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THE REACTOR KINETICS OF THE TRANSIENT 
REACTOR TEST FACILITY (TREAT) 

by 

D. Okrent, C. E. Dickerman, J. Gasidlo, 
D. M. O'Shea, and D. F . Schoeberle 

INTRODUCTION 

The Trans ient Reactor Tes t Faci l i ty (TREAT) is a pulsed, graphi te -
modera ted r eac to r constructed by Argonne National Labora tory at the 
National Reactor Test ing Station especial ly to generate safely very la rge 
integrated bu r s t s of t he rma l neutrons over a large sample volume. The 
reac tor was inspi red by the needs of the fast r eac to r safety programv^-' 
for a facility in which the core naeltdown problem could be studied 
in-pi le . It was designed to enable a rapid heating leading to destruct ion 
of mockups of fast r eac to r fuel e lements under controlled conditions, 
without ha rm to the r eac to r itself. A near maximizat ion of available total 
neutrons was taken as the p r i m a r y design goal, in o rde r to provide the 
grea tes t possible flexibility in exper imenta l techniques, such as the use of 
natural or low-enr ichment fuel p ins . As a consequence, in the or iginal 
reference design, the co re -ave raged , t ime- in tegra ted the rma l flux of 
•"^S X 10 nvt (which has been exceeded in actual per formance) is an order 
of magnitude g rea te r than that produced in the final des t ruc t ive t rans ien t 
of BORAX I. This integrated flux is m o r e than twice that requ i red to mel t 
a na tura l enr ichment EBR-II fuel element . 

To achieve this maximizat ion of flux in tegra l , a maximizat ion of 
immediately available heat capacity per f issionable atom is requi red of 
the reac to r . A uniform dispers ion of uranium oxide within a graphite m a ­
t r ix was chosen, with all the graphite modera to r in int imate contact with 
the fuel. The modera to r then ac ts as a giant heat sink, absorbing the 
energy generated in the 20-micron sized uran ium par t i c les with tinne lags 
of the o rde r of one mil l isecond, much more rapidly than coolant could 
c a r r y it away. F u r t h e r m o r e , on heating, the graphite in turn r a i s e s the 
energy of the t h e r m a l neutrons and i nc rea se s the i r probabil i ty of leaking, 
thereby generating a sizeable negative t empera tu re coefficient. 

In the case of se l f - l imi ted bu r s t s ( t ransients t e rmina ted by the 
buil t- in t empera tu re coefficient ra ther than by control rod action), the 
prompt neutron lifetime and t empera tu re coefficient of react iv i ty play the 
major role in defining the sharpness of the bu r s t avai lable . However, the 
exper imental demands of the fast r eac to r safety p rog ram do not impose a 
requi rement of power pulses having a half-width of a few'mil l i seconds , but 
r a the r define the in teres t ing range of exper iments as covering t imes of 
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power input ranging from hundreds of mil l iseconds to tens of seconds. A 
fifty-millisecond half-width is available with the existing design, and 
specially p rog rammed control rods enable an extension of the burs t width 
to tens of seconds at essential ly constant power. Hence, in the design of 
the r eac to r , possible variat ions; such as reducing the the rmal neutron r e ­
turn from the ref lector , which could shorten the neutron l ifet ime, or the 
addition of n o n - 1 / v - a b s o r b e r s , which could annplify the t empera tu re coeffi­
cient, were not considered, since they would also reduce the available 
integrated flux. 

The reac tor was originally descr ibed by Freund, Iskenderian and 
Okrent at the Second Geneva Conference on Peaceful Uses of Atomic 
Energy.(2) F u r t h e r details on i ts engineering features a r e given in a 
hazards summary repor t l^) and a design repor t . \4) Cri t ical i ty calculations 
associa ted with the design of the r eac to r have also been reported,(5) as 
well as a modification of these predict ions made on the discovery of sonae 
boron impur i t ies in the core graphite.(6) P re l im ina ry exper imenta l r e ­
sults on the kinetic behavior of the reactor , !^) and theore t ica l i n t e rp re t a ­
tion thereof,(8) were repor ted at the November, 1959, meet ing in 
Washington, D. C , of the Amer ican Nuclear Society. 

The exper imenta l r eac to r physics measu remen t s pert inent to the 
TREAT reac to r in i ts s imples t form, i .e . , a uniform cyl indrical core with­
out slots or tes t ho les , will be published(9) as a companion r epo r t to this 
work, and the pair provide a fair ly complete summary of the information 
available to date on the kinetic behavior of the r eac to r . 

This repor t has been divided into two major sections as a nnatter 
of convenience. In the f i r s t section, the various stat ic cha rac t e r i s t i c s of 
the reac tor which per ta in to its dynamic behavior , such as t empera tu re 
coefficient and prompt neutron l ifet ime, a r e d iscussed. Also considered 
in the f i rs t section a r e cer ta in other phenomena, the analyses of which p r o ­
vide some m e a s u r e of the genera l adequacy of the calculational techniques 
employed. The second section covers the cor re la t ion and analysis of the 
resu l t s of t r ans ien t exper iments on this clean geometry TREAT reac to r 
in considerable detai l . In addition, an extrapolation of i ts per formance 
beyond the p resen t low design l imitation of 400C maximum local t e m p e r a ­
ture is included in Section II. 
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L STATIC CHARACTERISTICS 

A. Descript ion of Reactor 

A genera l descript ion of the reac tor is given in F ig s . l and 2. As 
can be seenj the reac tor consis ts of a right cyl indrical core , fully reflected 
by graphite . In its normal operation as a pulsed engineering tes t r eac to r , 
there is usually a ver t i ca l cent ra l hole containing the sample, and there may 
be one or m o r e large slots running horizontal ly from the core center out 
through the ref lector . The size of the core is adjusted to provide the n e c e s ­
s a ry excess react iv i ty to run the various t rans ien ts requi red for test 
operat ions. 

To expedite analysis of the reac tor behaviour, ea r ly r eac to r physics 
experimentat ion was performed on the s imples t configuration possible with­
in the framework of the reac tor s t ruc tu re . An approximately round, r ight 
cylindrical core , of reasonably good homogeneity, was built with the smal les t 
core radius compatible with the par t icu lar exper iment in miind. Due to fuel 
element construction l imitat ions, the core was always 120.97 cm high, with 
an a luminum-clad graphite ref lector top and bottom. The rad ia l ref lector 
was composed of two pa r t s . The adjustable inner ref lector consisted of 
dummy fuel e lements which replaced that portion of the core cavity not being 
used for fuel. This adjustable ref lector used a ring of z i rconium-clad 
dummy elements next to the core , and a luminum-clad e lements for the r e ­
mainder . A permanent ref lector , of slightly different composition, was 
constructed beyond the core cavity. 

The design of typical fuel e lements , control rod e lements and re f lec ­
tor e lements , including dimensions, is given in F igs . 3 and 4, while the 
dimensions of the var ious regions of the core and ref lec tors a r e presen ted in 
Figs , 5 and 6. 

Volume fractions have been der ived separa te ly for each possible 
TREAT region, on the assumption that each region is to be composed of one 
or severa l types of e lements as appropr ia te . The volume fractions for 
individual types of eJements a r e given in Table I. Each of these e lements 
can be further subdivided into three separa te cells (core, upper ref lector , 
and lower ref lector) in addition to a further allowance for an "axial in terface" 
cell which is d iscussed separate ly . Each type of cel l will be identified 
hereafter by the le t ter accorded it in Table I. 

