the groove in an Inconel 
plate after many rolling cycles with a 2750-lb load and a tempera ture of 
550°C was about 6 mils . This means that the inner ba r r e l should not drop 
more than 12 mils in operation due to grooving at the Inconel plates ; this 
is an entirely acceptable amount and has been compensated for in the design 
of the ball-mount brackets. 

No appreciable oxidization of the tungsten carbide ball has been ob
served during the rolling tes ts in which the upper plate was at 550°C. Since 
in actual operation the upper-plate temperature is expected to be about 
400°C, no oxidization problems are expected. Fur ther , there have been no 
signs of failure of the tungsten carbide ball due to thermal gradients through 
the ball. Tests in the ball-mount test rig have been conducted with a total 
gradient across the tungsten carbide ball of greater than 400°C, which is 
nearly twice the gradient expected in the actual operating configuration. 

The results from the ball-mount test rig have indicated the suita
bility of the choice of Inconel 718 for the insert-plate mater ia l and tungsten 
carbide for the ball material . Testing is presently continuing to confirm 
these resul ts for more rolling cycles and over longer periods of operation. 
However, the testing already conducted has been accomplished with greater 
p re s su res and temperatures than will be encountered in actual operation. 
Further , more than 100 rolling cycles with a 2750-lb load and an upper-
plate temperature of 550°C have already been conducted. In addition to the 
periodic rolling cycles during heated operation, the ball-mount mater ia l s 
have been subjected to several thermal cycles (upper-plate tempera ture 
going from less than 100 to 550°C and back to less than 100°C), and the load 
has been continuously applied for more than 1000 hr of unheated operation 
and 500 hr of heated operation (upper-plate temperature of 550°C). Thus, 
the tes ts already made are adequate to confirm the ball-mount performance 
in actual operation. 

6.5 Inner-matr ix-assembly Cover Plates 

6.5.1 Front Cover 

The half-zone front cover plate of the inner matr ix assembly is de
signed to maintain the integrity of the VTRZ inner-matr ix argon cover-gas 
envelope with minimum perturbation of the neutron-flux spectrum in the 
center of the reactor. The thickness of 20 mils for the front-cover pan 
section was chosen as the best compromise between reasonable mechanical 
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strength and the minimum neutron-spectrum perturbation criterion. The 
front cover is not a s t ructural member of the inner matr ix assembly, and 
yielding of the front cover under unusual c ircumstances, such as a reactor 
scram during heated operation or internal overpressure , will not interfere 
with VTRZ operation. The front cover is , however, designed to have ade
quate strength to maintain the integrity of the inner-matr ix-assembly cover 
gas under all operating conditions. If at any t ime, due to a ser ies of ab
normal operating conditions, yielding of the 20-mil-thick front-cover pan 
section becomes appreciable, the front-cover pan section will be replaced. 
The front cover is designed to permi t rewelding a new 20-mil pan section 
into the front-cover flange without having to replace the front-cover flange. 
This makes replacing a distorted front cover a relatively simple and in
expensive operation. 

6.5.1.1 St ress Analysis of Front Cover 

With the reactor halves open, the front-cover plates are the weakest 
part of the inner matr ix assembly "with regard to internal overpressure . 
A s t ress analysis of the front-cover plate shows that yielding can be ex
pected to occur at about +3.9 in. of water at 20°C and at about +2.1 in. of 
water at 600°C, The inner matr ix assembly will have a p ressure relief 
system set for a maximum of +3.5 in. of water p ressure so that yielding 
in the front-cover plate may conceivably occur under unusual operating 
conditions. For p r e s s u r e s below +1 in. of water, the front-cover s t r esses 
will be within the design working s t r e s s for Type 304L stainless steel at 
600°C, and, since the normal operating p re s su re limits are below +1 in. of 
water, yielding is not expected during normal operation. Actual failure of 
the front-cover plate will not occur until the p ressu re is several t imes the 
+3.5 in. of water limitation. In prototype test ing of the front cover, over
p ressures of greater than +10 in. of water have been experienced without 
front-cover failure. 

Negative internal p r e s su re s are not a problem as far as the front 
cover is concerned, due to the support given to the front cover by the matr ix 
tubes and the calandria cans. A full internal vacuum can be supported by 
the front-cover plate -without failure. 

Exposure of the front cover during heated operation will cause 
s t resses due to thermal gradients that result from heat losses off the 
front cover. The s t r e s se s in the front-cover plate due to gradients normal 
to the front-cover plate will be very small. For an estimated heat loss of 
8800 Btu/hr-ft^ from the front face at 600°C, the maximum s t ress in the 
front cover due to gradients normal to the front cover face will be less than 
300 psi . Cooling of the front cover below the front-flange temperature , 
however, will cause appreciable s trains in the front cover. For this reason 
the front cover was designed with an outer-r ing bellows arrangement, as 
shown in Fig. 25, to help accommodate thermal shrinkage. Analysis indicates 



206 

that a temperature drop of about 60 C° in the front-cover tempera ture below 
the front-flange temperature may cause some yielding in the front cover. 
The expected temperature drop of the front-cover face below the front-
flange temperature is very dependent upon internal p r e s su re conditions and 
the initial flatness of the front-cover face and the i nne r -ba r r e l -ma t r ix edges, 
but it is expected that temperature drops of between 100 and 150 C" may be 
encountered if the heated inner-matr ix-assembly front face is exposed to 
room air. Some yielding of the front cover is expected, therefore, during 
high-temperature exposure of the front cover. The thermal s t r e s se s will, 
however, be quickly relieved by small amounts of yielding, and the front 
cover will not fail. 

There may also be some local yielding of the front cover caused by 
thermal gradients between the hot spots where the cover touches the inner-
matr ix tubes and the colder a reas over the matrix-tube centers . Analysis 
shows that a small amount of yielding may occur, but that failure will not 
occur. 

6.5.1.2 Test Results of Prototype Front Cover 

Exposure tes ts of a prototype-front-cover plate during heated opera
tion have been carr ied out on the prototype VTRZ assembly. Prototype-
front-cover designs with and without the outer-bellows arrangement have 
been tested. The tes ts were carr ied out to simulate the front-cover expo
sure that will occur in the actual VTRZ during a reactor sc ram and in 
certain startup operations. In the exposure tes ts , the VTRZ inner matr ix 
assembly was heated to 550°C and the front cover insulation removed to 
expose the front cover to room-temperature air. During the tes t s , tempera
tures were constantly monitored on the front-cover flange, at several points 
on the front-cover pan section, and in the matr ix tubes at various distances 
behind the front cover. 

The prototype tes ts confirmed the predictions that the front cover 
would maintain its integrity during exposure. The prototype-front-cover 
designs tested did not show any sign of failure after exposure. The cover 
designs did, however, show signs of yielding, and local warpages were fairly 
pronounced. This was expected from the analysis, since the tes ts indicated 
temperature drops between the front cover and the matr ix tubes of up to 
150 C°. The outer-ring bellows of the front-cover design used in the final 
VTRZ permitted enough flexibility that the front cover could easily be pushed 
back into a flat surface. This means that local warpage in the front cover 
will not compromise the ability of the reactor halves to come together during 
actual operation. Yielding in the front cover during operation therefore can 
be tolerated, and the front cover can be expected to maintain the integrity 
of the inner bar re l during normal VTRZ operation. 
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The prototype tes ts also confirmed that the front-flange heater de
signed for the front-cover flange in the final VTRZ can maintain the tem
perature of the front flange at essentially the same temperature as the inner 
matrix tubes. This means that the inner matr ix will not be warped by 
shrinkage of the heavy front flange during exposure of the front cover. The 
prototype tes t s indicated that failure of the front-flange heater would cause 
the front flange to drop about 100 C° in temperature below the inner matr ix 
tubes, which would lead to slight buckling of the inner matr ix array. How
ever, the integrity of the system is still maintained even with front-flange 
heater failure. 

6,5,2 Service Housing (rear inner-matr ix-assembly half-zone cover) 

6.5.2.1 St ress analysis of Service Housing (rear cover) 

The rea r cover plate and small access port comprising the service 
housing are made of l /4- in . - th ick Type 304 stainless steel and are much 
stronger than the front cover plate. Within the p ressure limits of +3.5 to 
-20.0 in. of water set by the iner t -gas pressure-cont ro l system, s t r esses 
due to p r e s su re on the service housing are negligible. Fur ther , the entire 
service housing is insulated from room air and is provided with a r e a r -
cover flange heater and an access-por t flange heater to ensure small ther 
mal gradients in the service housing. Thermal s t r esses are therefore well 
within the design working l imits . 

6.5.2.2 Test Experience of Prototype Service Housing 

The VTRZ prototype inner matr ix assembly and service housing 
have been operated in the p re s su re range -40 to,+ 10 in. of water with no 
signs of warpage or yielding of the service housing. Since the p ressu re 
limits for the actual VTRZ are to be between +3.5 and -20.0 in. of water, 
p ressure s t r e s s e s in the service housing do not seem to be a problem. 

Prototype tes ts have also been conducted with no flange heaters on 
the rea r cover or access port during heated operation. These tes ts gave 
gradients of more than 150 C° between points on the service housing and 
the inner matr ix and caused warpage of the inner matr ix ar ray; yet no 
sign of yielding in the service housing was detected. The service housing 
can therefore be expected to maintain its integrity during all conceivable 
operations of the VTRZ. 

6.6 Outer Matrix Assembly and Central Zone Bridge 

6.6.1 St ress Analysis of Outer -matr ix-assembly and Central-zone-bridge 
Combination 

The ou te r -mat r ix and central-zone-bridge combination has been 
described in Sec. 4.5.2 and is pictured in Fig. 7. Basically, the outer matr ix 
assembly is built of ZPR matr ix tubes welded together to form an octagonal 
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cavity for placement of the inner mat r ix assembly. The central zone bridge 
is a -welded ZPR matr ix tube assembly, 10 tubes high by 19 tubes wide for 
the first five ro-ws and 15 tubes wide for the next five rows, -which is to be 
placed over the outer matr ix assembly to provide added support for the 
load above the outer matr ix assembly (see Fig. 18). 

The s t ress analysis of the ou te r -mat r ix -assembly and central -zone-
bridge combination described in this section is based on a beam-formula 
treatment of the entire structure (considered as a single unit) combined 
-with a calculation of the distortion of the individual mat r ix tubes. The r e 
sults of the s t ress analysis make clear two innportant facts about the 
s t ructure: 

(1) The limiting s t r e s ses in the s tructure are in the matr ix- tube 
walls and not in the tube-to-tube welds. 

(2) The deflection of the s tructure under load and the limiting 
s t r esses principally result from individual matr ix-tube distortions and not 
from the response of the overall s t ructure as a beam. 

The basic analysis of the individual matr ix-tube sections consisted 
of finding the relationship between the twisting moment at each corner of 
the matr ix tube and the deflection of the top and bottom sides of the matr ix 
tube relative to the side walls, under the assumption that the corner angles 
of the tubes remain fixed at 90°; i.e., the tubes distort from a square to a 
rhombus by distorting the walls, not the angles. With this relationship, 
the entire matr ix a r ray can then be replaced by a set of moments at each 
corner nodal point. The weldment a r r ay was then analyzed using e las t ic-
deflection equations for each horizontal row of matr ix tubes with moments 
at each corner nodal point. Each row was treated separately and the mo
ments of each nodal point found in t e r m s of the effective supported load at 
each nodal point. The deflections of each row at each nodal point were found 
in te rms of the effective supported load at each point. The analyses of the 
individual horizontal matr ix rows were tied together to form an analysis of 
the overall structure by requiring that each nodal point in a vert ical column 
deflect the same amount and that the sum of the loads supported by each 
horizontal row equal the total applied load. The effect of the l /8- in . - th ick 
outer ba r re l was included in the calculations as essentially another hor i 
zontal row, but with moment-deflection proper t ies based on simple beam 
formulas. The result of the calculational model is a set of simultaneous 
equations which were solved on a computer using a numerical mat r ix -
inversion program. 

The accuracy of this s t ress -ana lys i s technique is justified in detail 
in Sec. 6.6.3, where it is compared with various load-deflection tes ts for 
the welded matrix tube assembly. The final resul ts of the s t r e s s analysis 
indicate that, for a design load of 19,800 lb (this includes the se ismic load 
factor; see Tables 2 and 5), the maximum s t r e s ses occur in the matr ix- tube 



209 

walls and do not exceed 19,000 psi. The maximum indicated tube-to-tube weld 
s t ress is about 4000 psi. The maximum deflection under load occurs at the 

center of the outer-nnatrix weldment 
assennbly and is less than 75 mils 
for the design load. The resul ts 
are summarized in Fig. 80. The 
final predicted s t ress limits are 
within the s t ress - l imi t standards 
for Type 304 stainless steel as 
given in Sec. 3.3. The maximum 
shear s t r ess anywhere in the 
structure is less than 1000 psi 
for the design load of 19,800 lb 
cLnd is of negligible importance. 

The question of possible 
buckling in the vertical sections 
of the outer matr ix on either side 
of the octagonal central node in 
the outer matr ix assembly was 
also considered in the analysis. 

Even assuming that the entire load on the outer matr ix assembly is sup
ported in the two-tube width of the vert ical sections of the outer matr ix 
assembly, it -was found that the achievement of the crit ical buckling s t ress 
in the vertical sections of the outer matrix assembly on either side of the 
central hole requires a load in excess of 50,000 lb on each side. The maxi
mum design load on the outer matr ix assembly will apply less than 10,000 lb 
on each side, and part of the 10,000-lb load will in reality be supported by 
the two-tube-wide extensions of the central zone bridge beyond the outer 
matr ix assembly. Therefore, buckling in the vertical sides of the outer 
matrix is not a problem. 
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6.6.2 Load T e s t i n g in V T R Z P r o t o t y p e 

E x p e r i m e n t a l l o a d - v e r s u s - d e f l e c t i o n m e a s u r e m e n t s have b e e n con 
ducted on v a r i o u s m a t r i x - t u b e s t r u c t u r e s to t e s t the c a l c u l a t i o n a l m o d e l s 
d i s c u s s e d in Sec . 6 . 6 . 1 . The s t r u c t u r e s t e s t e d w e r e ( l ) a s ingle m a t r i x -
tube s e c t i o n , (2) a r ow of we lded m a t r i x t u b e s , and (3) the p r o t o t y p e o u t e r -
m a t r i x w e l d m e n t . 

As a t e s t of the b a s i c l o a d - d e f l e c t i o n r e l a t i o n s h i p for a s ing le m a t r i x 
tube , a 6 - i n . - l o n g s ec t i on of a m a t r i x tube was we lded to a r ig id f r a m e s u p 
p o r t on the top and bo t tom c o r n e r s of one s ide and loaded on the oppos i t e 
s ide . Both the r e s u l t i n g de f lec t ion v e r s u s load and the t u b e - w a l l s t r a i n 
v e r s u s load w e r e m e a s u r e d . The s t r a i n m e a s u r e m e n t s w e r e m a d e at the 
c e n t e r of the tube on t h r e e d i f fe ren t s i d e s ; two s i d e s w e r e in t e n s i o n , and 
one in c o m p r e s s i o n . 
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As a test of the predicted load-deflection relationship for a simple 
welded structure of matr ix tubes, a single row of welded matr ix tubes was 
tested. The row was constructed of lO-in.-long ZPR matr ix tubes welded 
together in much the same pattern as is used in the VTRZ outer mat r ix 
assembly. The row of tubes was supported for the test by rigid bars in the 
two end tubes. The bars supported the row of tubes without interfering with 
their deflection under load. The loading was accomplished by stacking lead 
bricks on top of the welded tubes. The resulting deflections at the center of 
the row were measured with dial indicators. 

The prototype outer matr ix assembly used in the load-deflection 
testing is essentially identical to the final VTRZ outer mat r ix assembly 
shown in Fig. 7 and represents a very accurate overall test of the s t r e s s 
theory of the assembly. The central zone bridge was not included in the 
test. The prototype outer matr ix was installed in ZPR-9 and loaded by 
placing depleted-uranium blocks in the matr ix tubes. The entire ZPR-9 
a r r ay was compressed horizontally by the reactor knees so that the load 
test was an exact duplication of the actual VTRZ loading conditions. Fig
ure 81 shows the assembly mounted in ZPR-9, as viewed from behind, and 
also shows the dial indicators and strain gauges mounted for the tes t s . The 
dial indicators were supported from the reactor table. The prototype outer 
weldment was loaded to a maximum of 13,380 lb above the 11-matr ix- tube-
wide outer-matr ix cavity. The loading was carr ied out in steps, and for 
each step the deflection at the center of the outer weldment bridge was 
measured along with the strain in the tack welds at the center of the outer 
weldment. An elastic modulus of 29 x 1 O' psi was assumed to convert all 
strain measurements to s t r ess values. 

6.6.3 Comparison of Calculated and Measured Outer -matr ix-assembly 
Stress-load-deflection Values 

The single-matrix-tube load tests were analyzed in the same manner 
as was used for the individual-matrix-tube distortion calculations outlined 
in Sec. 6.6.1. That is , the corner angles of the matr ix tube are assumed to 
remain fixed while the sides of the matr ix tube distort under load. The dis
tortion of the tube walls causes moments at the corner nodal points that 
res is t the load. The magnitude of the moment at each corner is easily given 
in te rms of the slope of the horizontal-matrix-tube wall at the corner , and 
the entire matr ix tube may therefore be represented by a single horizontal 
elastic member with known moments at its ends. This is the same analysis 
as used for the individual tube distortions in the ou te r -mat r ix analysis so 
that the calculated load-deflection values could be directly checked by conn-
parison with the experimental resul ts for the single loaded mat r ix tube. 
The measured total deflection of the matr ix tube in mi l s , tiy, for a given 
load P in pounds was Ay = 0.6P. The calculated deflection-versus-load 
resul ts were in the range 0.45P ^ iy S I . IP , -which bracket the experimental 
resul ts . The calculational range of resul ts comes from different analytical 
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treatments of the welds that were necessary to hold the matrix tube to the 
holding bracket in the test. These welds added an additional restraint on the 
slope of the matrix-tube walls. In any case, the calculations showed a maxi
mum strain, e, in the tube walls of e = lOP x 10"' in./in. The measured 
results gave measured strains in the range 7.5P x 10"' in./in. S e S 10. IP x 
10" in./in., which is in good agreement with the calculation. 

Fia, 81, ConfiEuration for Prototype-outer-mattix Load Test. ANL Neg. No. 116-2601. 



The e x p e r i m e n t a l d e f l e c t i o n - v e r s u s - l o a d r e s u l t s for the s ing l e 
we lded row of m a t r i x t ubes w e r e a l s o u s e d to c h e c k the c a l c u l a t i o n a l m o d e l . 
The a n a l y s i s t r e a t e d ind iv idua l tube d i s t o r t i o n s exac t l y a s d e s c r i b e d above 
for the s ing le m a t r i x tube . In addi t ion to t h e s e d i s t o r t i o n s , the l o a d e d r o w 

of m a t r i x t u b e s wi l l d i s t o r t a s a 
s ing le un i t ( i . e . , a s a s i m p l e b e a m ) , 
so tha t the c a l c u l a t e d d e f l e c t i o n s 
w e r e the s u m m a t i o n of i nd iv idua l 
m a t r i x - t u b e de f l ec t i ons and b e a m 
de f l ec t ions of t he un i t a s a whole a s 
c a l c u l a t e d f r o m s i m p l e b e a m f o r 
m u l a s . The c a l c u l a t e d and e x p e r i 
m e n t a l r e s u l t s a r e shown in F i g . 82. 
As can be s e e n in the f i g u r e , the 
in i t i a l p a r t of the m e a s u r e d de f l ec t i on -
v e r s u s - l o a d c u r v e is in good a g r e e 
m e n t wi th the c a l c u l a t e d r e s u l t s . The 
c u r v a t u r e of the m e a s u r e d de f l ec t i on -
v e r s u s - l o a d c u r v e for l a r g e r loads 
is not due to a n o n l i n e a r r e s p o n s e of 
the m a t r i x tube r o w , but r a t h e r to a 
binding of the r i g i d b l o c k s u s e d to 
load the s t r u c t u r e tha t c a u s e s a r e 
duc t ion in the ef fec t ive load. The 
c a l c u l a t e d s t r e s s e s in the s ing le row 
of m a t r i x t u b e s u n d e r the l a r g e s t load 
e x c e e d e d the y ie ld s t r e s s of s t a i n l e s s 

s t e e l in the tube w a l l for t ubes n e a r the row e n d s , and, a l though s t r a i n m e a s 
u r e m e n t s w e r e not m a d e , the row did show v i s i b l e y ie ld ing in the tube w a l l s 
in the t u b e s n e a r the row ends . The c a l c u l a t i o n a l m o d e l t h e r e f o r e s e e m s to 
adequa t e ly p r e d i c t de f l ec t ions and a p p r o x i m a t e l y p r e d i c t s t r e s s in the s ingle 
row of we lded t u b e s . 

Fig. 82, Deflection vs Load in Single Row 
of Welded Matrix Tubes 

The b e s t t e s t of the c a l c u l a t i o n a l m o d e l of the o u t e r - m a t r i x w e l d m e n t 
i s the c o m p a r i s o n of e x p e r i m e n t a l and c a l c u l a t e d r e s u l t s for the l o a d -
def lec t ion t e s t s of the p r o t o t y p e ou te r w e l d m e n t , s i n c e t h e s e t e s t s w e r e 
done in the exac t conf igura t ion of t he a c t u a l o u t e r m a t r i x a s s e m b l y . The 
load t e s t s on the p r o t o t y p e ou te r m a t r i x have been d e s c r i b e d above . The 
ca l cu l a t ed r e s u l t s w e r e ob ta ined wi th exac t ly the c a l c u l a t i o n a l m o d e l p r e 
v ious ly d e s c r i b e d . The final c a l c u l a t e d and m e a s u r e d de f l ec t i ons v e r s u s 
load a r e p lo t t ed in F ig . 83. The in i t i a l s lope of the c a l c u l a t e d and m e a s u r e d 
d e f l e c t i o n - v e r s u s - l o a d c u r v e s a r e in e x c e l l e n t a g r e e m e n t . The n o n l i n e a r 
r e s p o n s e of the m e a s u r e d l o a d - d e f l e c t i o n r e s u l t s i s due to m a t r i x t u b e s 
above the w e l d m e n t b inding, as the -weldment d i s t o r t s and t hus b e c o m e s 
p a r t i a l l y s e l f - s u p p o r t i n g . No a t t e m p t w a s m a d e in the a n a l y s i s to a c c o u n t 
for the binding of m a t r i x t u b e s above the we lded s t r u c t u r e , s i nce t h i s i s 
apt to be h ighly v a r i a b l e and igno r ing the b inding g ive s c o n s e r v a t i v e s t r e s s 
e s t i m a t e s . 
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The c a l c u l a t i o n s showed that the 
de f l ec t ions m e a s u r e d in the p r o t o t y p e 
o u t e r - w e l d m e n t t e s t w e r e due a l m o s t 
e n t i r e l y to ind iv idua l tube d i s t o r t i o n s , 
r a t h e r than bending of the e n t i r e uni t as 
a s ing le b e a m . T h e r e f o r e , a s i m p l e b e a m 
a n a l y s i s a lone cannot be u s e d to adequa t e ly 
p r e d i c t the def lec t ion c h a r a c t e r i s t i c s . 
A s i m p l e b e a m a n a l y s i s can, h o w e v e r , 
p r e d i c t the s t r e s s e s in the t ack w e l d s , 
s i nce t h e s e we lds hold the uni t t o g e t h e r 
a s a b e a m . The c a l c u l a t e d weld s t r e s s e s 
at the c e n t e r of the ou te r w e l d m e n t w e r e 
in the r a n g e 6500-23 ,000 p s i for the m a x i 
m u m load in the t e s t of 13,380 lb. The 
lower e s t i m a t e is b a s e d on t r e a t m e n t of 
the two s l a n t e d - t u b e s e c t i o n s on the s l a n t 
ing oc t agona l f aces a s r ig id s t r u t s . The 
u p p e r e s t i m a t e r e s u l t e d f rom neg lec t ing 
any s t r u t - l i k e suppor t . The m e a s u r e d 
c e n t e r weld s t r e s s ( s t r a i n gauge) w a s 
18,000 p s i , ^vhich is ^vithin the ca l cu l a t ed 
r a n g e . The m e a s u r e d value w a s c o r r e c t e d 

for the r e d u c t i o n in effect ive load c a u s e d by the binding of the m a t r i x t ubes 
above the o u t e r w e l d m e n t in o r d e r to c o m p a r e wi th ca lcu la t ion . A b e a m -
f o r m u l a c a l c u l a t i o n of the weld s t r e s s e s a s s u m i n g no s t r u t suppo r t p r o v i d e s 
a r e a s o n a b l e and c o n s e r v a t i v e way to ca l cu l a t e weld s t r e s s e s , and th i s t e c h 
nique w a s u s e d to d e t e r m i n e the weld s t r e s s e s in the a n a l y s i s of the c o m 
bined ou te r m a t r i x a s s e m b l y and cen t r a l - zon fe -b r idge s t r u c t u r e . 

Fig. 83, Deflection vs Load in Pro
totype Outer Weldment 

A c o m p l e t e s t r e s s a n a l y s i s combining individual tube d i s t o r t i o n s 
with a s i m p l e b e a m a n a l y s i s w a s able to a c c u r a t e l y p r e d i c t the m e a s u r e 
m e n t s m a d e on the p r o t o t y p e ou te r w e l d m e n t as we l l a s on the s ingle row 
of m a t r i x t ubes and the s ing le m a t r i x tube . The ca l cu l a t i ona l m o d e l t h e r e 
fo re a p p e a r s e n t i r e l y adequa te to d e s c r i b e the a c t u a l ou t e r m a t r i x and 
c e n t r a l - z o n e - b r i d g e a s s e m b l y . S t r e s s r e s u l t s us ing th i s a n a l y t i c a l t e c h 
nique a r e d e s c r i b e d in Sec. 6 . 6 . 1 . 

6.6.4 S t r e s s A n a l y s i s of the R e a c t o r - k n e e C o n s t r a i n t s 

The Z P R - 6 and -9 c r i t i c a l a s s e m b l i e s have l a r g e r e a c t o r k n e e s to 
p r o v i d e h o r i z o n t a l c o n s t r a i n t for the r e a c t o r m a t r i x t ubes . The k n e e s w e r e 
d e s i g n e d to p e r m i t h o r i z o n t a l a d j u s t m e n t to a c c o m m o d a t e d i f f e r e n t - s i z e 
m a t r i x - t u b e a r r a y s . The k n e e s a r e f a s t ened to the r e a c t o r tab le by b o l t s , 
which fit in to s l o t s in the r e a c t o r t ab l e . The tops of the p a i r of r e a c t o r 
k n e e s on each r e a c t o r half a r e f a s t ened t o g e t h e r wi th t h r e a d e d t i e b a r s , 
which can a l so be ad jus t ed for d i f f e r e n t - s i z e m a t r i x - t u b e a r r a y s . The 
V T R Z d e s i g n a s s u m e s f i rm h o r i z o n t a l suppo r t of the r e a c t o r m a t r i x , even 
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under earthquake conditions. The reactor-knee constraints, shown in Fig. 70, 
were designed to supplement the frictional res t ra int provided by the bolts 
fastening the reactor knees to the reactor table. Under earthquake loads, 
the constraints are designed to fully contain all earthquake-induced hor i 
zontal forces, even if the frictional res t ra int provided by the bolts between 
the knees and the table is ignored. 

Because of the design of the outer -matr ix bridge assembly, a part 
of the load applied to it over the inner -matr ix-assembly cavity will be 
transmitted as a horizontal force to the reactor knees. The horizontal 
force, however, cannot exceed the 18,000-lb design load limit for the weight 
over the inner-matr ix cavity and, in fact, is likely to be only about 20% of 
the 18,000-lb figure. A horizontal load of 18,000 lb on the reactor knees 
will cause very small s t ress levels, since the knee constraints are designed 
to contain much larger possible earthquake loads. 

The maximum permissible load on the reactor table is 180,000 lb 
(see Table 6), so that, using the earthquake cr i ter ia of Table 2, a maximum 
horizontal seismic load of 72,000 lb (180,000 x 0.4 = 72,000) is obtained. 
Assuming that there would be no horizontal constraint due to the knee-to-
knee tie rods, the full 72,000-lb load applied uniformly to the reactor knee 
considered as a cantilever beam results in a calculated maximum bending 
s t ress of less than 28,000 psi. The yield point of the Meehanite mater ia l 
that the reactor knees are made of is about 47,000 psi, so that yielding in the 
knees in bending will not occur. The reactor knees are bolted to the reactor 
table with sixteen 3/4-in. high-strength bolts. The maximum tensile s t ress 
in the bolts due to the bending moment in the knee caused by the assumed 
72,000-lb load (the load t r ies to rotate the knee with respect to its base) is 
less than half the tensile strength of the 200,000-psi tensi le-s t rength bolts 
to be used. The reactor knee constraints are 48 x 16 x l^-in, mild steel 
plates bolted to the side of the reactor table with four high-strength 3/4-
10 bolts. The knee constrains overlap the base of the knee and prevent 
horizontal motion. The shear s t r ess in the knee-constraint plate is only 
about 1000 psi with the assumed 72,000-lb seismic load. The maximum 
bending moment s t ress in the knee-constraint plate is about 16.500 psi, 
which is within the working s t ress for mild steel at room tempera ture . The 
steel plate is fastened to the reactor table by four high-strength 3/4-10 bolts. 
The indicated s t ress levels in the bolts will be less than 60,000 psi, well 
within the capabilities of high-strength bolts. 

The knee constraints will hold the reactor matr ix, and the VTRZ, 
on the reactor table during the design earthquake. 
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7. G A S - F L O W ANALYSES AND T E S T S 

7.1 A r g o n Loop 

7.1.1 A r g o n - l o o p - f l o w P r e s s u r e - d r o p A n a l y s i s 

A c o m p l e t e p r e s s u r e - d r o p a n a l y s i s , s u m m a r i z e d in Tab le 30, was 
m a d e of the m o v a b l e h a l f - z o n e a r g o n loop s e c t i o n f r o m Poin t A to Point B 
of the b lock d i a g r a m shown in F i g . 84, T h o s e p r e s s u r e - d r o p c o m p o n e n t s 
not e a s i l y a n a l y z e d w e r e d e t e r m i n e d e x p e r i m e n t a l l y as p a r t of the VTRZ 
pro to type p r o g r a m . The t h r e e l a r g e s t c o n t r i b u t o r s to the to ta l p r e s s u r e 
d r o p a r e the VTRZ h e a t e r h e a t - e x c h a n g e r s u b a s s e m b l y , the p lu ton ium-
alpha s u b a s s e m b l y , and the c o m b u s t i b l e s - m o n i t o r s u b a s s e m b l y . The l a t t e r 
two need a l a r g e p r e s s u r e head to d r i v e the a r g o n gas t h r o u g h the p lu ton ium-
alpha m o n i t o r f i l t e r ( s e e Sec . 8.4.2 for f u r t h e r de ta i l s ) and c o m b u s t i b l e s -
m o n i t o r hea t ed c e l l . B e c a u s e a r g o n gas h a s such poor h e a t - t r a n s f e r c h a r 
a c t e r i s t i c s and m u s t be hea t ed in a s m a l l s ec t i on of tubing, a l a r g e p r e s s u r e 
head is a l s o n e c e s s a r y to g e n e r a t e the r e q u i r e d t u r b u l e n c e ove r the h e a t e r 
co i l s in the h e a t e r h e a t - e x c h a n g e r s u b a s s e m b l y . 