The axial interface cel ls (at the core-upper ref lector and core - lower 
ref lector interfaces) were added late in the TREAT design. Each cell con­
tains a 0.396-cm thick Zircaloy plate and a 0.635-cm ribbed Zircaloy spacer . 
These regions were added to form a heat b a r r i e r insulating the l e s s hea t -
r e s i s t an t a luminum-clad ref lector cells from the core . These cel ls will 
occur above and below the types A, B, and D cel ls of Table I. 
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Table I 

VOLUME FRACTIONS FOR TREAT CELLS 

Type 

A 

Normal 
Core 
Fuel 
Cells 

0.8905 

0 0231 

0.0864 

B 

Control 
Rod 
Fuel 
Cells 

0.6241 

0.1105 

0 0231 

0.0921 

0.1502 

C 

Normal 
Al-clad 

Reflector 
Cells 

0 8701 

0.0463 

0.0836 

D 

Dummy 
Zirca loy-

clad 
Reflector 

Cells 

0.8905 

0 0231 

0.0864 

E 

Upper 
Reflector 
Control 

Rod 
Cells 

0.6539 

0 0398 

0 1567 

0.1496 

F 

Lower 
Reflector 
Control 

Rod 
Cells 

0 7141 

0 0920 

0.0463 

0 1476 

G 

Axial 
In ter ­
face 

Cells 

0 3258 

0 6742 

H 

P e r m a ­
nent 

Reflector 

0.9057 

0.0189 

0 0754 

Mater ia l 
Descr ip­

tion 

Core 
Graphite 

Reflector 
Graphite 

Zircaloy-
3-clad 

Zircaloy-
2 (m 
tubes) 

Aluminum 
(6063-S) 
Alloy 
Clad 

Aluminum 
2-S Alloy 

Void 

Throughout this study, the two air gaps and two aluminum alloy 
plates surrounding the stacked graphite of the permanent reflector were 
assumed to be par t of the permanent reflector. Cell type "H" includes 
this pre l iminary homogenization. 

The ma te r i a l s given in Table I were next separated into their con­
stituents, by means of the known chemical compositions. The aluminum 
2-S alloy was assumed to contain impuri t ies represen ted by 1.0 wt-% iron, 
and thus 99 wt-% aluminum is the remainder . The aluminum 6063-S alloy 
contains 98.5 wt-% aluminum and 1.5 wt-% of impuri t ies , again assumed to 
be represen ted by iron. 

The Zircaloy-2 and Zircaloy-3 alloys a r e known to contain about 
99.52 wt-% zirconium , 0.24 wt-% iron, and 0.24 wt-% tin, with only negl i ­
gible t races of other e lements . Although the Zircaloy-2 does contain 
slightly more impur i t ies , the difference between the two alloys was neg­
lected because ext remely smal l amounts of Zircaloy-2 a re present in 
TREAT. 
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The "reflector graphite" used throughout TREAT was rec la imed 
from the dismantled CP-2 reac tor . This graphite has density 
d'̂  = 1.67 g m s / c c , and impuri t ies represented , in the present study, by 
2.0 ppm boron and 1,000 ppm iron. These figures represen t the upper 
l imits of the resu l t s of spect rochemical analyses made on samples of 
this graphite, which a r e presented as Table VII of Reference 6. 

The core graphite, used only in normal core fuel cells and control 
rod fuel cel ls , was prepared especially for TREAT. This graphite is a 
homogeneous nnixture of uranium carbide, normal graphite, and impuri t ies , 
and it has density d = 1.72 g m s / c c . The final uranium content was de te r ­
mined by sampling techniques and gave a mean value of 0.2109 wt-% 
uranium.^•'^"' The impuri t ies in this graphite were again determined by 
spectrochemical analyses of many samples . Because the boron impuri ty 
content of this graphite var ied great ly from sample to sample, a set of 
reference impuri t ies of 6.0 ppm boron and 1,000 ppm iron was chosen at 
the beginning of the present study and maintained throughout.!"/ The 
uranium loaded into the graphite was 93.1 wt-% U^^. 

Using the above given concentrations of impuri t ies , uranium, etc . , 
the concentration by volunne of each element in each reac tor ma te r i a l 
was derived and is presented in Table II. 

Table II 

VOLUME FRACTIONS, BY ELEMENT, IN TREAT MATERIALS 

Element 

Carbon I 
Boron 
Iron 
U235 

U238 

Tin 
Zirconium 
Aluminum 
Carbon II 

Mater ia l 

Core 
Graphite 

0.999585 
4 . 2 1 x 1 0 - ' 
2 .188x10-* 
1.787x10-* 
1 .32x10- ' 

Reflector 
Graphite 

1 .36x10- ' 
2.125x10-'* 

0.999786 

Zircaloy 

2 .0041x10- ' 

2 .3544x10- ' 
0.995642 

Al6063-S 
Alloy 

0.005172 

0.994828 

Al 2-S 
Alloy 

3 .4478x10" ' 

0.996552 

Table III presents the atomic concentration of each element, at 
reference density, for use in connection with Table II. The product of 
volume fraction of the element (from Table II) and the density factor 
(from Table III) gives the usual atomic density of each element in a 
par t icular ma te r i a l . 
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Table III 

ATOMIC CONCENTRATIONS AT REFERENCE DENSITY 

Mater ia l 
i 

Carbon I 
Boron 
Iron 

u"' 
U238 

Tin 
Zirconium 
Aluminum 
Carbon II 

Reference 
Density, p^ 

(gm/cc) 

1.72 
2.45 
7.86 

18.90 
18.90 
6.50 
6.40 
2.699 
1.67 

N = (NOP/A) X 10"^^ 

0.086275 
0.136419 
0.084788 
0.048428 
0.047827 
0.032991 
0.042269 
0.060269 
0.083767 

The compositions and geometry to be used in a specific calculation 
can be assigned from a knowledge of the actual configuration, the data in 
Tables II and III, and the limitations imposed by the computation methods. 
For many calculations, spher ical geometry is convenient; a spherical 
approximation of the reac tor , with an "average" reflector, is presented in 
Table IV. 

Table IV 

SPHERICAL REPRESENTATION OF TREAT WITH 
AVERAGE COMPOSITION REFLECTOR 

N X 10"^^ a toms / cc 

Element 

u"= 
U238 

Zirconium 
Boron 
Iron 
Aluminum 
Carbon 

Core 

141-element Core 

7.5742 X 10-^ 
5.5431 X lO"' 
1.1903 X 10"^ 
5.047 X 10"'^ 
3.3435 X 10"5 

0.0760275 

Radii - Sphere 

71 cm Average Refl 

Average Reflector 

1.9533 X 10"^ 
1.5961 X 10"'' 
7.8934 X 10"^ 
2.605 X 10"^ 
0.072216 

ector 166.7 cm 
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B. Methods of Calculation Used 

A var ie ty of calculation methods have been used to study various 
aspects of the static performance of TREAT. They a re outlined below: 

(l) A th ree-group diffusion theory calculation, s imi lar to that 
adopted by Iskenderian in ANL-6025. '^ ' ' The fast group terminated at 
1.44 ev, and the epi thermal at 0.4 ev. There was no scat tering upward in 
energy from group 3 to group 2. 

The t rea tment of the F e r m i ages and reac tor ages followed that 
of ANL-6025v5) exactly. The F e r m i age in graphite is assumed to consist 
of two components, one above and one below the indium resonance energy 
E = 1.44 ev. The F e r m i age above E = 1.44 ev is taken from the exper i ­
mental value\•'• •'•'' of 271.8 cm^ for graphite of density p = 1.71 gms/cm^. 
The F e r m i age contribution below E = 1.44 ev is calculated from the 
integral 

1.44 e v 
d E / E 

^ ^ ( E ) ^ S 2 T R 
(1) 

where 

with 

IE) m 
i - i i ^ + f(^r (2) 

E , = 2E 
eff n 
E = Peak energy of thermal energy spectrum 

Tg = Moderator t empera ture 

A = The absorption parameter = 2 m a (see Reference 12) 

m = Mass of carbon a t o m / m a s s of a neutron. 

2 .ZrpT3 = Scattering and t ranspor t c ros s sections, respect ively, 
s 1R , . , . 

at the des i red graphite density. 

a, = Ratio of absorption to scattering c ro s s sections at the 
energy kTg. 

The integral (l) was evaluated by the method of par t ia l fractions for a peak 
energy E = 0.0302 ev and gave an age contribution of AT^ = 64.8 cm^. This 
gives a total F e r m i age in graphite of 336.6 cm . 
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Since the r eac to r s considered contain appreciable void and 
metal , the F e r m i age in graphite is cor rec ted by the formula 

T ^ = T 7 ( 1 - V F ^ ) ( 1 - V F ^ ) 2 , (3) 

where 
F 2 

T = F e r m i age in graphite , 336.6 cm 
VF = Volume fraction of meta l in core 

m 
VF = Volume fraction of void in core . 

The reac to r age for the epi thermal group was obtained by 
correct ing the value AT"^ = 64.8 cm by means of Equation (3). The reac tor 
age for the high-energy group was then found by equating the th ree -group 
cr i t ica l i ty express ion to the F e r m i - a g e c r i t i ca l equation and solving for 
Tj^ for the fast group. 

The the rma l -g roup c ro s s sections were obtained by averaging 
energy-dependent c ro s s sections over the neutron energy spect rum calcu­
lated from the infinite medium, heavy gas model, using the definition of 
absorption pa rame te r A = 2 m a given in Reference (12). 

(2) A twenty-six group diffusion theory calculation, using twenty-
five fast groups down to 0.4 ev and one the rma l group. The neutron 
slowing-down (group-removal) c ros s sections for carbon were calculated 
from the relat ion 

el mod Au 

where 

^ = Average logari thmic energy decrement per collision 

u = Lethargy width of group j . 

A neutron was assumed to enter the thermial group upon crossing 
the 0.4-ev lower l imit on the energy of the 25th group. For a graphite den­
sity of 1.71 g /cc , the F e r m i age (T-^) down to indium resonance energy, 
which one deduces from the mult igroup c r o s s sections, is 259.3 cm , com­
pared to the m e a s u r e d value of ~272 cm^ which went into the th ree -g roup 
calculation. Below indium resonance energy, the 26-group c r o s s sections 
yield a value for A T ^ of 38.6 cm^, compared to the increment of 64.8 cm 
utilized in the th ree -g roup calculation. Hence, the T to " thermal" in the 
26-group calculation was 11 per cent l e ss than that of the th ree -g roup ca l ­
culation, which difference affected both cr i t ica l i ty and spec t ra l considerat ions . 

The the rma l group in the 26-group calculation was the same as 
in the th ree -g roup set. 
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(3) A twenty-group calculation, in both the diffusion and Ŝ ^ approxi­
mation, employing a single fast group down to 2 ev and the gas model for 
energy exchange between graphite and neutrons of energy within the 
19 the rmal and near the rmal groups. The group energy breakdown used is 
l is ted in Table V. 

Table V 

ENERGY BREAKDOWN OF TWENTY-GROUP, 
GAS MODEL CROSS SECTIONS 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Lower Limit of 
Group Energy, ev 

2.00 
1.5 
1.0 
0.8 
0.6 
0.5 
0.4 
0.35 
0.3 
0.25 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Lower Limit of 
Group Energy, ev 

0.2 
0.15 
0.1 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 

3.00 X 10-^ 

Slowing down from the fast group, in this 20-group set, was 
identical to that used out of the fast group in the th ree -g roup set d i scussed 
ea r l i e r , except for a cor rec t ion due to change in energy of the lower group 
l imit from 1.44 to 2.0 ev. There was no scat ter ing upward, into group 1, 
from lower energy groups . 

Due to l imitat ions imposed by available computing p r o g r a m s , 
inelast ic scat ter ing was permi t ted from any group only into its five c loses t 
neighbors on ei ther side of it, energywise. Coefficients calculated for 
groups beyond this range , which were genera l ly quite smal l , were lumped 
into the coefficients for scat ter ing into the fifth group. 

A close approximation to the actual flux shape was used for 
averaging c r o s s sections within a group. A new p rogram, devised by 
V. Z. Jankus, _et a l . , ( l3 ) pe rmi t s the neutron density within each group to 
v a r y as a Maxwellian with a r b i t r a r y coefficient in the exponential, or as a 
pow^er of neutron velocity with a r b i t r a r y exponent. By precalculat ing the 
approximate spect rum, using the heavy gas m o d e l , ( l ^ / a good fit within each 
group was possible . 
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The g r o u p s c a t t e r i n g c r o s s s e c t i o n s for c a r b o n w e r e c o m p a r e d 
wi th t h o s e ob ta ined us ing the a s s u m p t i o n of c o n s t a n t n e u t r o n d e n s i t y wi th 
the following r e s u l t s for the t en h i g h e r e n e r g y g r o u p s : 

1) ^ j - • j ( s c a t t e r i n g by a g r o u p into i t se l f ) d i f fe red by 6% for 
g r o u p s 2 and 3, a g r e e d wi th in 1% for lower e n e r g i e s . 

2) c r . ^ - ^ j j^2 i+3, e t c . ( s c a t t e r i n g in to lower e n e r g y g r o u p s ) 
v a r i e d 10-20 p e r cen t for g r o u p s 2 and 3, a g r e e d wi th in a few pe r cen t for 
l ower e n e r g i e s . 

3) ajH^j_i ^2, e t c . ( s c a t t e r i n g u p w a r d in e n e r g y ) v a r i e d about 
20% for g r o u p 3, and m a i n t a i n e d a m a n y p e r cent v a r i a t i o n for s e v e r a l l ower 
e n e r g y g r o u p s . 

No r e a c t o r c a l c u l a t i o n s w e r e m a d e us ing the g r a p h i t e c r o s s -
sec t i on m a t r i x ob ta ined wi th the a s s u m p t i o n of c o n s t a n t n e u t r o n d e n s i t y 
wi th in e a c h g r o u p . S m a l l d i f f e r e n c e s in the t h e o r e t i c a l p r e d i c t i o n of 
t e m p e r a t u r e coef f ic ien t or p r o m p t n e u t r o n l i f e t ime with the two g r a p h i t e 
s c a t t e r i n g m a t r i c e s would have been sub jec t to m a j o r u n c e r t a i n t i e s due to 
c o n v e r g e n c e d i f f icu l t ies exp l a ined below in the s e c t i o n of n e u t r o n l i f e t i m e . 