TABLE 30, Summary of Argon-loop Pressure -drop Analysis^ 

Component 

P ressure Drop, 
in, of water 

VTRZ-hot VTRZ-cold Comments 

Tubing 

Fittings, couplings, 
and valves 

Pu-alpha 
subassembly 

VTRZ heater 
heat-exchanger 

VTRZ 

Combustibles 
subassembly 

Filter (clean) 

Total 

3,3 

1.3 
0.4 

14.0 

22.6 

2.0 

6.7 

1.4 

51,7 

1,3 
0,4 

14.0 

0,7 

6,7 

34.8 

90 ft of 5/8-in. tubing; 
4 ft of l-|-in, tubing 

Ref,: Handbook of 
Hydraulic Resistance, 
AEC-tr-6630 

Experimentally 
determined 

Experimentally 
determined 

Experimentally 
determined 

Experimentally 
determined 

Expe rimentally 
determined 

49% increase from 
cold to hot 

*Flow is 1 cfm argon 
only. All calculated 
drop values. 

gas (STP) in 5/8-in. tube. Analysis is of movable-half section 
values are conservative; i.e., they are maximum pressure -
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DRI-TRAIN BLOWERS I 

(TWO ROTRONS IH SERIES] 

MOVABLE HALF FLOW RESISTANCE 

STATIONARY HALF FLOW RESISTANCE 

BTPASS FLOW RESISTANCE 

Fig, 84, Afgon-loop Flow Resistance 

Figure 84 shows that the total a r g o n - s y s t e m p r e s s u r e drop is the 
sum of AP^g and the p r e s s u r e drop a c r o s s the D r i - T r a i n internal r e s i s t 
ance. The res i s tance curves for this internal- f low impedance w e r e ex 
per imenta l ly determined and are shown in F ig . 85. At any g iven flow rate. 
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the difference in static p ressu re between the Rotron blower curves and 
these in terna l - res is tance curves gives the static pressure head available 
to the system from Point A to Point B. Two requirements must be met 
for satisfactory operation: F i rs t , the flow through the blowers must ex
ceed 20 cfm. Second, there must be about 52 in. of water s ta t ic -pressure 
head available to the external load. When the single Rotron blower char
acter is t ic is compared to the resis tance curve for the Dri-Train with only 
one heat exchanger (one heat exchanger per blower), it is clear that only 
about 28 in. of static p ressu re a re available at best. Thus, the one-blower 
Dri -Train unit (the commercial VAC-l93-2-He unit) is inadequate, unless 
the flow rate of I cfm is lowered and/or the major contributors to the 
51.7-in. AP are redesigned. Both alternatives are undesirable; therefore 
the Dr i -Tra in was redesigned for two blowers in ser ies (Fan Engineering, 
R. D. Madison, Ed., Buffalo Forge Company, pp. 287-289). An approximate 
character is t ic curve for two Rotron Blowers in ser ies is shown in Fig. 85 
together with a new in ternal - res is tance curve for the Dri -Train that in
cludes the heat exchanger for the new blower. This scheme provides ample 
flow for the blowers and ample p ressu re head for the argon loop system. 
Each blower needs a heat exchanger because these blowers are sealed 
units and the pumped gas is also the motor-cooling gas. 

There a re two heatup schemes to ensure that in the heated con
figuration (550°C) the external p ressure drop is about 50 in. of water and 
the flow in each VTRZ half-zone is about 1 cfm The first scheme is to 
throttle a valve in each half-zone loop so that the cold AP is about 50 in. of 
water and then, as the system temperature r i ses , to open these valves 
slowly maintaining the 50 in. of water and 1 cfm. The other scheme is to 
set the cold half-zone flows high enough so that, when the half-zones are 
heated, the flows level off to 1 cfm. The chief'advantage to the latter 
scheme is that no valves need be opened during heatup. The only question 
is whether the higher flow for the cold half-zones significantly a l ters the 
response of those monitors calibrated for operation at I cfm. Since the 
theoretical cold half-zone flow of 1.22 cfm (a value substantiated by proto
type experience) only negligibly a l ters the response of those monitors, this 
latter scheme will be used during normal VTRZ heatups. 

7.1.2 Analysis of High-pressure Relief System 

The VTRZ high-pressure relief (HPR) system is designed to relieve 
slight overpressures of either half-zone by isolating the external source of 
high p ressu re and opening the halves to the reactor cell a tmosphere. The 
system is described in Sec. 4.5.5. Figure 86 shows the maximum pressure 
drop of this system for the movable half-zone at 55°C. The largest con
tr ibutors to this p ressu re drop are the check valves (for low flow) and the 
preheater (for large flow). That this system provides adequate p ressure 
relief is shown in Table 31, which lists the causes of high pressure in the 
VTRZ together with the capabilities of the high-pressure relief system. 
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Fig. 86. Flow Resistance for High-pressure Relief System 

TABLE 31, CapabJIilJes of VTRZ High-pressure Reltef System 

High Pressure 

Valve malfunctions and 
opens argon supply 
cylinder to VTRZ 

Dn-Train vacuum 
pump fails to respond 
to pressure rise as 
VTRZ's are heated 

MCA results in 30 C° 
temperature rise 
in VTRZ 

Valve closes down
stream from VTRZ 

Pressure Just before 
Trip, in. of water 

VTRZ 

*2.0 

*2.0 

+45 at room 

temperature 

-*15 at 55CPC 

*2,0 

At HPR Valves 

+ 20.0 

+ 20.0 

+20.0 

+20.0 

+ 20.0 

Volume o( Gas Which 
Must Be Removed. 

cu ft (STPl 

0,06 total 

OOd f l ' /m in unt i l 
VTRZ temperature 
peak (healers are 
turned old 

0,66 total at 

temperature 

0.22 total at 550OC 

0,3 total (maximum 
possiblel 

Capability of 
HPR System 

0.3 ft^/sec init ial ly 

0 3 n3/sec init ial ly. 
Level i no off to 
0,06 f t ' / m i n . 

1,5 tt^/min ini t ial ly 

0,84 ft^/min ini t ial ly 

0 3 ft^/sec ini t ial ly 

Heat Removed 

Al 550OC, 1 Btu 

At 5500C, 0.5 Blu 
in f irst minute 

0.5 Btu at room 

temperature 

3 Btu ini t ial ly 

4 Btu 

Comments 

Assumed VTRZ Pressure 

reached 4 in of water 
before supply cylinder 
was isolated 

Assumed maximum tem

perature rise of 3 CO/min. 

Assumed mslani rise in 
VTRZ gas temperature 
'worst possible easel. 

Assumed pressure m 
VTRZ approaches 20 in . 
of water before HPR tr ip 
Iworst possible easel. 

The calculations in Table 31 are conservative; i.e., they are scoping 
calculations which maximize the heat and gas volume to be removed and 
minimize the capability of the HPR system. A prototype simulation of the 
HPR system that excluded the check valve (and its corresponding pressure 
drop) demonstrated the effectiveness of the system in meeting the p r e s su re -
relief requirements. 



The low-pressure relief ( L P R ) system, described in Sec. 4.5.5, is 
actuated when a half-zone p ressu re falls below -20 in. of water. If both 
half-zones a re at -20 in. of water, the relief system must bleed in a maxi
mum of 0,3 ft' of argon. The rate initially would be about 8 cfm and would 
approach zero as the VTRZ pressures were brought up to +3 in. of water. 

7.1.3 Argon-loop Prototype Experience 

The Dr i -Tra in unit (including the VTRZ bypass loop) has been in 
operation for about 4000 hr as part of the argon-loop prototype program. 
In addition to using this unit in conjunction with the instrumentation testing 
(Chapter 8) and the VTRZ mechanical testing (Chapter 5) programs, ex
tensive flow and pressure-cont ro l tests have been run. The results of the 
argon-loop prototype tests have led to modifications and additions to the 
commercial Dr i -Tra in unit which are now incorporated in the final argon 
loop design. 

In the prototype tes ts , the only major pressure-cont ro l problem 
encountered, during normal operation was an oscillation (at about 1 Hz) 
of VTRZ pressure due to a large feedback from the pressure-control sys
tem. This problem was solved by installing throttling valves in the argon-
gas supply line and the argon-gas removal line (vacuum pump line). Thus, 
the total amount of gas added when the VTRZ pressure drops below the low-
pressure-cont ro l set point and the total amount of gas removed when the 
VTRZ p res su re r i ses above the high-pressure-control set point can be 
controlled so that no oscillations are present, but yet sufficient quantities 
of gas a re added or subtracted to keep pace with the cooling or heating of 
the VTRZ. Typical photohelic-pressure monitor-control set points during 
prototype testing were -1.5 in. of water and -0.5 in. of water. Once proper 
pressure control is achieved in the argon loop, these two throttling valves 
will be locked in place. 

The air-cooled copper coil that replaces the original water-cooled 
heat exchanger supplied with the Rotron blower has approximately the same 
pressure drop and cooling character is t ics as the water cooler. Four small 
fans force room-tempera ture air over the coil and cool the blower exit gas 
the approximately 50 F° necessary for argon-loop operation. A thermo
couple at the cooling-coil exit monitors the cooling effectiveness. 

The VTRZ argon-loop heat exchangers (coolers) are similar in 
design to those used to cool the Rotron blowers. The prototype (cooler) 
heat exchanger was a coiled 7-ft length of 5/8-in. copper tubing. With no 
forced-air cooling, the coil cooled the argon gas exiting the VTRZ at 550°C 
and I cfm (STP) to I 35°F; with forced air, it cooled the argon gas to 80°F. 

The VTRZ preheater operated satisfactorily during about 100 hr of 
prototype testing. It is capable of heating room-temperature argon flowing 
at 1 cfm (STP) to 515°C by applying about 400 W of electric power. 
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The prototype testing of argon-loop instrumentation and of the D n -
Train purifier capabilities is described in Chapter 8. 

About 20 complete VTRZ purges were completed as part of the pro
totype testing of the argon loop. The initial purging method of passing 
supply cylinder gas through the VTRZ and dumping it directly into the cell 
proved too slow (about 6 hr) if VTRZ pressures were limited to <+2.0 in. 
of water. If instead of dumping the purging gas directly into the cell, it is 
continuously pulled through a vacuum pump and then expelled, adequate 
purge flexibility as to flows and p ressures is achieved. This method per
mits the use of h igh-pressure-drop needle valves, which have good throttling 
character is t ics . Typically, a purge by this method will take about 40 min, 
each half-zone being flushed out the equivalent of 20 t imes . Several purges 
were completed with the VTRZ prototype hot, and no new problems in flow 
or pressure control were observed. 

7.2 Cooling-guard-ring (CGR) System 

The CGR pressure -drop analysis is summarized in Table 32. The 
assumption of a 400-cfm total flow rate conforms to the heat - t ransfer cal
culations for the insulation annulus, where the duct flow rate is assumed to 
be 100 cfm in each of the four ducts. The pressure drop (valves full open) 
of 12.4 in. of water is well within the capability of the CGR blower, whose 
character is t ic curve is given in Fig. 87. Par t ia l closing of the butterfly 
throttling valves easily provides the additional 5-in. p ressu re drop neces
sary to operate at 400 cfm. If desired, the CGR system can be operated 
anywhere from 460 to 250 cfm by opening or closing the CGR valves. 

During the approximately 400 hr of CGR prototype operation, no 
blower or ductwork problems external to the VTRZ were encountered. The 
insulation annulus ductwork has been redesigned as described in Sec. 5.2.6 
because it leaked and thereby created undesirable heat - t ransfer charac
ter is t ics on the inner-matr ix- jacket outer surface. In fact, the CGR leakage 
was so large (36%) that it lowered the accuracy of the p res su re -d rop and 

TABI^E 32, Summary of Cooling-guard-ring P re s su re -d rop Analysis 

Duct 
Lengtli, 

6 

10 

- 8 

6 

ft Component 

6-in,-dia entrance duct 

4-in,-dia entrance duct 

VTRZ duct work 
Valve {full open) 

4-in,-dia exit duct 
Transit ions, elbows, 

tees, etc. 

Total P re s su re Drop 

Flow, cfm 

400 

200 

100 per duct 
200 

200 
200 and 400 

-

Ve: locity P re s su re , 
in, of water 

0,26 

0,33 

Variable 
0,59 

0,33 
Variable 

-

P r e s s u r e Drop, 
i n . of water 

0,07 

0,24 

9.53 
2.00 

0.14 
0.40 

12.38 
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1 

C O , RESISTlKCe / 
CHARACTERISTIC CURVE -

BUFFALO FORGE TYPE 3 RE 

BLOWER (16 1/2- WHEEL) 

CURVE - VALVE FULL OPEII / 

/ 

/ 
/ 

/ 
J I / I 

300 400 

TOTAL C,0,R, FLOW, cfm 

Fig, 87, Cooling-guard-ring Flow-pressure Curves 

f l o w - r a t e da ta t aken on the p ro to type . However , in le t duct flow m e a s u r e 
m e n t s on the p r o t o t y p e showed no p r o b l e m , with flow ba lanc ing and o p e r a 
t ion a t 400 cfm, 

7. 3 I n n e r - m a t r i x - c o o l d o w n (IMCD) S y s t e m 

The IMCD p r e s s u r e - d r o p a n a l y s i s i s s u m m a r i z e d in Tab le 33. The 
a s s u m p t i o n of a l 6 0 - c f m to t a l flow r a t e con fo rms to the h e a t - t r a n s f e r 

TABLE 33 Summary or Inner-matrix-cooldown Pressure-drop Analysis 

Duct Length, (t 

6 

10 

6 

~8 

ComfonenI 

4-m -dia entrance duct 

3-in -dia entrance duct 

3-in -dia exil duct 

VTRZ duct work 
Balancing valve (lull openi 
Throttiinq valve Ifuli open) 
Transitions, elbows 

Total 

Flow, elm 

160 

80 

133 

40 ISIPI 
80 

160 
80 and 160 

Veixity Pressure, 
in ol water 

0 21 

016 

026 

Variable 
OIO 
0« 

Variable 

Gas Temperature, 
»C 

20 

20 

220 

Variable 
20 
20 
20 

Pressure Drop, 
in of water 

0,10 

0,20 

017> 

12 80 
032 
1.28 
0,U 

1S,A7 

'Al l values for the exit duct assume a maximum exhaust temperature ol about 22(fiC 
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calculations for the inner-matr ix cooldown where the duct flow rate is 
assumed to be a maximum of 40 cfm in each of the four ducts. The 15.5 in. 
of wa te r -p ressure drop (valves full open) is well within the capability of 
the IMCD blower, whose character is t ic curve is given in Fig. 88. Par t i a l 
closing of the valves easily provides the additional 5-in. p re s su re drop 
necessary to operate at 160 cfm. Fur ther throttling of these valves allows 
stable low-flow operation down to at least 50 cfm. 