C. C r i t i c a l i t y C a l c u l a t i o n s 

The d i f f icu l t i es e x p e r i e n c e d in ge t t ing two and t h r e e - g r o u p c a l c u l a ­
t ions to a g r e e wi th n e a r l y h o m o g e n e o u s , r e a s o n a b l y we l l t h e r m a l i z e d , 
g r a p h i t e - m o d e r a t e d c r i t i c a l e x p e r i m e n t s have been r e v i e w e d by I s k e n d e r i a n . ( 5 ) 
In t hose c a l c u l a t i o n s , the h e a v y g a s m o d e l w a s u s e d to a s s i g n a n e u t r o n 
t e m p e r a t u r e to the t h e r m a l g r o u p , and the i n c r e m e n t in s lowing-down leng th 
b e t w e e n the i n d i u m r e s o n a n c e ( l . 4 ev) and t h e r m a l e n e r g y w a s t aken a s the 
ad ju s t ab l e p a r a m e t e r . I s k e n d e r i a n found tha t n e i t h e r the p r e s c r i p t i o n of 
Cohen ( i2 ) ^ o r t ha t of H u r w i t z , Nelk in and H a b e t l e r ( 1 4 ) gave a g r e e m e n t wi th 
s o m e c r i t i c a l e x p e r i m e n t s p e r f o r m e d at Los Alamos ,v^ ) and tha t they even 
d i s a g r e e d wi th e a c h o t h e r . It was then found tha t the s e m i - e m p i r i c a l age ( T ) 
d e r i v e d f rom the Los A l a m o s c r i t i c a l s fit the T R E A T c r i t i c a l , a f te r a l l o w ­
a n c e for b o r o n in the c o r e g r a p h i t e w a s m a d e . l " ) 

As no t ed by I s k e n d e r i a n . (5) the s tudy of h o m o g e n o u s , g r a p h i t e -
m o d e r a t e d a s s e m b l i e s b e c o m e s f u r t h e r a g g r a v a t e d when s o m e b a r e c r i t i c a l 
e x p e r i m e n t s p e r f o r m e d by UCRL, L i v e r m o r e , a r e i nc luded in the a n a l y s i s . 
If the m e t h o d s of a n a l y s e s u t i l i z ed by I s k e n d e r i a n a r e suf f ic ient ly a c c u r a t e , 
the Los A l a m o s and L i v e r m o r e s e t s of e x p e r i m e n t s s e e m i n c o m p a t i b l e wi th 
e a c h o t h e r . 

A p a r t i a l exp l ana t i on of the d i f f icu l t i es e x p e r i e n c e d by I s k e n d e r i a n 
m a y l ie in the i n a d e q u a c i e s of the f e w - g r o u p m e t h o d . R a d i a l r e f l e c t o r 
s av ings c a l c u l a t i o n s for a T R E A T - l i k e r e a c t o r w e r e m a d e us ing t w o - g r o u p 



and twenty-six group calculations, where each calculation used the same 
thermal group, but the fast group was divided into 25 for the multigroup 
case. The 26-group case gave a reflector savings of 30.2 cm, which was 
1.5 cm less than that of the two-group calculation. This difference in re­
flector savings has the same effect on reactivity as a 5% change in T, and 
may be part of the reason that the two- (and three) group calculations need 
a relatively large T to fit experiment. 

When criticality was determined using the 20-group, gas model 
calculation with a fast group T compatible with experimental measurement 
down to indium resonance energy,(ll) the theory led to considerably more 
reactivity than experiment (giving a calculated kgff = 1.028 for a spherical 
approximation of the critical configuration). This could be due in part to 
the inadequacy of the single fast group, as mentioned previously. The 
three-group calculation of the same configuration, using a T which fit the 
Los Alamos criticals, yielded a value for kgff of 1.005. It is of interest to 
note that when the 20-group, gas model cross sections were collapsed to a 
new three-group set, using the core spectrum of the specific TREAT con­
figuration to weight the various groups, this new set, which allowed for 
scattering from the thermal to the epithermal group, and whose effective 
AT from indium resonance to thermal was that prescribed by the gas model, 
gave a value for kgff of 1.025, nearly identical to the prediction of its 
parent 20-group set. 

A few additional comparisons between experiment and the results of 
simple criticality calculations are of interest in evaluating the reliability 
of theoretical techniques. The effect of core radius on excess reactivity 

has been measured for the 
simple cylindrical reactor; 
the experimental results, as 
shown in Fig. 7, are in excel­
lent agreement with the pre­
dictions of the three-group 
calculation normalized to 
criticality by the method of 
Iskenderian. 

Radial and axial fis­
sion distributions measured 
with U fission counters also 
compared reasonably well with 
theory. In Figs. 8 and 9, the 
results of 20-group gas model 
calculations in the radial and 
axial directions can be seen to 

ISO 160 170 180 190 200 210 220 

KUMBER OF FUEL ELEMEiiTs III THEAT CORE He closB to thc e x p e r i m e n t a l 
î ig ^ poin ts over the full r a n g e . 

MULTIPLICATION FACTOR, k j f , , V S . CORE S I Z E Few-group Calculations also 

\.m 
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ULCULATION: 
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gave fairly good agreement . The consistently higher axial data in the lower 
half of the r eac to r relat ive to the upper half is thought to be a rea l physical 
effect, caused by the presence of control rods in the upper ref lector . Rough 
theoret ica l models of this effect produced s imi lar differences. 

D. Neutron Energy Spectrum 

Detailed measu remen t s of the neutron energy spec t rum in TREAT 
have not been made. What do exist a r e the re la t ive fission r a t e s of Pu ^̂  
and U and the cadmium rat io measu remen t s with Pu^''^, U^̂ ^ and copper. 
The fission ra t io measu remen t s , which were made as a function of position 
and at a few different modera tor t e m p e r a t u r e s , provide a tes t of the shape 
of the the rma l and n e a r - t h e r m a l flux curves , due to the large plutonium 
resonance at 0.3 volt, while the cadmium ra t io measu remen t s a re p r imar i l y 
a test of the ra t io of fast to the rmal flux. 

Both the th ree -g roup and 20-group calculations employed a single 
fast group, with an effective age (r) adjusted to equate 1 + TB^ and 

e F , where Tp is the so-cal led F e r m i age.^^' For the th ree -g roup case , 
the scat ter ing out of the second group is adjusted to fit cr i t ical i ty , whereas 
in the 20-group calculation the predict ion of the gas model is accepted. 
Both these calculations gave re la t ively poor agreement with m e a s u r e m e n t s 
of cadmium ra t io , as is summar ized in Table VI. 

Table VI 

CADMIUM RATIOS 

Sample 

Cu 
U235 

Pu^^' 

Measured 
Cadmium 

Ratio 

9.2 ± 0.5 
18.3 ± 1 
19.5 ± 1 

3-group 
Calculation 

7.4 
11.7 
13.8 

20-group 
Calculation 

8.4 
13.8 
15.6 

26-group 
Calculation 

9.2 
15.7 
19.9 

It was believed that a calculation with age (T) adjusted to fit c r i t i ­
cality could eas i ly lead to a poor predict ion of the ra t io of fast to slow flux. 
Hence, following a suggestion by H. H. Hummel, the 26-group c r o s s - s e c t i o n 
set, using 25 fast groups to simulate closely the continuous slowing-down 
picture of graphi te , was employed to calculate the TREAT spect rum, r e s u l t ­
ing in a considerable improvement in ag reement with cadmium ra t io 
m e a s u r e m e n t s . 
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It is noted that the cadmium ra t io calculation for copper is based on 
the resonance integral measureraent for copper repor ted by H. Rose, et al.(^^) 
Use of the older values repor ted in ANL-5800(l6) would resul t in a cadmium 
rat io about 15% smal le r . 

The calculation of the ra t io of fission in Pu^^^ to that in U^̂ ^ was done 
in two dist inct ways. The s impler calculation used the 26-group set which 
has 25 fast groups coupled to a the rmal group covering the energy range 
below 0.4 ev, where the the rmal spec t rum was taken from the heavy gas 
approximation of Cohen.(12) By this method a fission rat io for Pu^^' re lat ive 
to U at the core center of 1.65 was predicted, which is in ve ry good a g r e e ­
ment with the measu red value of 1.62.(9) 

The more involved calculation employed the gas naodel with one fast 
group and 19 the rma l groups in the energy range below 2 ev. Calculations 
were made both for the finite, reflected reac tor and an infinite medium 
represen ta t ive of the core . 

When the many-group gas model calculation for an infinite medium, 
performed by an SNG program, was compared with the predict ion of the 
heavy gas model solution,(1^) a smal l but definite discrepancy was noted. 
This is i l lus t ra ted in Fig. 10, where the dashed curve (No. l) r ep re sen t s the 
s tandard predict ion of the neutron spec t rum given by the infinite medium, 
heavy gas model, while the points designated by an encirc led "x" r ep re sen t 
the calculated points from the many the rma l group, infinite medium gas 
model solution. 

V. Z. Jankus suggested that this discrepancy, which manifests itself 
p r ima r i l y in the amount of a l / E tail re la t ive to the near-Maxwel l ian peak, 
resu l ted from the definition of the absorption pa rame te r A, which is defined 
by Cohen as 2 ma, where m is the modera tor m a s s in units of the neutron 
m a s s , a is the ra t io of absorption to scat ter ing c ro s s sections at the energy 
kTo, and TQ is the modera tor t empera tu re . Jankus ' s reasoning is as follows: 

We know that the number of neutrons slowed down per second and 
per cm^, q (past a cer ta in le thargy u, far from the f irs t collision), is given 
by 

q = ^ 2 3 0 ( u ) , (4) 

where 2 is the scat ter ing c r o s s section, ^ is the average logari thmic 
decrement , and0(u) is the neutron flux per unit le thargy interval , which is 
essent ia l ly constant at high energ ies where absorpt ion is negligible. 

If we a s sume the absorption c ro s s section is inverse ly proport ional 
to the neutron velocity. 



2 ^ = aZ^ y k T o / E = a Z ^ ( l / x ) , 

w h e r e x i s the v e l o c i t y v a r i a b l e n o r m a l i z e d to uni ty a t the v e l o c i t y c o r r e ­
sponding to the e n e r g y kTo, we m a y w r i t e t ha t the n e u t r o n s a b s o r b e d p e r 
s e c o n d p e r cm^ i s g iven by 

A = f s 0(u)du = a 2 f — 0 ( x ) d x . (5) 
J a. s J X 

Equa t ing (4) and (5), we have 

|E^0(u) = aE r-0(x)dx , (6) 
s SJ X 

w h e r e the e q u a l i t y ho lds a t a h igh n e u t r o n e n e r g y . Now, s ince 

0(u) = 0(x) 
dx 

*W T du 

E q u a t i o n (6) can be r e w r i t t e n a s 

l i m 
X —*- 00 

|x0(x)} = 2-|- r 0(x)^dx 
Jo 

or in t e r m s of the n e u t r o n d e n s i t y a s 

l i m 
X — * - 0 0 

/^ 00 

{ x ^ N ( x ) } = 1 ^ j N(x )dx . (7) 

Equa t i on (7) i s v a l i d w h e r e v e r the a b s o r p t i o n c r o s s s e c t i o n i s l / v , 
i r r e s p e c t i v e of the d e t a i l s of the s c a t t e r i n g c r o s s s e c t i o n , p r o v i d e d only 
tha t it a p p r o a c h e s s c a t t e r i n g by a f r ee a t o m a t su f f i c ien t ly h igh e n e r g i e s . 
If one then c o m p a r e s E q u a t i o n (7) wi th E q u a t i o n ( l8 ) of R e f e r e n c e 12, he 
f inds tha t A = 4 a / | , wh ich d i f fe r s f r o m the h e a v y g a s a p p r o x i m a t i o n u s e d 
by Cohen (A = 2 m a ) in tha t ^ = —j-> v e r y c l o s e l y . 

m + 2 / 3 

When the inf ini te m e d i u m , h e a v y g a s m b d e l c a l c u l a t i o n w a s r e d o n e 
wi th the J a n k u s def in i t ion of A, i t gave b e t t e r , a l t hough not p e r f e c t , a g r e e ­
m e n t wi th the SNG, m a n y - g r o u p g a s m o d e l c a l c u l a t i o n . T h i s can be s e e n 
in F i g . 10 by c o m p a r i n g the SNG po in t s wi th c u r v e 2. 

The s p e c t r u m a t the c e n t e r of the a c t u a l T R E A T r e a c t o r , wi th f ini te 
c o r e and fully r e f l e c t e d , w a s c a l c u l a t e d wi th the m a n y - t h e r m a l g r o u p , g a s 
m o d e l by m e a n s of the F i r e c o d e . ' ^ ^ ) The r e s u l t s a r e s e e n in the full 
c u r v e , #3 , of F i g . 10. A c o n s i d e r a b l y h i g h e r t a i l r e s u l t s h e r e due to l e a k a g e 
f r o m the f ini te r e a c t o r s y s t e m . 
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The gas model calculation, for the finite reac tor , predicted a some­
what higher ra t io of fission in P u " ' to that in u " ^ than was measured . At 
the core center a ra t io of 1.74 was calculated, compared to the exper imen­
tal value of 1.62. The calculation was performed for a range of core 
moderator t empera tu res , and is compared with experiment over a limited 
tempera ture range in Fig. 11. Reasonably good agreement on shape was 
obtained, a general ly increasing rat io with core modera tor t empera ture 
result ing. This is at var iance with the resu l t s of some calculations by 
Meneghetti and Phillips(18) on a hypothetical TREAT-like reac tor with a 
slightly lighter uranium loading (ratio of carbon atoms to U"^atoms = 
12,500). As is shown by the dashed line in Fig. 11, they obtained a r e v e r s a l 
of slope at low tempera tu re s . The reason for the discrepancy is not clear , 
since the work in Reference 18 is repor ted to be based on the heavy gas 
model. 
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Actually, there exists additional experimental evidence, confirming 
the TREAT experimental trend, in the work of Stinson, et al.,(19) on this 
fission rat io as a function of moderator t empera ture . 

Axial distributions of the ra t io of Pu to U ̂  fissions were 
measured at a 300K moderator t empera ture , and also with a t empera ture 
distribution through the core and ref lector . Gas-model calculations were 
made in spher ical geometry, employing an "axial- type" reflector, and the 
spect ra l variat ions with position t ransformed into predictions of the fission 
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rat io . The resu l t s of theory a re compared with experiment in Fig. 12 for 
the uniform, room tempera ture case, and in Fig. 13 for the elevated t em­
pera ture condition. In the lat ter case, the tempera ture variat ion in the 
core was approximated by two steps. The agreement is fair as regards 
shape, the shift at the core center holding the calculated rat io above 
experiment throughout. 
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E. Prompt Neutron Lifetime 

The prompt-neut ron lifetime was calculated using both the t h r e e -
group model and the 20-group gas modera tor model. In each case the 
change in react iv i ty of the reac tor with the uniform addition of a smal l 
amount of 1 /v-absorber was calculated, and the prompt-neut ron lifetime 
determined from the relat ion 

6k 
i = 

^ capture 

For the th ree -g roup calculation, a spher ical , homogenous core , 
surrounded by a 95-cm thick reflector composed of normal a luminum-
clad dummy elements , was chosen as the reac tor model. A neutron 
lifetime of 8.7 x lO"** sec resul ted, in good agreement with the m e a s u r e d 
resu l t s of (9.0 ± 0.3) x 10"^ sec.(9) 

Using a reac tor model s imi lar except that the ref lector had a 
volume-averaged composition, a prompt-neut ron lifetime of 7.5 x 10 sec 
was originally calculated '" / using the F i r e code and the 20-group gas 
model c ros s sect ions. However, subsequent use of the F i r e code proved 
that the convergence on the eigenvalue had been poor in this par t icu lar 
react ivi ty calculation. 