CHARACTERISTIC CURVE FOR 

BUFFALO FORGE TYPE 2 RE 

BLOWER (18 3/8" WHEEL) 

r-DESIGN STATIC 

\ (SEE TABLE 33) 

RESISTANCE CURVE (IHCDl -

(VALVES FULL O P E N ) ^ ^ / I 

~i r' 
150 200 

FLOW, dm 

Fig, 88, Inner-matrix-cooldown Flow-pressure Curves 

Dur ing the a p p r o x i m a t e l y 100 h r of IMCD p r o t o t y p e o p e r a t i o n , no 
b lower o r duc twork p r o b l e m s e x t e r n a l to the VTRZ w e r e e n c o u n t e r e d . The 
i n n e r - b a r r e l duc twork has been r e d e s i g n e d a s d e s c r i b e d in Sec . 5.2.7 b e 
cause the p ro to type v e r s i o n l eaked . As wi th the p r o t o t y p e CGR s y s t e m , 
the IMCD s y s t e m leaked bad ly enough (15% leakage) to c o m p r o m i s e the 
p r e s s u r e - d r o p and f l o w - r a t e da t a . H o w e v e r , a s with the CGR, i n l e t - d u c t 
m e a s u r e m e n t s showed no p r o b l e m with flow b a l a n c i n g and o p e r a t i o n in the 
r ange of flows d e s i r e d . 



223 

8. INSTRUMENTATION ANALYSES AND TESTS 

8.1 Heater Fuses 

8.1.1 Analyses of Heater-fuse Operation 

Under normal operating conditions, the calandria cartridge heaters 
will operate at a maximum power of about 1.0 kW (4.17 A) per individual 
heater . Safety considerations require the fusing of these heaters at a power 
of about 1.5 kW (6.25 A). Design considerations require that the fuses be 
located inside the VTRZ inner-matr ix-assembly envelope (i.e., in the hot 
zone) and that the fuses have a lifetime compatible with VTRZ operating 
t imes. It follows that the fuses must have the following character is t ics : 

(1) A fusing current independent of inner-matr ix-assembly ambient 
temperature , 

(2) A fusing current independent of "act ive"-versus-" inactive" fuse 
lifetimes. 

(3) A good high-temperature corrosion resistance against blanket 
gas impuri t ies; i.e,, a fuse mater ia l that fails by melting rather than by 
corroding or oxidizing. 

(4) Long life at approximately 4 A with SCR (Silicon Control 
Rectifier) current pulsing. 

(5) A fusing current of about 6.2 A. 

(6) A fuse wire large and strong enough for easy installation. 

The fusing (or melting) current for wire decreases as the wire ' s 
ability to transfer away heat decreases . Since this heat transfer decreases 
as the ambient temperature surrounding the wire increases , one would 
expect the fusing current of a given wire to be greater at room temperature 
than at 550°C. The following steady-state heat-balance equation considers 
the two principal modes of heat transfer from a fuse wire (heat conduction 
off both ends of the wire has been neglected): 

I^R = Ah(TF - T A ) + Aea(T|r - T^), 
V , ' * . ' 

Convection Radiation 
Cooling Cooling 

where 

I = current passing through wire just before melting (A), 

R = wire res is tance (ohms), 

A = TTid, 
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a n d 

d - w i r e d i a m e t e r ( in . ) , 

I - w i r e length (in.) , 

h = h e a t - t r a n s f e r coeff ic ient (W/ in .^ - °F) , 

a = S t e f a n - B o l t z m a n n cons t an t , 3.487 x 10"^^ (w/in.^-°R'*) , 

e = e m i s s i v i t y , 

T p = fusing (mel t ing) t e m p e r a t u r e of w i r e ^ R ) , 

T ^ = a m b i e n t t e n n p e r a t u r e (°R). 

C l e a r l y , the fusing c u r r e n t wil l be negl ig ib ly affected by c h a n g e s in 
a m b i e n t t e m p e r a t u r e if the fusing t e m p e r a t u r e is suff ic ient ly high. 

F o r a 1 2 . 5 - m i l - d i a , Type 302 s t a i n l e s s s t e e l w i r e in a r o o m -
t e m p e r a t u r e a r g o n e n v i r o n m e n t , the fusing t e m p e r a t u r e i s c a l c u l a t e d to be 
about 3O40''R. F o r the two i n n e r - m a t r i x - a s s e m b l y e x t r e m e s of a m b i e n t 
t e m p e r a t u r e [ i . e . , T ^ = 1513°R (550°C) and T ^ = 561°R (70°F)] , the p r e 
d ic ted fusing c u r r e n t s for th i s fuse differ by only 3.9%. The v a l u e s for h 
and e used in the ca l cu l a t i ons w e r e h = 1 B t u / h r - f t ^ - ° F (2.04 x 10 '^ W/ in .^ -
°F) and e = 0 .8 . T h u s , 1 2 . 5 - m i l - d i a , Type 302 s t a i n l e s s s t e e l w i r e a p p e a r s 
to sa t i s fy the f i r s t r e q u i r e d fuse c h a r a c t e r i s t i c , the only fuse c h a r a c t e r i s t i c 
subjec t to quan t i t a t ive a n a l y s i s . T h i s i ndependence of a m b i e n t t e m p e r a t u r e 
is ve r i f i ed in the p ro to type fuse t e s t i ng d e s c r i b e d in Sec . 8 .1 .2 . 

8.1.2 P r o t o t y p e T e s t s of H e a t e r F u s e s 

The fu se -p ro to type t e s t i ng p r o g r a m is s u m m a r i z e d in T a b l e 34. A 
fuse cons i s t i ng of a 1- in . - long , 1 2 . 5 - m i l - d i a , Type 302 s t a i n l e s s s t e e l w i r e 

' TABLE M, Summary of Fuse Tesling for VTRZ 

Fuse- I-m -long, lZ,5-mil, Type 30Z stainless steel wire 

Fuse History 

Fusing Standard Highest Lowest 
Current, Deviation, Recorded. Recorded, Numtter 

Oven Type of Fuses 

Fuse at room temperature in 
argon or air Inever heated) 

Fuse al~500°C in argon gas 
(zero lifetime) 

Fuse al-SOC'C in argon gas 
alter various lifetime tests 
where fuses were operated al 
- 4 A 

Fuse at-SOO^C in argon gas 
after various lifetime tests 
where fuses were operated at 
0 A 

Fuse at-35CPC for 1(» hr 
(fused at room temperature); 
curreni during 100 hr .~4 A 

Fuse a\-y>fpZ lor 100 hr 
(fused at room temperature); 
current during 100 hr . -O A 

lusing SCR's^) 

^Silicon-confrol-rectifier power supplies. 



satisfied all the heater-fusing requirements mentioned above. The oven 
used in Ser ies 2-4 tests is shown in Fig. 89 together with two different fuse 
racks used. The oven was heated electrically and was constantly purged 
with argon gas from a VAC-93 Dr i -Tra in unit. 

For the two inner -bar re l extremes of ambient temperature (20 and 
500°C), the fusing currents (6.3 and 6.1 A) differed by only 3.2% (as com
pared to the calculated 3.9%). This is much better than the lower-melting-
point wires tested, such as copper, for which the difference was >30%. 

A comparison of Series I, 5, and 6 experiments shows no fusing 
dependence on "active" (with current) versus "inactive" (no current) life
t imes. However, the fusing current increases about 4.5% (from 6,3 to 
6.6 A) after having been baked for 100 hr. 

There was no evidence of corrosion of these stainless steel fuses 
in the Series 5 and 6 tes ts conducted in the VTRZ prototype itself. How
ever, because of the relatively impure argon cover gas in the fuse testing 
oven, there was a marked deterioration in the fuses in the Series 4 tes ts . 
That the same deteriorat ion did not occur in the Series 3 tests is not clear. 

In all the lifetime tests (Series 3 and 5) there was never a fuse fail
ure at an operating current of 4 A. The 12.5-mil wire proved strong and 
large enough for easy installation and replacement. Also, the fusing-
current requirement of 6.2 A was met by these fuses that fuse at 
approximately: 

(1) 6.3 A at room temperature, 

(2) 6,1 A at 500°C at beginning of experiment. 

(3) 6.4 A at 500°C at end of experiment. 

(4) 6.6 A at end of experiment after having been cooled off to room 
temperature . 

8.2 Calandria-can Overheat Detection 

8.2,1 Analysis of Calandria-can Overheat Monitoring System 

Basic protection against calandria-can overheat is provided by 
individual fuses for each calandria heater, as described in Sees. 4.5.7 and 
8.1. The calandria hea ters are nominally 1-kW heaters with one 36-in. 
heater provided for one row of three 12-in. calandria cans in a matr ix tube 
in a typical case. Each heater is fused at a nominal 1.5 kW. There is 
never more than one heater per calandria can, so that no matter what the 
possible heater- fa i lure mode may be, there can never be a greater power 
dump than 1. 5 kW per 12-in. calandria can. The limiting of each calandria 
heater to 1, 5 kW basically means that the calandria cans cannot be overheated 
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to failure fast enough to cause an appreciable hazard. Backup protection 
against overheat-induced calandria failure is provided by a thermocouple 
monitoring system designed to detect any calandria overheat before failure 
occurs. 

A typical thermocouple layout for the overheat monitoring system 
is shown in Figs. 59 and 60, Basically, this thermocouple layout provides 
for at least one thermocouple immediately adjacent to each 12-in. calandria 
can containing a car t r idge heater or separated from it by no more than the 
thickness of the mat r ix tubes. As described in greater detail in Sec. 4.5.8, 
the thermocouple layout of Fig. 59 also provides a backup set of thermo
couples adjacent to each calandria can. The important consideration from 
the safety standpoint is that at least one operating thermocouple adjacent 
to every calandria can containing a cartr idge heater must be monitored 
during all heated operation. 

Two- and three-dimensional numerical heat-transfer analyses have 
been used to calculate the result of the worst-case calandria-heater failure 
accident. The wors t -case accident is considered to be the case in which a 
full 1,5 kW is supplied to a single 12-in, calandria can. This case has been 
analyzed to see if the overheated calandria can can be detected before the 
calandria can fails. The analysis showed that, with the 1,5-kW heater 
limitation, heatup of the calandria can is relatively slow and the tempera
ture r ise is easily detected before the calandria can failure temperature 
is reached. Heat- t ransfer coefficients, particularly the gap conductivities 
between calandria can and matr ix tube, used in the wors t -case overheat 
calculations were chosen to make the heat- transfer analysis agree with the 
prototype overheat test resul ts described in Sec, 8,2.2. The prototype over
heat testing was conducted in a 3 x 3 ar ray of IZ-in.-long calandria cans. 
Calculations were used to extend the results of the tests to larger a r rays 
and to include the effect of additional calandria cans abutting the test cans 
axially. As noted, before the results were extended to more complex prob
lems, the heat - t ransfer coefficients were chosen to give good agreement 
between calculation and experiment in the 3 x 3 array. 

The calculations of the calandria-can overheat accident showed that 
with 1.5 kW supplied to a single 12-in, calandria initially at 550°C, the 
calandria can will heat up to about 750°C in a relatively short time (about 
10 min). Even assuming that the thermocouple monitoring the overheated 
calandria can is separated from the can by the thickness of a matr ix tube, 
the calculations show that the thermocouple will see a temperature r i se 
from 550 to 600°C (the heater- inter lock trip point) in the 10-min period in 
which the overheated calandria can reaches 750''C. If the monitoring thermo
couple is directly adjacent to the calandria can, it will, of course, reach 
the heater- in ter lock tr ip point sooner. Above 750°C, the heated calandria 
can swells and greatly increases the gap conductivities around the can so 
that the tempera ture r i se is very slow beyond about 750°C, The calculations 



indicate that it is impossible for a single malfunctioning heater at 1.5 kW 
to ra ise the general temperature of the VTRZ inner matr ix sufficiently high 
to cause the overheated calandria can to reach the nominal failure tempera
ture of 900°C. The calculations also indicate that the heated calandria can 
will never lead the monitoring thermocouple temperature by more than 
150 C°, so that overheating of the calandria can will be easily detected by 
the 600°C heater- inter lock tr ip before the calandria can reaches a tempera
ture that could seriously damage it. The slow rate of the tempera ture r i se 
in the overheated calandria can also means that there will be more than 
enough time to detect any overheating before serious damage occurs . 

As indicated previously, heated operation of the VTRZ will not be 
permitted unless there is at least one thermocouple adjacent to each ca
landria can containing a cartr idge heater (at least in the sense that only a 
matr ix tube and not another calandria may separate the thermocouple from 
the calandria to be monitored). The calculations show, however, that 
an additional degree of redundant protection does exist in that the next 
nearest thermocouple to the overheated can (i e., thermocouples separated 
from the overheated calandria can by one full calandria width) would be 
adequate to detect a calandria-can overheat before a tempera ture of 800°C 
is reached. The calculations also showed that none of the "next nearest" 
thermocouples lagged the peak temperature by more than 200°C, so that 
an overheat could easily be detected In fact, heat t ransfer between adjacent 
calandria at elevated temperatures is so good that, before any overheated 
calandria can could reach 900°C, all the other calandria would be above 
600°C, and the overheat would be detected by many thermocouples. 

The calculated calandria-can overheat resul ts were obtained from 
a two-dimensional calculation of a 5 x 5 a r ray of calandria cans with an 
insulated boundary; axial gradients were not considered. As a check on the 
calculations, three-dimensional calculations were also made of a 3 x 3 array 
treating axial conduction explicitly. The resul ts of the 5 x 5 two-dimensional 
calculations and the 3 x 3 three-dimensional calculations were nearly iden
tical, which indicates that the resul ts of a full three-dimensional calculation 
of the entire VTRZ ar ray would not be much different than the resul ts 
already obtained. The final rate of heatup of the overheating calandria 
would be somewhat less in the actual VTRZ than was calculated in the 
simplified cases, because the VTRZ does not have perfectly insulated 
boundaries as was assumed in the calculation. Fur ther , the actual VTRZ 
is nearly a 9 x 9 a r ray of calandria and thus contains a greater overall heat 
capacity than is used in the 3 x 3- or 5 x 5-array calculations. Thus, the 
calculations will show a faster heatup rate than would be seen in the actual 
VTRZ and should therefore he conservative. 