The f irst calculations were performed with the convergence 
c r i te r ion e (where e is the difference in kgff, the eigenvalue, for two 
success ive i tera t ions) set at 1 x 10"'*. Flux guesses were made based on 
a previously solved problem of s imi lar geometry . When some unexplain-
able differences occur red on rerunning cer ta in problems , the adequacy of 
convergence became suspect, and one problem was run to a convergence 
c r i te r ion of 1 x 10" . The var ia t ion of eigenvalue is plotted against £ in 
Fig. 14. It can be seen that between an e of 1 x 10" and one of 1 x 10" , 
kgff changed from 1.0275 to 1.0255, with a smal le r , monotonic shift 
thereaf ter . 

The prompt-neut ron lifetime calculation for 300K modera tor was 
therefore r e r u n with a t ighter convergence c r i t e r ion (e = 10" ) and con­
s iderably g rea t e r apparent success was obtained; a value of -̂  = 9 x 10" sec 
gave excellent agreement with exper iment . Fur the r work has shed some 
doubt on this agreement , however. 

It was of in te res t to know how the prompt neutron lifetime would 
va ry with core modera tor t empera tu re , since this could affect the detailed 
shape of the power curve in a burs t . Measurements at two slightly differ­
ent t empera tu re s by the t ransfer function technique were inconclusive, 
except that the lifetime seemed not to va ry within accuracy l imits of the 
measu remen t . (9) Calculations with the 20-group c r o s s sect ions were 
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performed using the 1/v-absorber method, and somewhat anomalous 
resu l t s were obtained. While there seemed to be some trend toward de ­
creasing the lifetime with increase in core moderator tempera ture (~10% 
in 3 0 0 ° K ) , there was a considerable scat ter about a smooth curve. It was 
found upon further testing that the kgff eigenvalue was sensitive to the 
choice of initial flux guess, as well as the convergence c r i te r ia , and that 
a difference of -O.OOl 6k/k could resu l t in problems run with an e of 
1 x 1 0 " . This leads to an uncertainty of 5-10% in the lifetime calculations, 
as run herein, and produced both the observed scat ter and a doubt in the 
validity of the agreement with experiment at room tempera ture . 
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F. Tempera ture Coefficients 

Measurements have been made of the effect on react ivi ty for a 
near ly isotherraal t empera ture change, and for a tempera ture change which 
had near ly the same shape as the power distribution.(9) The iso thermal 
change, made over a relat ively small t empera ture shift and therefore 
having a considerable uncertainty, resul ted in a value of - ( l . 8 ± 0.2) x 
lO"'* 6k/k per °C. The react ivi ty effect in the nonisothermal case, which 
was measured by heating with no coolant flow, resul ted in a value of 
-1.3 X 10~'*6k/k per °C change at the core center. On applying the m e a s ­
ured maxinaum-to-average flux rat io for the core , one obtains a value of 
-2.2 X lO"'* 6k/k per average °C change in the core . These experimental 
values agreed closely with the pre l iminary values repor ted earlier.(^>8) 
It is of in te res t to note that the measurement under power, which covered 
the range roughly from 60°C to 170°C, yields an almost constant coefficient, 
within experimental e r ro r , except for the first 20°.(9) 



33 

The calculations of t empera ture coefficient employing the 20-group, 
gas model c ros s sections a re in fairly good agreement with experiment, 
both qualitatively and quantitatively. The calculated effect of reflector 
heating is opposite in sign to that of the core , so that the coefficient for 
core heating alone is more negative. Fu r the rmore , the calculated i so ther ­
ma l coefficient near room tempera ture is -1.7 x 10" 6k/k per °C, in 
excellent agreement with experiment . 

For uniform heating of the core over the same tempera ture range 
as experiment, with no reflector heating, however, a coefficient of 
-2.5 X 10" 6k /k per average °C is obtained; when a correc t ion for non-
uniformity of heating is calculated, this value is increased about 10% to 
-2.8 X 10"^ 6k/k per average °C. This lat ter value is about 25% higher 
than the exper imental value repor ted in Reference (9) and which is deduced 
later on in this repor t in the burs t s tudies .* 

The calculated tempera ture coefficient for uniform core heating 
with no reflector heating is plotted over a wide t empera ture range in 
Fig. 15. It is noted that the curve depar ts somewhat from linearity, even 
over the linnited range of experimental measurement . 

500° 600° 

CORE MODERATOR TEMPERATURE, 

FIG. 15 

20 GROUP GAS MODEL PREDICTION OF TEMPERATURE 

COEFFICIENT OF REACTIVITY VERSUS CORE MODERATOR TEMPERATURE 

(UNIFORM CORE TEMPERATURE, REFLECTOR AT 300°K) 

*It is noted that the pre l iminary value of -3 .2x 10""* 6k/k per average 
°C for nonuniform heating repor ted in Reference (8) was found to be 
in e r r o r due in par t to the poor convergence charac te r i s t i c s of the 
F i re code as discussed ea r l i e r . 
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Tempera tu re coefficient calculations were a lso made using the t h r e e -
group method, by computing the rmal group c ro s s sections by the heavy gas 
approximation for severa l t empera tu re s and adjusting the slowing down from 
epi thermal to the rmal group accordingly. For uniform core heating and 
maintaining the room tempera tu re the rmal group in the ref lector , about the 
same average t empera tu re coefficient was obtained for the range from 300 
to 500°K. The coefficient showed about twice the depar ture from l ineari ty 
obtained with the 20-group, gas model calculations, however. 

Iskenderian^ ' obtained the same coefficient of 2.5 x 10" 6k/k per "C 
by perturbat ion methods for an equivalent bare reac tor , using the Wescott 
data, for the slightly g rea t e r t empera tu re range of 300-600°K. Since the 
reflector is observed and calculated herein to produce an appreciable reduc­
tion in the temiperature coefficient, the apparently good agreement between 
calculations is subject to some uncertainty. Iskenderian did find an apprec i ­
able dependence of the t empera tu re coefficient on modera tor t empera tu re , 
in agreement with the predict ions of the 20-group gas model . 
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II. ANALYSIS OF TREAT TRANSIENTS 

A. Introduction 

In pr inciple , the t rans ient behavior of TREAT should be amenable 
to descript ion by the s tandard one-energy group reac to r kinet ics equations 
and a single, prompt negative t empera tu re coefficient of react ivi ty . The 
feedback mechanism is the change in keff brought about by the hardening 
of the neutron energy spec t rum due to a r i s e in modera to r t empera tu re , 
the pr incipal effect being an inc rease in neutron leakage from the core as 
the neutron t empera tu re r i s e s . 

The f i r s t step in analyzing the t rans ien t behavior of TREAT con­
sis ted of obtaining exper imenta l feedback data. Values of r eac to r neutron 
density as a function of t ime were taken from the osci l lograph t r a c e s of 
t rans ient power. The neutron-densi ty information was analyzed with the aid 
of an electronic computer , using the m e a s u r e d value of prompt-neut ron 
lifetime and calculated effective delayed-neutron f ract ions , to obtain 
r eac to r kex(t) and thus kex â s a function of in tegrated neutron density or 
t empera tu re , during the t r ans i en t s . Because of sca t te r in these der ived 
values of feedback, this step was used only for orientat ion. 

Next, the exper imenta l power t r a c e s were compared with theore t ica l 
calculations of r eac to r power, which were based on calculat ions of keff as 
a function of core t empera tu re for a TREAT-like sys tem, the m e a s u r e d 
prompt-neut ron l i fet ime, the calculated effective delayed-neutron f ract ions , 
and the m e a s u r e d specific heat of the fuel. The feedback was normal ized 
to provide genera l agreement on peak power and this normal ized feedback 
was then used in a t tempts to reproduce shapes of the power cu rves , in­
tegra ted t rans ien t power values , and maximum reac to r t e m p e r a t u r e s . 

Satisfactory agreement was obtained between exper iment and theory. 
Hence, theore t ica l calculations were extended to higher r eac to r t e m p e r a ­
tu res than those encountered in the tes t t r ans i en t s , and es t ima tes were 
made of r eac to r kinet ics per formance to be expected during more severe 
r eac to r t r ans ien t s . 

B. Exper imenta l Data Reduction 

1. Use of Data 

Information on t rans ien t s used in the study of the r e a c t o r t r a n ­
sient kinetics consis ted of the following data: 

1) Osci l lograph t r a c e s of t r ans ien t output from four boron 
chambers in the r eac to r shielding - two chamber outputs 
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were amplified by l inear amplif iers and were designated as 
Safety 1 and Safety 2; the other two outputs were amplified 
by log amplif iers and were designated as Log 1 and Log 2, 

2) Oscil lograph t r a c e s of t rans ient output of th ree t h e r m o ­
couples in the reac tor core , designated as TC-523, TC-531 
and TC-551. 

3) Total number of counts recorded in two U^̂  fission cham­
b e r s located in the reac tor shielding. 

4) Control rod posi t ions. 

Reactor power, as a function of t ime , was read from the osc i l lo­
graph t r a c e s of the boron chamber outputs during each t rans ient . The cham­
ber cal ibrat ions a r e d iscussed e lsewhere . '9) P r i o r to each excursion, the 
recording circui t for each chamber was cal ibrated by noting the osci l lograph 
t r ace deflections produced by signals of known amplitude. Because of the 
necess i ty of re fe r r ing r eco rds of t rans ien ts to base line and calibrat ion 
t r a c e s , data from the osci l lograph records possess an inherent uncertainty 
of the o rde r of the width of an osci l lograph t r ace (or about 2-4% of the 
maximum deflection noted in typical cases) . For l inear ins t rument s , like 
Safety 1 and Safety 2, this uncer ta inty is then approximately 2-4% of the 
maximum value recorded for a t rans ient . However, such uncer ta int ies in 
the log power ins t rument deflections would produce much l a rge r ones in 
power values and, for typical c a s e s , would cor respond to an uncertainty 
of about 10%. Because of the relat ively large uncer ta in t ies assoc ia ted with 
the log power r e c o r d s , the log power recording c i rcui ts were cal ibrated 
only once each decade. 

Thus, the two types of power ins t ruments a r e complementary . 
Since there is a wide power range available on the log power r e c o r d s , they 
a r e useful for determining the values of initial pe r iods , the general cha r ­
ac t e r i s t i c s of t rans ien t power cu rves , and power levels nea r the end of the 
t r ans ien t s . The kex calculations made from log power data would be ex­
pected to be of use principal ly to obtain init ial kex. kex as a function of t ime 
for the ear ly and final port ions of the excurs ions , and the genera l shapes of 
the kex(t) curves . The l inear (Safety) power r eco rds would yield the bes t 
values of maximum reac to r power, and the best quantitative data on power 
near the maximum, i .e . , within about one decade from the peak power. 
Calculations of kex from the l inear power t r a c e s would be the mos t rel iable 
for kex near the values at maximum t rans ient power. 

Direct comparison of the data from the four ins t ruments on one 
graph for each excursion afforded a consistency check of cal ibrat ion, zero 
shifts of recording c i r cu i t s , and osci l lograph r e c o r d reading. 

One method of obtaining integrated r e a c t o r power for the t r a n ­
sients consisted of integrat ing the l inear ins t rument data. The readings of 
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the two ins t ruments were averaged, and smal l cor rec t ions were added 
where neces sa ry for the initial and final port ions of the t rans ien ts using 
the log power r e c o r d s . This was the technique used to obtain values of 
power integrated to various t imes in the t r ans ien t s . 

Core t empera tu re r i s e s noted by the reac tor thermocouples 
also were used to calculate integrated t rans ien t power , '9 / One the rmo­
couple (TC-551) was located at a point at which the neutron flux was about 
l2% below the maximum for the r eac to r ; its maximum readings were used, 
with a smal l cor rec t ion for the difference in flux, to obtain maximum r e ­
actor t empe ra tu r e s . The maximum tempera tu re r i s e s r ecorded by TC-531 
and TC-523 were compared against those of TC-551 , as a check to insure 
that the core t empera tu re r eco rds were consis tent with the reac tor power 
profi les . Data from TC-551 were not available for t rans ien ts 4 and 15, 
and values of maximum reac to r t empera tu re for those two t rans ien ts were 
calculated from the output of TC-523, which was located in a flux about 18% 
lower than the maximum. Again, uncer ta in t ies of the o rde r of a few per cent 
a r e inherent in the r eco rds . The core thermocouples displayed an effective 
t ime constant of the o rder of seconds;(9) hence they were used only to ob­
tain values of the integrated reac to r power for complete t r ans i en t s . 

A third way of measur ing TREAT energy r e l ea se was afforded 
by the two fission counters , whose outputs were r ecorded on s c a l e r s . The 
counters were positioned to give high sensi t ivi ty, without undue sa tura t ion, 
and total counts were high enough that typical s tandard deviations on the 
counter readings were of the o rde r of 1% or l e s s . However, the counters , 
which were located at opposite co rne r s of the r eac to r shielding, appeared 
to be affected by flux tilting produced by control rods : inser t ion of the rods 
nea re s t counter 1 tended to dec rea se its counting r a t e , while ra is ing that 
of counter 2. In typical c a s e s , this effect was es t imated to change the 
counting ra t e s of a given counter by a few per cent. Uncertaint ies in the 
fission counter values for in tegrated power due to counting s ta t i s t ics and 
flux tilting were minimized by averaging the in tegrated powers from the 
counters . 

Repor ted values of in tegrated r eac to r power for the tes t t r a n ­
sients were obtained by combining data from the integrat ing fission counters , 
maximum core t empera tu re r i s e , and numer ica l integrat ion of the l inear 
(Safety) ins t rument r e c o r d s . 

TREAT control rods were ca l ibra ted in inc rements by the "rod 
bump" method. (9) Control rod posit ions were r epor t ed for the p r e - t r a n s i e n t 
cr i t ica l i ty check and immediate ly before the t r ans i en t rod was to be f ired 
from the core . F r o m these data it should be possible to obtain values of 
initial t rans ien t kex from the previously p r e p a r e d rod ca l ibra t ions , inde­
pendently of the init ial kg^ calculated from the asymptot ic per iods de termined 
from the log power r e c o r d s . However, the or iginal cal ibrat ion was l a t e r 
found to be in e r r o r by 5%, introducing an uncer ta inty into such a p rocedure . 
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2. Calculations of kgff 

Initial react ivi ty and subsequent changes in react ivi ty during 
the tes t t r ans ien t s were calculated from the r eac to r power ins t rument 
readings , using the Argonne IBM-704 kinetics code RE-171.(20)* This 
computer code** solves the one-energy group, space-independent coupled 
r eac to r kinetics equations 

f = [ k e x d - ^eff) - ^ e f f j i +-^ Z ^ i ^i (8) 

and 

c = n(l + kex) - ^ ^ - ^i ci , (9) 1 ~ ^'•\^ ' ^ e x I 

where ^^ eff ^^ ^^^ effective delayed-neutron fraction for the i^li delayed group, 
c-[ is the concentration of the i^^ group p r e c u r s o r , and Xi is the decay con­
stant for the ith group. 