The three dimensional calculations did indicate that there is re la
tively poor axial conduction between the ends of adjacent calandria. How
ever, within a single sodium-filled calandria can, there will be only very 
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s m a l l a.xial t e m p e r a t u r e g r a d i e n t s due to the l a r g e conduct iv i ty of the 
s o d i u m in a c a l a n d r i a can. T h u s , in a 36- in . row of t h r e e 12- in . c a l a n d r i a 
c a n s , each c a l a n d r i a can will be n e a r l y un i fo rm in t e m p e r a t u r e , but m a y 
have an a p p r e c i a b l y d i f fe ren t t e m p e r a t u r e from the next c a l a n d r i a can in 
the s a m e row. F o r th i s r e a s o n , t h e r e will be t h r e e c o m p l e t e s e t s of t h e r 
m o c o u p l e s in each V T R Z h a l f - z o n e , one for each axia l eche lon of the 
12-in, c a l a n d r i a c a n s , 

8,2,2 P r o t o t y p e T e s t i n g of C a l a n d r i a - c a n O v e r h e a t Moni to r ing S y s t e m 

P r o t o t y p e t e s t s of the c a l a n d r i a - c a n o v e r h e a t m o n i t o r i n g s y s t e m 
have been c a r r i e d out in a spec i a l t e s t r i g . The t e s t s w e r e conducted to 
d e t e r m i n e the t h e r m a l b e h a v i o r of a c a l a n d r i a can in a s i tua t ion s imu la t i ng 
condi t ions in the V T R Z given a hea t input of 1,5 kW to a s ingle 12-in, c a l a n 
d r i a . The s p e c i a l t e s t r ig c o n s i s t e d of a 3 x 3 a r r a y of 12 - in , - l ong c a l a n d r i a 
c a n s , with one o r m o r e h e a t e r s in each can, in a 3 x 3 sec t ion of welded 
m a t r i x t u b e s . In the t e s t s , the 3 x 3 a r r a y was s u r r o u n d e d by insu la t ion and 
brought up to a un i fo rm 550°C, The t e s t s w e r e conducted in an enc losed 
tank with an a r g o n a t m o s p h e r e to s i m u l a t e ac tua l VTRZ condi t ions . After 
t e m p e r a t u r e e q u i l i b r i u m was r e a c h e d , the h e a t e r power to the c e n t r a l c a l a n d r i a 
was i n c r e a s e d to 1,5 kW and the t e m p e r a t u r e h i s t o r y of each c a l a n d r i a was 
m e a s u r e d . P o w e r to the c e n t r a l c a l a n d r i a can was suppl ied by four c a r t r i d g e 
h e a t e r s p l aced in the c e n t r a l four fuel- rod tubes . The r e m a i n i n g c a l a n d r i a 
cans had one h e a t e r each ; t h e s e w e r e used t o b r i n g t h e e n t i r e a r r a y up to 550°C, 
E v e r y f u e l - r o d tube not used f o r a h e a t e r was filled w i t h a s t a i n l e s s s t ee l rod to 
s i m u l a t e the loaded c a l a n d r i a c a n s in the VTRZ, T h e r m o c o u p l e s w e r e p laced in 
the c e n t e r of each c a l a n d r i a to m o n i t o r the t e m p e r a t u r e s dur ing the t e s t s . 

The s p e c i a l p ro to type t e s t s indica ted a r i s e in the c e n t r a l t e m p e r a 
t u r e of the c e n t e r c a l a n d r i a to about 750 'C in about 20 min with 1,5 kW 
suppl ied to the c e n t e r c a l a n d r i a . With the c e n t e r c a l a n d r i a at 750"C, the 
t e m p e r a t u r e s of al l of the s u r r o u n d i n g eight c a l a n d r i a cans w e r e g r e a t e r 
than 600°C. The ind ica ted r a t e of r i s e of the c e n t e r c a l a n d r i a t e m p e r a t u r e 
above 750° was l e s s than the r a t e of r i s e of the t e m p e r a t u r e s of the s u r 
rounding c a l a n d r i a c a n s . T h a t i s , above 750^C, the t e m p e r a t u r e d i f fe rence 
be tween the c e n t r a l c a l a n d r i a can and the s u r r o u n d i n g c a l a n d r i a cans d e 
c r e a s e d with t i m e ; the m a x i m u m t e m p e r a t u r e d i f fe rence be tween the c e n t e r 
c a l a n d r i a can and the s u r r o u n d i n g cans neve r exceeded about 1 SO C , 

The p r o t o t y p e - t e s t r e s u l t s for the 3 x 3 a r r a y at an ini t ia l t e m p e r a 
t u r e of 550°C i n d i c a t e that a s ing le c a l a n d r i a can could not be a p p r e c i a b l y 
o v e r h e a t e d wi thout d e t e c t a b l e o v e r h e a t i n g of the adjacent c a l a n d r i a c a n s . 
The s m a l l s i z e of the m i n i m o c k u p a r r a y would tend to give a l a r g e r t e m 
p e r a t u r e r i s e in s u r r o u n d i n g c a l a n d r i a cans than would ex i s t in a l a r g e r 
a r r a y , so that the r e s u l t s w e r e extended by ca l cu l a t i ons to l a r g e r a r r a y s 
a s exp la ined in Sec , 8 .2 ,1 , Note , howeve r , that m e a s u r i n g the c e n t e r t e m 
p e r a t u r e of the s u r r o u n d i n g c a l a n d r i a cans in the t e s t s is c o n s e r v a t i v e . 
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s ince in the ac tua l V T R Z , t h e r m o c o u p l e s will be ad jacen t to e v e r y can 
w h e r e the t e m p e r a t u r e wi l l be c l o s e r to the m a x i m u m t e m p e r a t u r e in the 
o v e r h e a t e d c a l a n d r i a can. In g e n e r a l , the t e s t r e s u l t s and the c a l c u l a t i o n a l 
r e s u l t s both gave the s a m e g e n e r a l conc lus ion ; i . e . , a c a l a n d r i a - c a n o v e r 
hea t could be e a s i l y d e t e c t e d b e f o r e s e r i o u s o v e r h e a t d a m a g e o c c u r s . The 
de tec t ion would be a c c o m p l i s h e d e i t h e r by t h e r m o c o u p l e s a d j a c e n t to the 
o v e r h e a t i n g c a l a n d r i a can or by t h e r m o c o u p l e s in s u r r o u n d i n g c a l a n d r i a . 

P r o t o t y p e - t e s t r e s u l t s w e r e a l s o ob ta ined for the c a s e in which the 
en t i r e a r r a y was in i t i a l ly at r o o m t e m p e r a t u r e (22°C) and 1.5 kW w a s 
suppl ied to the c e n t e r c a l a n d r i a can. In t h i s c a s e , the c e n t e r c a l a n d r i a -
can t e m p e r a t u r e r e a c h e d 600°C fa i r ly qu ick ly (20 min) and then began to 
i n c r e a s e at a s l ower r a t e . The s u r r o u n d i n g c a l a n d r i a c a n s l agged far 
behind in t e m p e r a t u r e du r ing the f i r s t 20 m i n and w e r e only up to about 
100°C when the c e n t e r c a l a n d r i a can was at 600°C. Beyond th i s point , 
however , the t e m p e r a t u r e of the c e n t e r c a l a n d r i a can r o s e only v e r y s lowly 
and the t e m p e r a t u r e d i f f e rence b e t w e e n c e n t e r and s u r r o u n d i n g c a l a n d r i a 
cans cont inua l ly d e c r e a s e d with t i m e . The o v e r h e a t i n g c a l a n d r i a can r e 
qu i r ed m o r e than 2 h r to r e a c h 800°C in th i s c a s e . By the t i m e the c e n t r a l 
can r e a c h e d 800°C. a l l the s u r r o u n d i n g c a l a n d r i a c a n s w e r e above 600°C. 
Again the t e s t r e s u l t s ind ica ted that a c a l a n d r i a - c a n o v e r h e a t could e a s i l y 
be de tec t ed be fo re the o v e r h e a t e d can would be s e r i o u s l y d a m a g e d . 

The spec ia l p r o t o t y p e - t e s t r e s u l t s , b e s i d e s p rov id ing d i r e c t e x p e r i 
men ta l ev idence of the d e t e c t a b i l i t y of an o v e r h e a t , w e r e used to p rov ide a 
b a s i s for extended ca l cu l a t i ona l r e s u l t s . Tha t i s , a s exp la ined in Sec . 8 ,2 ,1 , 
the t e m p e r a t u r e h i s t o r i e s r e c o r d e d in the we l l -de f ined t e s t conf igura t ion 
w e r e used to d e t e r m i n e a p p r o p r i a t e h e a t - t r a n s f e r coef f i c ien t s for use in 
the c a l c u l a t i o n s . 

8.2,3 Effect of T h e r m o c o u p l e B u r n o u t s on S y s t e m O p e r a t i o n 

Dur ing hea ted o p e r a t i o n , t h e r e m u s t be at l e a s t one o p e r a t i n g t h e r 
mocouple for each 12-in , c a l a n d r i a can conta in ing a c a r t r i d g e h e a t e r . The 
t h e r m o c o u p l e m u s t be i m m e d i a t e l y ad jacen t to the c a l a n d r i a can or s e p a 
r a t ed by no m o r e than a m a t r i x - t u b e - w a l l s ec t ion . O p e r a t i o n depending 
upon t e m p e r a t u r e m o n i t o r i n g by s e c o n d a r y t h e r m o c o u p l e s ( i , e . , t hose 
s e p a r a t e d by a full c a l a n d r i a - c a n width f rom the m o n i t o r e d c a l a n d r i a can) 
will not be p e r m i t t e d . The c a l c u l a t i o n s and t e s t s i nd i ca t e tha t s e c o n d a r y 
t h e r m o c o u p l e s should be ab le to d e t e c t o v e r h e a t e d c a l a n d r i a c a n s , but 
r e l i a n c e on th i s r e s u l t is not c o n s i d e r e d to p r o v i d e an a d e q u a t e safe ty 
m a r g i n . 

To p rov ide at l e a s t one t h e r m o c o u p l e for each c a l a n d r i a can t h e r e 
will be typ ica l ly about 66 t h e r m o c o u p l e s p e r ha l f - zone , a s is shown in the 
se tup of F ig , 59, F a i l u r e of any of t h e s e 66 t h e r m o c o u p l e s wi l l , h o w e v e r , 
n e c e s s i t a t e tu rn ing off all h e a t e r power u n l e s s t h e r m o c o u p l e r e d u n d a n c y 'is 
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provided. For this reason, a completely redundant set of thermocouples 
will be provided in the VTRZ in most operational configurations as shown 
for a typical case in Fig. 60. With the redundant set of thermocouples, 
failure of a single thermocouple will not compromise operation or safety 
in any way. It will, in fact, require simultaneous failure of two thermo
couples monitoring the same calandria before heated operation will have 
to be terminated. This will greatly reduce the frequency of shutdown due 
to thermocouple failure. In no case will any number of thermocouple 
failures compromise safety, since heated operation will be terminated if 
there is not at least one thermocouple monitor for each calandria can, 

8.3 Calandria-can Fai lure (Sodium Release) Monitor 

The calandria-can failure monitor is basically a monitored electr i 
cal switch, which is normally open. The monitor is described in detail in 
Sec. 4.5.9. Liquid sodium falling on the switch grid located on the bottom 
of the wiring space of each VTRZ half-zone (i.e., behind the matrix) com
pletes the switch circuit, which in turn energizes an alarm circuit and trips 
the heater interlock. Each leg of the switch grid is constantly monitored 
for continuity. This monitor is expected to detect only gross sodium leaks 
from calandria cans. 

8.4 Fuel - rod Fai lure Monitors 

8.4.1 Helium Fuel-rod Failure Monitor 

The expected helium concentrations in the argon-loop system due 
to a fuel failure a re considered in this section and compared to the theo
retical mass - spec t romete r leak-detector sensitivity. 

The minimum, maximum, and nominal inside gas volumes of VTRZ 
fuel rods are 0.21, 0.60, and 0.40 cm^, respectively. Since these rods must 
be filled with a gas that contains a minimum of 50 vol % helium, the mini
mum helium content per fuel rod is 0,10 cm^ (STP). A nominal value for 
helium content per rod is set at 0.2 cm'. If 0.10 cm' (STP) helium is 
homogeneously mixed in 6 ft' (the approximate total gas volume of the 
"normal-mode" argon-loop system) at room temperature, the resulting 
helium density is 10"'° g/cm' ; the resulting density is 0.6 part per million 
volume of helium in argon. Assuming no trapping of helium on the loop's 
internal surfaces, 0,6 ppmv represents the "smallest final helium 
concentration" that must be detected by the helium monitor system. Since 
the monitor "sniffer" samples loop gas at an approximate rate of lO"* cm ' / 
sec, the helium flow into the monitor unit for this smallest concentration will 
be about 6 x 10"" cm ' / s ec . The basic sensitivity of the NRC-925-20 leak 
detector is 1 x 10"" std, cm ' / s ec ; thus the leak detector should be able to 
detect 0.6 ppm helium if the argon present in the sample gas does not intro
duce a serious background problem. With the half-zones heated to 550°C, 
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the "effective volume" of the argon loop is reduced to about 3 ft', thus in
creasing the smallest final helium concentration to 1,2 ppm. It is difficult 
to calculate the initial helium concentrations, as they depend on the type of 
rod leak (slow leaks versus instantaneous burst) , the location of the leak, 
the flushing patterns of the argon gas, and the rate at which the initial con
centrations pass by the sampling point. Unless the rod is a slow leaker, the 
initial concentration should be appreciably larger than the final concentra
tion, since the former has not been diluted by the Dr i -Tra in and associated 
bypass gas. This has been borne out by prototype testing described below. 

The purpose of the helium monitor prototype testing was to check 
helium detecting capabilities in as real is t ic a situation as possible. Specifi
cally the following aspects were investigated: 

(1) Detector sensitivity 

a. As a function of quantity of helium introduced 
b. As a function of half-zone temperature 
c. As a function of vacuum pump throttling 
d. As a function of sampling rate 

(2) Detector response time 

a. As a function of flow rate 
b. As a function of length and diameter of the sniffer probe line 
c. As a function of half-zone temperature 

(3) Detector background noise 

a. As a function of power supply filters 
b. As a function of the spectrometer tube p re s su re 

(4) Detector drift 

a. Over long periods of time 
b. As a function of liquid nitrogen level in the cold t rap 
c. After helium injections. 

A helium injection port was installed in the prototype argon loop 
just upstream from the VTRZ prototype. About 45 ft (tube length) down
stream from the prototype, a sampling port was installed that could accom
modate various types of sniffer probes. Two different helium injection 
schemes were used: The first scheme used a calibrated hypodermic needle, 
with which it was possible to inject a known amount of helium through a 
rubber plug into the argon flow stream. The second scheme used a cali
brated length of smal l -diameter flexible tubing, which was sealed until one 
end was connected to the injection port and opened to the argon flow s t ream. 
The first scheme simulated a rod "burst"; the second scheme simulated a 
slower rod leak. It was felt that an injection upstream from the VTRZ 
represented the worst rod leak from a detection standpoint; i.e., no inner-
matrix rod leak would affect the monitor less than an upstream injection. 
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Since initial testing showed that the detector response was linear 
with respect to the amount of helium injected over the range of interest , a 
"nominal rod leak" injection of 0.2 cc was used for all the subsequent test
ing. This was about the lower limit of helium that could be effectively in
jected into the argon loop in the tes ts . It represents a final homogeneous 
mixture with the argon of about 2 ppm. The helium-monitor prototype tes t 
ing is summarized in Table 35. The data show that detector sensitivity 
varied as follows: 

(1) Sensitivity increases as the mass-spec t rometer atom density 
increases (comparing injections 1, 4, and 7). 

(2) Sensitivity decreases in most instances for second and third 
injections in a ser ies (comparing injections 1 to 2 and 4 to 5), 

(3) Sensitivity appears to be temperature-independent (comparing 
injections 10 and 11 to 12 and 13). 

Since no helium will be released into the inner matrix assembly and argon 
loop system before a pin leak, those initial injections (No. 1, 4, 7, and 9) 
are more representat ive of the monitor response in the actual system. The 
best of these responses is clearly injection 1, where the mass -spec t romete r 
vacuum was about 0.3 \j,. Present plans call for a sniffer probe that has a 
leak rate similar to the Veeco No. I. 

TABLE 35 Summary of Helium-monitor Prototype Testing 

Injection 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Injection 
Series 

1 
1 
1 
2 
2 
2 
3 
3 
4 
4 
4 
4 
4 

Sniffer 
Used 

Veeco No 
Veeco No 
Veeco No 

TJ.a 
TJ 
TJ 
R.S,tl 

R S 
Veeco No 
Veeco No 
Veeco No 
Veeco No, 
Veeco No 

1 
1 
1 

2 
2 
2 
2 
2 

Temperature 
at Injection, 

"C 

20 
160 
130 
20 

550 
550 
20 
20 
20 
20 
20 

200 
200 

Response to 
0,2-cc ISTPI 
Injection, 

>W> 
45 
50 

112 
26 
9 

31 
17 
6 

19 
3 
9 
7 

mV 

Bacltground 
before 

Injection, mV 

40 
85 

100 
8 

25 
32 
13 
(f 
0 
4 

13 
6 

15 

Delay Time 
from 

Injection to 
Detection 

- 2 mm 
- 6 mm 
- 5 mm 

- 1 0 mm 
- 2 mm 
- 2 min 
- 2 mm 
- 2 min 

55 sec 
50 sec 
3 min 

45 sec 
50 sec 

Vaci uum in Mass 
Spectrometer,^ 

- 0 3 
- 0 3 
- 0 3 
- 0 1 
- 0 1 
- 0 1 
<O05 
<O05 
<O05 
<0,05 
<O05 

<ao5 
<O05 

Number 
of Prior 

Injections 

0 
1 
2 
0 
1 
2 
0 
I 
0 
1 
2 
3 
4 

Type of 
Injection 

Slow leak 
Slow leak 
Slow leak 
Slow leak 
Slow leak 
Slow leak 

Burst 
Burst 
Burst 
Burst 
Burst 
Burst 
Burst 

^TJ Sniffer- Crimped copper sniffer that established a spectrometer vacuum o f - 0 1 ^ 
•JR S Sniffer Crimped copper sniffer that established a spectrometer vacuum of <0 05/x, 
^Background rezeroed for injection 8 

The sensitivity of the monitor is also dependent on the size of the 
throttling plate placed just upstream from the pumping system. A plate 
recommended by the manufacturer was installed before the tests summa
rized in Table 35. This plate increases the probability that a helium atom 
enters the mass spectrometer by decreasing the gas pumping efficiency--
a tolerable deficiency since "pumpdowns" for this application are infre
quent. The closing of the valve that is in ser ies with this throttling plate 
has the same effect, except that it is nonreproducible. 
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The prototype testing of detector response t imes showed maximum 
times of about 6 min. These evidently depended on the injection rate ra ther 
than the helium transport time to the detector. No noticeable dependence on 
half-zone temperature or loop flow ra tes was noted. Of course, a large 
reduction in flow rate (nominally I cfm or 11 ft/sec) would increase the 
response time. It was noted that the l a rger -d iamete r and shor ter- length 
sniffer probe line produced a faster detector response. 

The detector background noise was the lowest for the No. 1 injection 
ser ies (the ser ies best representing the final monitor system). The toler
able variation of ±2 mV can be improved, if desired, by a judicial choice of 
filters and/or integrating circuits . Considerable decrease in background 
noise found in the other injection ser ies was accomplished by using an input 
noise filter. There was no evidence that the background noise varied sub
stantially with spectrometer tube p ressure . However, it did increase as 
more sensitive detector meter scales were used. 

Once helium was introduced into the system, it was difficult to dis
tinguish detector drift from a decrease in the amount of helium present . 
During the ser ies of tes ts , no large spurious change in the detector output 
level was noted, just after the filling of the liquid-nitrogen cold t rap. No 
definitive dependence on half-zone temperature has been noted. For 
example, during the Series No. 2 tes ts , the detector output only increased 
from 23 to 25 mV during a 7-hr VTRZ heatup (20-550°C). Although more 
extensive tests measuring system drift are planned as part of the VTRZ 
preinstallation phase, no major problems with drift a re anticipated. 

After several helium injections, the loop helium density builds up 
and the millivolt response per injection decreases . To facilitate the helium 
monitor testing, attempts were made to purge the helium out of the loop 
using both argon and nitrogen gas. The resul ts using argon purge were 
inconclusive. Results using nitrogen gas proved that nitrogen gas was more 
effective in flushing out helium. 

In conclusion, the helium-monitor prototype testing has demonstrated 
that minimum helium re leases (O.l cc) can be adequately detected using the 
NRC-925-20 leak detector if the sniffer leak rate and spectrometer tube 
vacuum are maintained at values established by the Ser ies -1 experiments. 
Drift, noise levels, and response t imes do not appear to compromise the 
effectiveness of this monitoring system. 

8-4.2 Plutonium-alpha Fuel-rod Fai lure Monitor 

8.4.2.1 Theory of Operation 

The plutonium-alpha monitor response to a given inner -mat r ix -
assembly PuO^ contamination level is analyzed in this section. If 
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n^(t) = the atom density (homogeneous dispersion) of the ith type 
nucleus at the inner -matr ix-assembly gas exit, 

V = volumetric sampling rate of the plutonium-alpha monitor, 

ff = average filter efficiency for the ith-type particle, 

Xi = decay constant of the ith-type nucleus, 

and 

fj = average impaction loss (%) for the ith-type particle in 
traveling from the inner-matr ix-assembly exit to the 
plutonium-alpha filter. 

then 

where 

Ni(t) 3/[(l-f{)(ff)vni(t')-XiNi(f)]df, 

N;(t) = number of atoms of the ith type seen by the detector crystal 
at time t, assuming negligible transport time from inner-
mat r ix-assembly exit to monitor. 

It follows that the total number of counts accumulated in the energy 
channel of interest for the ith-type particle is 

cif = Xifi / dt' Ni(t) 

C"-p — ^ i i 

I 

f ' dV f dt [(l -fj) ffvn.(t)-XiNi(t)], (1) 

where 

f̂  = counting efficiency for the ith-type disintegration in the channel 
of interest , 

ti ^ accumulation initiation, 

and 

If the following assumption is made: 

n,(t) = n°h(t)e-''-^^/^», 
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where 

, , , _ f l if t S: 0 
^^*' = \ 0 if t < 0 ' 

and 

To = inner-bar re l plutonium atom density half-life, 

then 

Xĵ Nj -^ 0 for the time scales of interest . 

Equation I reduces to 

C'T = Xiff( l-ff)ffvn?{(To/0.7)(t , - t , ) 

+ (To/0,7)^[exp(-0.7t,/To) - exp(-0.7ti/To)]}. (2) 

If the further assumption that TQ -" " is made, Eq. 2 reduces to 

Crj, = 2^ C ^ 
Pu 

Isotopes 

= T iXiii{l-i^ifynl(tl.tl). (3) 
P u 

I s o t o p e s 

To d e t e r m i n e a r e p r e s e n t a t i v e va lue for the p l u t o n i u m - a l p h a 
m o n i t o r - c o u n t a c c u m u l a t i o n , C j , a s s u m i n g a ^"Pu-cy d i s i n t e g r a t i o n r a t e at 
the i n n e r - m a t r i x - a s s e m b l y exi t c o r r e s p o n d i n g to 1000 RCG, the following 
va lues w e r e used: 

XN° = 10 ' X 2 X 10" '^ n C i / m l (RCG for " ' P u so lub le p e r 4 0 - h r week) 

= 125.7 d i s i n t e g r a t i o n s / m i n - f t ' , 

t , = 0, 

fc = 30% ( typical d e t e c t o r ef f ic iency) , 

fF = 25% ( inc ludes l o s s t h r o u g h m o n i t o r b y p a s s ) , 

f̂  = 5% ( e s t i m a t e ) , 

and . 

V = I cfm (STP) . 



Thus, 

and 

Cx = 9(t^/2), t in minutes, 

= 16,200 for t = 60 min, 

= 9100 for t = 45 min, 

= 40 50 for t = 30 min, 

= 450 for t = 10 min. 

If the time for count accumulation is set at 30 min, a final count of 
40 would indicate 10 RCG. Since the accumulation of 40 counts in 30 min 
is well above the spurious count accumulation due to electronic noise, this 
scoping calculation indicates a monitor sensitivity two orders of magnitude 
greater than the heater- inter lock trip level of 40 50 (t = 30 min). There is 
no anticipation of radon or radon-daughter-product background since the 
argon-loop system is closed and uses ultrahigh-purity argon gas and since 
all the fuel and depleted pins are clad. Neutron background counts are not 
anticipated, since experience with the ZPR-6 impactor-type plutonium-
alpha monitors , which have similar detectors and electronics, have shown 
no significant effect. 

Equation 3 does not take into account the fact that the 2.5-ft' gas 
space in each inner ba r re l is constantly flushed by uncontanninated argon 
gas at a rate of 1 cfm (STP). Assuming that TQ = 2 . 5 min and tj = 0, Eq. 2 
reduces to 

C T = 9[3,57t- 12,74(1 - e - ' / ' - " ) ] , (4) 

Cx = 1928 for t = 60 min, 

= 1446 for t = 45 min, 

= 964 for t = 30 min, 

= 213 for t = 10 min. 

This much more conservative estimate of monitor-count accumula
tion still demonstrates adequate sensitivity (10 RCG results in 10 counts in 
30 min). 

These calculations have taken into account only plutonium rod fail
ures that produce "airborne" plutonium concentration in the argon cover 
gas. If a rod failure would occur that did not produce sufficient plutonium 
aerosol to produce a corresponding monitor response, the failure would not 



238 

be detected until the inner matr ix was unloaded. However, no monitor 
response would indicate sufficiently low plutonium-alpha background to 
permit safe disassembly and unloading procedures (described in Sec. 2.3.5 
of ANL-7638). 

In conclusion, the scoping calculations given above demonstrate the 
response of the plutonium-alpha monitor to a given inner -bar re l plutonium 
contamination. Values for several of the parameters used in the calcula
tions have been determined from experiments as part of the VTRZ proto
type program. These experiments are described below, 

8,4.2,2 Prototype-test Experience with Plutonium-alpha Monitor 

The decision to pass only one-fourth of the inner -bar re l exit flow 
through the plutonium-alpha detector is based on a compromise between 
minimizing the pressure drop across the monitor and maximizing the 
amount of plutonium deposited per unit time on the monitor filter. Using 
the 1.2-p, membrane filter in the plutonium-alpha monitor housing, the pro
totype tests showed that a 0,25-cfm flow of argon gas generated a p ressure 
drop of 14.0 in. of water. A 0.8-|j. filter generated excessive p ressu re drop 
at less than 0.25 cfm; a 5.0-p, filter did not appreciably lower the p ressure 
drop at 0.25 cfm. A pressure -drop ceiling of 25 in, of water was placed on 
the plutonium-alpha monitor so that additional blowers would not have to be 
added to the argon-loop system. It remained to be demonstrated that the 
1.2-ji filter effectively attenuates plutonium part icles of the size to be en
countered in the VTRZ. 

The IHS Division of ANL performed a filter-efficiency test using a 
1.2-p, filter enclosed in the plutonium-alpha monitor housing. The test was 
run using atmospheric dust part icles and a Bausch and Lomb part icle 
counter, which counted particles 0.3 p, and larger . With a flow rate of 
about 0.25 cfm, the count efficiency was found to be 99,942%, A further 
analysis of the dust part icles used showed that 90% of them were in the size 
range of 0.3-0.5 \i. It was concluded that the 1.2-M, filter was virtually a 
100% plutonium-particle attenuator. Since only one-fourth of the total flow 
passes through the filter, the effective attenuation of plutonium in the moni
tor is 25%, an amount which, as noted from the calculations of Sec. 8,4,2.1, 
seems adequate. 

The counting efficiency, f̂  , was determined from the electronically-
similar impactor-type plutonium-alpha monitors used in ZPR-6. The im
pactors have a counting efficiency of about 10% within the relatively narrow 
counting channel necessitated by radon discrimination requirements . For 
the VTRZ, the ener,gy channel will b'e wide enough to attain a 30% counting 
efficiency. The preinstallation phase of the VTRZ project will include a 
complete determination of counting efficiency versus channel width using a 
calibrated plutonium-alpha source. 
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A resolution check was performed on the silicon lithium-drifted 
detector using a PuAm-on-platinum-disk source, the result being a sa t i s 
factory full width at half-maximum value of 117 keV. 

Although only negligible background is expected from radon and 
radon-daughter products during normal VTRZ operation, radon will be 
present in the loop gas during the initial phase of the startup purge. The 
extent of this potential background problem will be studied as part of the 
preinstallation phase. If initial purging does build up radon and radon-
daughter-product-bearing dust particles on the detector, then, for future 
purgings, the monitor can be valved off until the purging is complete. 

8. 5 Monitoring of Argon Cover-gas Purity 

The argon gas in the two VTRZ half-zones must be maintained at a 
high level of purity during normal operation of the VTRZ. Specifically, the 
oxygen and water-vapor contents must be less than 50 ppm. There are 
basically two reasons for these limits. F i rs t , an increase in oxygen and/or 
water vapor would indicate an inner-matrix-envelope seal failure. Second, 
the maintaining of low oxygen and water-vapor levels reduces the oxidation-
and sodium-reaction potentials to negligible levels. This section reviews 
the capabilities of the Dri-Train purifier, analyzes the effect of argon-loop 
leak ra tes , and documents prototype experience using the oxygen and water-
vapor monitors . 

There are three important quantities to consider in the analysis of 
the argon-loop purification capabilities assuming a given half-zone leak rate: 

(1) The total load of oxygen and water vapor the purifier is capable 
of handling while still maintaining a purifier exit purity of less than 30 ppm, 

(2) The purifier cleanup rate, 

(3) The inner -bar re l flush-out rate. 

As part of the VTRZ pres tar t checkout procedure, a no-flow leak 
check is made on the entire argon-loop half-zone system. The tentative 
maximum permiss ible leak rate for the system is defined as the leak rate 
that causes a drop in the system static pressure of 1 in. of water per hour 
when the system is at -10 in. of water. Such a leak in a half-zone operating 
at -1.0 in, of water will produce a maximum inleakage of air of 1 cc/min 
(3,2 X 10"^ cfm). Assuming that the argon gas entering the "leaking" half-
zone contains no oxygen or water vapor, the gas exiting the half-zone will 
contain 32 x (% oxygen or water vapor in reactor cell air) /(argon flow in 
cfm) par ts per million. For a flow of 1 cfm, the oxygen content in the half-
zone exit gas is then 6.4 ppm and the water-vapor content (assuming a 
reac tor -ce l l relative humidity of 10% at 70°F witha corresponding 0. 3% water-
vapor content) is 0.1 ppm. Clearly, the inner-barre l flush-out rate (1 cfm) 
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is m o r e than adequa te for the l eak r a t e s c o n s i d e r e d , if the D r i - T r a i n p u r i 
fier does i ts job of r e m o v i n g oxygen and w a t e r v a p o r f rom the a r g o n g a s . 

The two ha l f - zone flows combine and m i x with the V T R Z b y p a s s flow 
(of a p p r o x i m a t e l y 22 cfm) be fo re e n t e r i n g the p u r i f i e r . If the oxygen and 
w a t e r - v a p o r content of each h a l f - z o n e is d i f fe ren t , the oxygen and w a t e r -
vapor c o n c e n t r a t i o n s e n t e r i n g the p u r i f i e r wi l l be a l t e r e d a c c o r d i n g l y . The 
de ta i l ed c leanup r a t e of the p u r i f i e r is not known. H o w e v e r , it is eff ic ient 
enough to m a i n t a i n an exi t pu r i t y of 1 ppm oxygen and I ppm w a t e r v a p o r 
until it a p p r o a c h e s 50% of i t s to ta l load l imi t . T h i s load l i m i t h a s not b e e n 
r e a c h e d in a con t ro l l ed e x p e r i m e n t ( s y s t e m i n - l e a k a g e known for e n t i r e 
e x p e r i m e n t ) . Howeve r , the m a n u f a c t u r e r ' s s p e c i f i c a t i o n s c l a i m tha t the 
pu r i f i e r l i fe t ime for oxygen wil l be about 700 h r and the c o r r e s p o n d i n g load 
l i m i t 42,000 cc of a i r if the i n - l e a k a g e r a t e i s 1 c c / m i n . C o m p a r a b l e l i f e 
t i m e s and load l i m i t s for w a t e r vapo r (10% r e l a t i v e humid i ty ) a r e a l s o c l a i m e d . 

Since p ro to type t e s t ing has d e m o n s t r a t e d that the t e n t a t i v e m a x i m u m 
p e r m i s s i b l e l e a k - r a t e r e q u i r e m e n t can be m e t by p r o p e r s ea l ing of the half-
zones , it is c l e a r that the VTRZ pur i f i ca t ion s y s t e m i s m o r e t h a n a d e q u a t e . 
If r e q u i r e d , an even h ighe r l eak r a t e could be t o l e r a t e d wi thout c o m p r o m i s 
ing VTRZ ope ra t i ona l f lexibi l i ty . 

P r o t o t y p e e x p e r i e n c e h a s d e m o n s t r a t e d the e f f e c t i v e n e s s of the p u r i 
f icat ion s y s t e m . F o r in i t ia l leak r a t e s c o m p a r a b l e to the t e n t a t i v e m a x i m u m 
t o l e r a b l e l eak r a t e s , oxygen and w a t e r - v a p o r c o n c e n t r a t i o n s l eve l ed off at 
4 and 2 ppm, r e s p e c t i v e l y , du r ing n o r m a l - m o d e o p e r a t i o n . The p u r g e m o d e 
will b r i n g both oxygen and w a t e r - v a p o r c o n c e n t r a t i o n s down to a p p r o x i m a t e l y 
100 ppm in about 40 min . It t a k e s ano the r 10-20 m i n , a f te r swi tch ing to the 
n o r m a l m o d e , for the p u r i f i e r to b r ing the c o n c e n t r a t i o n s into the o p e r a t i n g 
range (< 50 ppm). 

Dur ing pro to type h e a t u p s , the w a t e r - v a p o r c o n c e n t r a t i o n would 
usual ly r i s e s l ight ly due p robab ly to m o i s t u r e e v a p o r a t i n g off the i n n e r -
m a t r i x s u r f a c e s . The w a t e r - v a p o r m o n i t o r p e r f o r m e d s a t i s f a c t o r i l y dur ing 
i ts a p p r o x i m a t e l y eight m o n t h s of p ro to type t e s t o p e r a t i o n . It w a s unaffected 
by the "bake-off" of i n n e r - b a r r e l c o m b u s t i b l e s , a p h e n o m e n o n tha t was noted 
by the r e s p o n s e of the c o m b u s t i b l e s m o n i t o r . A p p a r e n t l y t h e s e c o m b u s t i b l e s , 
which a r e in ev idence only dur ing hea t ed o p e r a t i o n of the p r o t o t y p e , a r e 
contained in d i r t , f i nge rp r in t o i l s , e t c . , i n t roduced into the i n n e r m a t r i x 
a s s e m b l y dur ing s e r v i c i n g . F o r the final V T R Z , g r e a t c a r e wil l be t aken 
to e n s u r e a c lean inne r b a r r e l and a c l ean e x t e r n a l a r g o n loop, 

^•6 I n n e r - m a t r i x - a s s e m b l y E x p a n s i o n Mon i to r 

F r o m r o o m t e m p e r a t u r e to the hea ted conf igura t ion (20-550°C) , the 
i n n e r - b a r r e l s t a i n l e s s s t ee l expands about 9 m i l s / i n . S ince the V T R z ' 
i n n e r - b a r r e l m idp lane is fixed ( r e l a t i v e to the ou te r m a t r i x ) , t h i s e x p a n s i o n 
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has the accumulative effect of moving the VTRZ service housing back about 
0.5 in. during heatup and, to a lesser extent, out radially from the VTRZ 
fixed axis. If the motion of any given point on the service housing is moni
tored, the heating-cooling cycle will produce a reproducible three-
dimensional motion signature if the operation is normal, A mechanical 
failure of part of the inne r -ba r re l support structure (for example, a 
cracked ball mount) would regis ter an abnormal motion signature, which 
could be maximized by a judicial choice of monitoring points. The pract i 
cality of an expansion-motion-monitoring system is under study. Ideally, 
the monitoring system should be able to detect the three possible rotational 
motions as well as the three translational modes. However, space l imita
tions will probably preclude such complete signatures. The two methods of 
monitoring suggested a re (1) the sensing of the position of insulated metal-
bar extensions to the service housing by a set of l inear-motion potentiom
eters and (2) the direct sensing of points on the service housing by using 
optical techniques. An inner -bar re l nnotion-monitoring system is considered 
optional and will be installed if it is felt both desirable and practical during 
the VTRZ installation phase. 
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9. NUCLEAR ANALYSES FOR TYPICAL VTRZ ASSEMBLIES 

9,1 VTRZ Reference Assemblies 

Nuclear analyses of typical VTRZ assemblies a re described here for 
two reference assemblies: VTRZ-1 and VTRZ-2. Each assembly consists 
of radial annular regions surrounding the VTRZ. For VTRZ-1, these 
regions are an insulation region composed of stainless steel and insulation 
material , a buffer region of aluminum and U3O8, a driver region containing 
a high concentration of ^'^U, and a depleted-uranium blanket, VTRZ-2 has 
an insulation region, a plutonium-fueled driver having approximately the 
same isotopic composition as the VTRZ, and a depleted-uranium blanket. 
The buffer and driver regions of both assemblies have an axial reflector of 
depleted uranium, and the VTRZ has an axial reflector containing depleted-
UO2 rods in place of fissile fuel rods. The detailed configuration of each 
region of each of the assemblies is summarized in Table 36, The sizes and 
homogenized compositions of these assemblies are given in Tables 37 and 
38. The zone configuration of the assemblies is described in Figs. 90 and91. 

TABLE 36, Regional Cell P a t t e r n s in Refe rence A s s e m b l i e s 

Region Cell P a t t e r n 

VTRZ (Pu-UlO; fuel pins in sod ium-f i l l ed c a l a n d r i a cans , 
P lu tonium is 1 5 wt % of the (Pu-U) , 

Insulation region This region is a homogeniza t ion of Type 304 s t a i n l e s s 
s tee l i n n e r - and o u t e r - b a r r e l componen t s and insu la t ion 
composed mainly of AI2O3 and CT^O^. 

Buffer region P l a t e - f o r m , ZPR d r a w e r loading; 1/4 UjOg,'* 1/4 Al, 
1/4 U,Oj, 1/8 Al, 1/4 UjO,. 1/8 Al , 1/4 U,Oj , 1/4 Al, 
1/4 UjOj, 

Dr iver region P l a t e - f o r m , ZPR d r a w e r loading: 1/8 C, 1/8 SS, 1/8 C, 
1/8 enr iched U, 1/8 SS, 1/8 C, 1/8 SS, I / I 6 SS, 1/8 C, 
1/16 SS, 1/8 SS, 1/8 C, 1/8 SS, 1/8 en r i ched U, 1/8 C, 
1/8 SS, 1/8 C, 

Radial re f lec tor and axial 2 x 2-in, d e p l e t e d - u r a n i u m block in m a t r i x tubes , 
re f lec tor for buffer, d r i v e r , 
and rad ia l re f lec tor 

Axial VTRZ re f lec tor Deple ted-UO; fuel pins in sod ium- t i l l ed c a l a n d r i a cans , 

V T R Z - 2 

VTRZ Same as V T R Z - 1 , 

Insulation region Same a s V T R Z - 1 , 

Dr ive r reg P l a t e - f o r m . ZPR d r a w e r loading; 1/4 UjOe. 1/2 Na. 
1/8 FejO) , 1/4 28 wt % Pu fuel ( P u - U - M o al loy) , 
1/8 Fe jOj , 1/2 Na, 1/4 UjO,, 

Radial re f lec tor and axial Same a s V T R Z - 1 , 
re f lec tor for d r i v e r region 
and radia l re f lec tor 

Axial VTRZ re f lec tor Same as V T R Z - 1 , 

This m e a n s 1 /4- in , - th ick (by 2- in . -h igh by some length) U , 0 , plate loaded v e r t i c a l l y in 
the d r a w e r . 
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TABLE 37. Reference Assembly VTRZ-1^ 

(VTRZ in ZPR-9 Assembly 191 

Region 

Equivalent 

Outer 
Radius, cm 239pu 2 « p u 2Alp^ 242pu 238u 235u 

Homogenized Composition. 1 0 ^ atoms/cc 

VTRZ 

Insulation 

Buffer 

Driver 

ReHeclor' 

VTRZ axial 

renecUx'-

25,12 

31,60 

38,24 

«,» 
n.'» 

8,86 1,18 58,25 0,13 124,75 16,06 35,06 13590 

82,55 

325 

399,30 

69,64 

0,17 

45,53 

0,81 

0,15 

82,09 

70,10 

288,19 

4332 

141,00 

1038 

7,93 

3536 

5,40 

12,87 

2362 

20,00 

81,96 

11,40 

29,06 

14,67 

217,32 

146,30 

80S 

187,08 

^All regions are 122 cm higti. 

^Radial reflector and 30-cm-thicl< leach end) axial reflector for buffer, driver, and radial reflector, 
'^30-cm-thick leacti end) axial reflector for VTRZ; insulation has no reflector. 

TABLE 38. Reference Assembly VTRZ-Z^ 

IVTRZ in ZPR-6 Assembly 71 

Region 

Equivalent 
Outer 

Radius, cm Z^'Pu 240pu 2 « P u 2*2Pu ^^U " 5 u Fe 

Homogenized Composition, 1 0 ^ atomsfcc 

VTRZ 

Insulation 

Driver 

Reflectorli 

VTRZ axial 
reflector* 

25,12 

31,60 

101,46 

131,46 

58,75 

58,14 

399.30 

6964 

013 

013 

081 

015 

124,75 

82.09 

138.00 

4332 

14100 

1606 

1038 

12 49 

540 

12.87 

35.06 

2362 

2821 

1140 

2906 

U590 

14.67 

146.80 

146.80 

2.26 

^All regions are 152.4 cm high, 
tiRadial reflector and 30-cm-thick (each end) axial reflector for ZPPR-3 core, 
t^W-S-cm-thick (each end) axial reflector for VTRZ; insulation has no reflector. 

INSULATION ZONE 

AKIAL 

Ams " 

VTRZ 

REFLECTOR 

RADIAL 
A X I S 

k 

38.214 

31.60 

25.12 tNSULtTION ZONE 

US 106.0 91 .0 7e .20 

31.60 

25, 12 

Fig. 90. Zonal Configuration for VTRZ-1 
(dimensions in cm) 

Fig. 91. Zonal Configuration for VTRZ-2 
(dimensions in cm) 
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The nuclear character is t ics of the two reference assemblies a re con
sidered to be il lustrative of the type of assembly in which the VTRZ will be 
used during the study of dilute liquid-sodium-cooled fast breeder r eac to r s , 

9.2 Operational Character is t ics of Reference VTRZ Assemblies 

Extensive calculations have been performed to describe the opera
tional parameters of the reference assemblies . For the bulk of these com
putations, the one-dimensional multigroup diffusion code, MACHl, was 
used. Where diffusion theory was inadequate, as in the description of the 
effect of insulation zone distortion in criticality, the two-dimensional mult i-
group Sn transport code, SNARG-2D,' was used. The cross sections used in 
these calculations were generated from E N D F / B data by the MC^ code' and 
corrected for unit-cell heterogeneity effects. Twenty-two-group c r o s s -
section sets were used in the diffusion calculations and six-group sets with 
an Sn order of six were used in the t ransport calculations. The crit icali ty 
parameters and reactivity coefficients computed for the two reference 
assemblies are listed in Table 39. 

Standard techniques were applied to determine control- and safety-
rod worths and reactivity coefficients. The worth of a rod was computed as 
the change in k of the system for an appropriate change in '"B density 
('°B rod) or fuel density (fuel rod) in the annular control region. The 
' "B worths were adjusted to account for self-shielding effects within a boron 
blade. Doppler coefficients were derived from perturbation calculations 
involving the use of Doppler differences in the cross section of ^^^U, ^'*U, and 
^^'Puat 293and 1100°K. Expansion coefficients were computed as the change in k 
of the system for a simultaneous decrease in density of zonal mater ia l and 
an increase in volume appropriate to an expansion over a tempera ture range. 

During operation, the VTRZ and axial reflector will be heated uni-
forraly, producing an isothermal expansion in these sections. The isother
mal temperature coefficient of expansion given in Table 39 is positive for 
both assemblies. As the VTRZ expands radially into the insulation zone, 
leakage from the insulation zone decreases , resulting in a positive contri
bution to the expansion coefficient. The decrease in density associated with 
axial expansion of the VTRZ normally resul ts in a negative contribution to 
the expansion coefficient. However, for VTRZ-2 with an axial reflector 
extending only part way along the driver reflector (see Fig. 91), axial 
expansion causes a decrease in leakage from the assembly and contributes 
positively to the expansion coefficient; hence, the much la rger isothermal 
temperature coefficient of expansion for VTRZ-2. 

From the standpoint of safety,.the prompt power coefficient is an 
important operating parameter . It is the sum of the Doppler coefficient in 
all core zones and the coefficient of expansion for fuel in the dr iver . 
Table 39 gives the coefficient at 20 and 550°C for each assembly. All 
coefficients are negative and are less at 550°C, due to the smaller Doppler 
coefficient at this temperature . 



TABLE 39, Criticality Parameters and Reactivity Coefficients for Reference Assemblies 

Parameter VTRZ-2 

Fissile mass I^J'Pu » 2*lPul in VTRZ, kg 

Pu or " ^ U l in driver, kg Fissile mass I^^Pu • ^^'Pi 

Total lissile critical mass, kg 

Prompt-neutron lifetime, I. sec 

Effective total delayed-neutron fraction, [Jg)( 

Ih/IHAk/kl 

Fuel-rod wortti in driver region, %Ak/k 

' " B rod wortti in driver region, %Ak/k 

Isottiermal temperature coefficient of expansion, (%Ak/kl/°C 
VTRZ and axial reflector 
Buffer 

Coefficient of expansion, driver fuel only tieated, (%Ak/kl/°C 

Doppler coefficient C TldkyoTI • C, *4k/k 

VTRZ anal reflector 238y 
Buffer 238y 

-235u 

Driver • 238u 
L239pu 

Doppler coefficient, C/T, l%Ak/kl/°C 
At 20°C 

VTRZ |239p|j • 238yi 
VTRZ axial reflector t^^ll 
Buffer |238ui 
Driver | 2 % • ^ " u • ^ "Pu l 

At 550°C 

VTRZ axial reflector l'='°Ul 
Buffer r-»U 
Driver P^U • 238,, . 239, Pul 

Prompt power coefficient,^ l%Ak/kl/°C 
At 20°C 

VTRZ and axial reflector 
Driver 

Al 555°C 
VTRZ and axial reflector 
Driver 

Reactivity defect'' 
Heating of VTRZ and axial reflector from 20 to 550°C 

Expansion: %Ak/k 
Cents 

Doppler: %Ak/k 
Cents 

Total %Ak/k 
Cents 
111 

Net isottiermal coefficient of reactivity*-
VTRZ and axial reflector 

Al 20°C: I I A k / k r C 
Cents/°C 
lh/°C 

At 550°C: l%Ak/kl/°C 
Cents/°C 
mK 

Buffer 
At 20°C: l%Ak/kl/°C 

Cents/°C 
lti/°C 

86,7 

70S.9 

792,6 

4,22 X 

6,06 t 

509 

0,202 

0.192 

•3.8 X 
1.05 X 

559 I 

•0,022 
•0,206 
-0,011 
-0,147 
•0,076 
-0,008 

0628 X 
0,375 X 
0,502 X 
0,232 X 

0,224 X 
0134 X 

10 
10 
10 
10 

10 
10 

-0.179 X 10"' 
•0.825 X 10'^ 

-0.666 X 10"3 
-0.327 X 10" 3 

• ., 
-0,237 X 10 •• 
•0,476 X 10"3 

•O020 
•33 
-0,196 

-32.3 
-0 176 

-29.0 
-86,0 

-6.28 X 10"' 
-OIO 
-0.33 

-1.99 X 10"'' 
-0.03 
-OIO 

-3.97 X 10"' 
-0.066 
-O200 

108,3 

1608,5 

1716,8 

10"' 

10"-

6.02 

3 18 

1030 

0,024 

0,190 

• 1,42 X 10"'' 

-506 X 10"^ 

•0,012 
-0,183 
-0,002 

•0.003 
-0871 
•0.098 

-0.591 X 10-3 
-0.314 X 10"3 

-0.210 X 10"' 
-1.444 I 10"3 

•0.075 
•236 

-0.177 
-556 
•0,102 

•32,0 
-105,0 

-4,49 X 10"^ 
-014 
-0.46 

-0.58 X 10"'' 
-0-018 
-0.060 

r̂get coefficient: Doppler coefficient plus expansion coefficient for driver fuel only heated^ 
KReaclivity change due to heating the VTRZ (core and axial reflector from a uniform 20°C temperature to 

550°CI „ . . , 
"̂ Net coefficient: Doppler coefficient plus expansion coefficient. 
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Table 39 also gives the reactivity change or defect due to heating 
the VTRZ core and axial reflector from a uniform 20°C to the operating 
temperature of 550°C. For both assemblies , there is a net loss in reactivity 
of about 30 #. Thus, the heatup of the VTRZ is expected to present no prob
lems in te rms of excess reactivity available during startup operation. 

The reactivity worths given in Table 40 for sodium, fuel, and fully 
loaded drawers are of importance during the construction and operation of 
the VTRZ assemblies . The drawer and fuel worths indicated the relative 
importance of core mater ia ls at various locations in the assembl ies . Fig
ures 92 and 93 show the flux and flux adjoint as a function of radial position for 
VTRZ-1 and VTRZ-2, respectively. 

TABLE 40, Material Worths 

Material 

Sodium Voided from:^ 
Central calandria can 

Calandria can at edge 
Entire VTRZ 
Entire driver 
Entire assembly 

Drawer Worlhs"-
Centrdl calandria can 

ol VTRZ' 

Calandria can at edge of VTRZ^ 
Buffer 
Outer edge of driver 

Fuef Worths ' 
Central calandria can 

Calandria can at edge 
Buffer 
Center ol driver 
Outer edge of driver 

of VTRZ" 

»Ak /k 

0 94 
0.95 

-2.65 

•2.65 

434 
373 

-364 
1.95 

310 
2.76 
1.04 

5.94 

10"J 
10"3 

10"! 

10"' 

lO"'^ 
10"^ 

10 ' 
10-' 

10"^ 

10"' 

10"! 

10"' 

VTRZ-1 

Cents 

016 
016 

-43 7 

-437 

7.15 
6.15 

-600 
32.2 

511 
4.55 

17.2 

9.70 

fh 

0.48 
048 

-1350 

-1350 

22.1 
190 

-18.5 
99.2 

15.8 
141 
52.9 

30.2 

%Ak/k 

4.10 X 10" ' 

4,85 X 10"< 
-1,39 « 10-1 

-1,31 
•1,45 

2,17 X 10"2 

1,87 X 10"^ 

7,30 X 10 3 

I 73 X 10"2 

1,53 X 10-2 

6.35 X 10"^ 

1-06 X 10"^ 

VTRZ-2 

Cents 

013 
015 

-43.7 

-412.0 
-456.0 

6,82 
5,88 

2.30 

544 
481 

20.0 

334 

Ih 

042 
050 

-143,0 

-1350,0 
-1490,0 

22,4 

19,3 

7,5 

17,8 

158 

65,4 
10,9 

^Sodium at 100% density used (or Itiese calculations, 
'^Calandria can located at the axial center along the outer edge ot the VTRZ, 

'-Reactivity change due (o the addition of a fu l ly loaded drawer or calandria can. 

(^Reactivity change due to the addition of fuel pins to a calandria can or fuel plates to a drawer. Note that the 
buffer region contains no fuel plates; the worth reported here assumes ^^^U fuel plates loaded into a bulfer 
drawer. 
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During the operation of the VTRZ assemblies, measurements of the 
central worths of mater ia l s will form part of the experimental program. 
The worths obtaineci from these measurements will be interpreted as being 
indicative of the proper t ies of large fast power reactors . It is therefore 
important that an asynaptotic spectrum be established at the center of the 
VTRZ. The influence of the insulation zone on the central spectrum was 
investigated by connputing central spectra for VTRZ-2 with and without the 
insulation zone. The resul ts , shown in Table 41, demonstrate that the 
presence of an insulation zone has little effect on the central spectra. 

TABLE 41. Real and Adjoint Flux at Center of VTRZ 
for VTRZ-2 with and without Insulation Zone^ 

G r o u p 

1 

2 

3 
4 

5 

6 
7 

8 
9 

10 

11 

12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

L o w e r E n e r e v 
Bound, M e V 

3.63 
2.23 
1.35 

8.21 X 
4.98 X 
3.02 X 
1.83 X 
1.12 X 
6.74 X 
4.09 X 
2,48 X 
1.50 X 
9.12 X 
4,31 X 
2.61 X 
2.03 X 
1.23 X 
9.61 X 
5.83 X 
2.75 X 
1.01 X 

2.90 X 

1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
10-^ 
10"^ 
10-^ 
10"^ 
10-5 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
10-^ 
10-" 
10-* 
10-" 
10-5 

V T R Z - 2 
Insu la t ion 

tp 

1.406 
2.739 
3.865 
4.839 
9.448 
8.979 

11.784 
11.180 
10.207 

8.513 
6.852 
6.141 
4.446 
3.735 
0.729 
0 .494 
0.182 
0.714 
1.025 
0.766 
0.281 
0.041 

with 
, Zone 

cp* 

5.158 
5.021 
4.652 
4.218 
4.118 
4.004 
3.899 
3.800 
3.686 
3.596 
3.580 
3.641 
3.784 
3.964 
4.334 
4.440 
4.518 
4.778 
5.193 
5.843 
6.383 

7.388 

V T R Z - 2 without 
Insu la t ion Zone 

cp 

1.416 
2,760 
3.886 
4.854 
9.483 
9.007 

11.824 
11.217 
10.224 

8.509 
6.833 
6.115 
4.419 
3.70 3 
0.723 
0.489 
0.179 
0.701 
0.998 
0.740 
0.269 
0 .038 

cp* 

5.164 
5.022 
4.649 
4.214 
4.114 
4.002 
3.898 
3.800 
3.687 
3.597 
3.583 
3.643 
3.785 
3.965 
4.334 
4.440 
4.518 
4.777 
5.193 
5.843 
6.384 

7.388 

^VTRZ-2 without insulation zone assumes insulation zone filled 
with dr iver mater ia l . 

During the experimental program, it may be necessary to introduce 
various mater ia l s into the insulation zone: electrical cables containing 
organic compounds including hydrogen, wire leads, stainless steel equipment 
pieces, etc. The influence of such mater ia ls present in the insulation zone 
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u p o n t h e c e n t r a l w o r t h s i n t h e V T R Z w a s s t u d i e d b y c o m p u t i n g c e n t r a l 

w o r t h s f o r v a r i o u s a m o u n t s of h y d r o g e n , s t a i n l e s s s t e e l , a n d i n s u l a t i o n 

m a t e r i a l i n t h e i n s u l a t i o n z o n e . I t w a s f o u n d t h a t : 

(1) O n l y s o d i u m c e n t r a l w o r t h s a r e a p p r e c i a b l y c h a n g e d b y c h a n g e s 

in t h e i n s u l a t i o n r e g i o n . 

(2) T h e s o d i u m c e n t r a l w o r t h w a s d e c r e a s e d 1 0 % w i t h t h e p r e s e n c e 

of a l a r g e a m o u n t of h y d r o g e n ( a b o u t 0 . 2 w t %) i n t h e i n s u l a t i o n z o n e a n d i n 

c r e a s e d b y 2 0 % b y d o u b l i n g t h e a m o u n t of s t a i n l e s s s t e e l in t h e i n s u l a t i o n 

z o n e . 

(3) A d d i n g o r s u b t r a c t i n g 2 5 % of t h e i n s u l a t i o n m a t e r i a l h a d a n e g 

l i g i b l e e f f e c t on c e n t r a l w o r t h s . 

9 . 3 C a l c u l a t i o n s of C o r e - d i s t o r t i o n E f f e c t 

C o r e d i s t o r t i o n d u e t o s t r u c t u r a l f a i l u r e of t h e o u t e r m a t r i x a s s e m 

b l y a n d c e n t r a l z o n e b r i d g e c o m b i n a t i o n i s a n e x t r e m e l y u n l i k e l y e v e n t . 

H o w e v e r , to p e r f o r m h y p o t h e t i c a l a c c i d e n t a n a l y s e s , c e r t a i n r e a c t i v i t y 

c h a n g e s c a u s e d b y g r o s s c o r e d i s t o r t i o n s h a v e b e e n c a l c u l a t e d . T h e r e s u l t s 

of a c c i d e n t a n a l y s e s b a s e d o n t h e s e c a l c u l a t i o n s a r e g i v e n i n S e c . 4 . 3 . 6 of 

A N L - 7 6 3 8 . T h e a c c i d e n t a n a l y s e s i n A N L - 7 6 3 8 a r e i n t e n d e d a s w o r s t - c a s e 

s c o p i n g c a l c u l a t i o n s a n d , a s s u c h , u s e a s i n p u t t h e m a x i m u m r e a c t i v i t y 

c h a n g e c a u s e d b y u n i f o r m i n w a r d r a d i a l c o m p r e s s i o n of t h e b u f f e r a n d 

d r i v e r r e g i o n s r a d i a l l y i n w a r d t o t h e e d g e of t h e c o r e . T h i s u n i f o r m d e 

c r e a s e of t h e o u t e r r a d i u s of t h e i n s u l a t i o n z o n e a l o n g t h e e n t i r e l e n g t h of 

t h e z o n e i s c a l l e d a " u n i f o r m i n s u l a t i o n a n n u l u s c o m p r e s s i o n . " T h e c a l c u 

l a t e d r e a c t i v i t y c h a n g e s r e s u l t i n g f r o m u n i f o r m i n s u l a t i o n - a n n u l u s c o m 

p r e s s i o n s h o w n in T a b l e 42 a r e i n t e n d e d a s u p p e r l i m i t s of h y p o t h e t i c a l 

a c c i d e n t s r a t h e r t h a n e s t i m a t e s of t h e r e a c t i v i t y e f f e c t of a n y a c t u a l c o m 

p r e s s i o n of t h e i n s u l a t i o n z o n e . 

TABLE 42. React iv i ty Effect due to 
Col lapse of Insulat ion Zone^ 

%ak/k 

Extent of Col lapse^ V T R Z - 1 

1/4 
1/2 
3/4 

Ful l col lapse -fO.59 

V T R Z - 2 

-fO, 

-t-0 
-H 

-1-1 

, 4 3 

,71 
,01 

,10 

Buffer and d r i v e r r eg ions co l l apse uniformly through the 
insulat ion zone toward the co re . 

° l / 4 col lapse m e a n s buffer and d r i v e r r eg ions have ad
vanced o n e - q u a r t e r of the d i s t ance through the insu la t ion 
zone toward the co re . Ful l co l lapse is a ccompl i shed when 
insu la t ion-zone m a t e r i a l s have been conrapressed to the 
densi ty of s t a i n l e s s s t ee l . 
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The m a x i m u m p o s s i b l e r e a c t i v i t y changes caused by i n s u l a t i o n -
annu lus c o m p r e s s i o n , 0.59% Ak/k for V T R Z - 1 and 1 .10%ik /k for V T R Z - 2 , 
a r e l e s s than the 2% i k / k m i n i m u m s a f e t y - r o d shutdown m a r g i n r e q u i r e d 
for r e a c t o r o p e r a t i o n . It is p r o b a b l e , t h e r e f o r e , that if a p a r t i a l c o l l a p s e 
of the i n su l a t i on annu lus did o c c u r , a r e a c t o r s c r a m would t e r m i n a t e any 
e x c u r s i o n b e f o r e a p p r e c i a b l e flux heat ing could occur . 

To def ine the w o r s t p o s s i b l e c o r e - d i s t o r t i o n acc iden t , a c o r e 
c o l l a p s e was a n a l y z e d a s s u m i n g no rod - or t a b l e - m o t i o n r e a c t i v i t y s u b 
t r a c t i o n , i . e . , a s s u m i n g the c o r e d i s t o r t i o n d i s a b l e s a l l n o r m a l m e c h a n i c a l -
s c r a m r e a c t i v i t y - r e d u c t i o n m e t h o d s . The a n a l y s i s is d i s c u s s e d in de ta i l 
in Sec . 4 .3 .6 of A N L - 7 6 3 8 . The co l l apse of the insu la t ion annulus was 
a s s u m e d , for p u r p o s e s of defining the w o r s t p o s s i b l e acc iden t , to o c c u r with 
f r e e - f a l l ve loc i t y . Even with the above v e r y c o n s e r v a t i v e a s s u m p t i o n s , the 
c o n s e q u e n c e s of an i n s u l a t i o n - a n n u l u s co l l apse w e r e shown to be l e s s than 
the c o n s e q u e n c e s of the usua l des ign b a s i s acc iden t . Even a w o r s t p o s s i b l e 
c o r e c o l l a p s e , t h e r e f o r e , can be conta ined within the l i m i t s set forth for 
the Z P R r e a c t o r c e l l s . It should fur ther be noted that while even a p a r t i a l 
annu lus c o l l a p s e is an e x t r e m e l y unl ikely event , a comple t e i n s u l a t i o n -
annu lus c o l l a p s e l ike the one pos tu la ted is e s s e n t i a l l y i m p o s s i b l e . Any 
ac tua l c o l l a p s e would occur in only a f rac t ion of the insu la t ion annu lus , 
p r o b a b l y no i n o r e than o n e - q u a r t e r of the to ta l annu lus . F u r t h e r , any 
a c t u a l c o l l a p s e of the c o r e would p r o c e e d by r e l a t i v e l y slow sagging , in 
t e r m s of r e a c t i v i t y r e m o v a l r a t e s dur ing s c r a m , of the ou te r m a t r i x . It i s 
l ike ly , t h e r e f o r e , tha t even if an annulus co l l apse did o c c u r , no fuel would 
be m e l t e d and no sodium boi led , so that t h e r e would be no d a m a g e to the 
r e a c t o r ce l l and no r a d i o l o g i c a l h a z a r d . 
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