Four calculations of kex as a function of t ime were made 
where possible for each tes t t rans ient ; one calculation for each of two 
l inear power ins t ruments and two log power ins t rument s . The initial kex 
for each excurs ion was de termined from the calculations based on the log 
power r e c o r d s . At this stage of ana lys is , the absolute normal izat ion of 
the individual ins t ruments was not innportant, since the kinet ics calcula­
tions depended on re la t ive , not absolute , power (see Equations 8 and 9). 

F igures 16, 17, 18, and 19 i l lus t ra te the ranges of appl ica­
bility and degrees of agreement between the ins t rument data and the der ived 
kgx values for two typical t r ans i en t s . Reac tor power t r a c e s from t r a n ­
sients initiated with kex = 0.595% and 1.16% a r e shown in F igs , 16 and 17, 
respect ively.*** Figure 18 shows the kgx calculations of the 0.595% kex 
bur s t , and Fig. 19 p resen t s the computer resu l t s from the 1.16% t rans ien t . 

*Hence, the initial kex values used in this r epor t a r e those from 
RE-171 calculat ions, r a the r than those obtained from the asymptotic 
per iods as determined di rect ly from the r eco rde r t r a c e s and r e ­
ported in ANL-6173. 

**This code is the IBM-704 vers ion of the AVIDAC Code RE-31 . (^ l ) 

***The values obtained direct ly from the per iod m e a s u r e m e n t s from 
the r e c o r d e r were 0.60% and 1.15% respect ively.(9) This degree of 
agreement was typical of that for all t r ans ien t s except t r ans ien t 
No. 5, for which the per iod determinat ion gave 0.82%(9) and the 
RE-171 calculat ions gave 0.87%. 



I 
I 

I 
M

 l
l|

 

R
E

A
C

TO
R

 
PO

VT
ER

 
(M

e
g

a
w

a
tt

s
) 

o
 

~
1

—
I 

I 
I 

11
 I

II
 

"
I

I 
I 

I 
II

 M
 

R
E

A
C

TO
R

 
P

O
ifE

R
 

(M
e

g
a

w
a

tt
s

) 

s 
-

-1
—

I 
I 

I 
I 

11
 

n
 

I 
I 

I 
11

 
n

 
1—

I—
I 

M
i

l
l 



40 

25 SO 
TIME (••conds) 

F I G . l e 

k „ ( t ) CALCULATIONS FROH POWER TRACES OF FIGURE 16 

1.2 

1.0 

0.9 

O.J 

0.7 

0.6 

0.5 

0.1) 

0.3 

0.2 

0.1 

- 0 . ) 

•t.t 

- 0 . 3 

-o.» 

- 0 . 6 

-o.« 

-

-
-

-
-

-
-
-
-
-

-

-

-
-
-
-

1 

T^SSR^ 

1 

1 . 

A ^ l 

1 1 1 1 

fe-»^ 
^ ^ ^ ^ 

, 1 1 

0 

A 
D 

*S^<v 
""̂  

1 

L06 POKER 1 

L06 POMER 2 

LIHEAR P01O (SAFETY) 1 

LINEAR POMER (SAFEHI 2 

ft«x«,ooooaocm««x»«°°»°°°=" 

^^^:r-^ 
^ ^ ^ ^ ^ > ^ 
1 1 1 1 1 1 1 1 1 

TIME (•«conds) 

FIG. ig 

k,^ (t) CALCULATIONS FROM POWER TRACES OF FIGURE 17 



41 

The flattening of log power 2 noted in Fig. 16 is atypical and is a t t r ibuted 
to an e r r o r in cal ibrat ion. Because of it, no kgx(t) calculation was run for 
that power record . However, the t race was st i l l useful for determinat ions 
of initial kg^^, initial and final portions of the power curve , and the genera l 
shape of the power curve. These figures demonst ra te the wide range of 
data available from the log ins t ruments , and the uncer ta in t ies in the data 
from the l inear ins t ruments at power levels below ' ^ I / I O the peak power. 

The value of lifetime used in the calculations was 8.8 x 10" sec , 
the m e a s u r e d value repor ted p r ev ious ly . ' ' ) * Effective delayed-neutron 
fractions were es t imated for TREAT pr io r to cr i t ica l i ty using the 
Keepin(22) delayed neutron data for U^^ .̂ Gwin's formula(^-^) was used to 
calculate the inc reased importance of the delayed neut rons , as compared 
with that of the prompt neutrons , which a r e produced at a higher energy 
and a re thus more likely to leak from the core : 

/3i 
o = ( l - / 3 ) e x p -(T - T d i ) B M + ^ , (10) 
Pi eff I i" J 

where jŜ  is the delayed neutron fraction of the i^" p r e c u r s o r group, and 
T and Tjj£ a r e the F e r m i ages of the prompt neutrons and delayed neutrons 
of the i^" group, respect ively . The B used for these computations was that 
calculated for cold, clean, cr i t ical i ty; 0.000976 cm"^.(^) Values of T and 
T^^ were calculated for graphite by numer ica l integrat ion of the formula 
for T, with f i rs t flight and las t flight cor rec t ion terms:\^ '*/ 

^ 3E ^ Z t o t ^ t r ^ 3 22^^(Ei) ^ 3 Z | o t ( E 2 ) ' ^^^^ 

where Ej is the neutron energy at b i r th , Ej is the thermal iza t ion energy, 
and Ztot ^^^ ^ t r a r e the total and t r anspor t c r o s s sec t ions , respect ively , 
using the OCUSOL "eyewash" graphite c ro s s sect ions. '^"- ' Each T̂ JĴ  for 
TREAT was then normal ized to a r eac to r Tp by multiplying the "^di/Tp 
rat io for graphite by 540 cm^, a s e m i - e m p i r i c a l value used in p re l iminary 
reac tor calculat ions. The resu l t s of this computation a r e given in Table VII, 

If one uses the m e a s u r e d cold clean c r i t i ca l value of B = 
0.000866 cm^,(6) the calculated jSgff is dec reased 1.2%. Substitution of the 
semiempi r i ca l Tp of 432 cm^ calculated by Iskender ian '^) for cold clean 
cr i t ica l i ty would dec rease iSgff by another 2.2%. Both co r rec t ions , however, 
would produce only a change in |3gff of approximately the es t imated ±3% 
uncerta inty in the Keepm /3.(25) 

*Recent re -eva lua t ions of the lifetime m e a s u r e m e n t s have resu l ted in 
the slight inc rease to 9.0 x 10" sec.(9) 
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Table VII 

DELAYED-NEUTRON PARAMETERS CALCULATED FOR TREAT 

Delayed 
Group 
Index 

Number i 

1 

2 

3 

4 

5 

6 

Prompt 

Decay 
Constant 
X., sec"^ 

0.0124 

0.0305 

0.1110 

0.3010 

1.1300 

3.0000 

Delayed-
neutron 
Frac t ion 

^ 

0.0021109 

0.00140089 

0.00125376 

0.00252672 

0.00073563 

0.00026866 

^ = Z.|3. = 0.006397 
1 1 

Mean 
Energy, 

kev 

250 

460 

405 

450 

420 

420 

Age in 
Graphite, 

2 

cm 

219.2 

237.6 

234.1 

237.0 

235.1 

235.1 

301.8 

Age in 
TREAT, 

cm^ 

392.2 

425.1 

418.9 

424.1 

420.7 

420.7 

540.0 

Effective 
Delayed-
neutron 

Fract ion, 

'^i,eff 

0.000244 

0.001567 

0.001411 

0.002828 

0.000826 

0.000302 

^ = 2 . ^ . = 0.007178 
eff 1 1 eff 

Both the Rossi-ot and ,the zero-power t ransfer function m e a s ­
urements of TREAT prompt-neut ron lifetime gave the same resu l t s within 
about 2%,(9) implying that the jSgff used was, indeed, cor rec t . However, the 
s tated uncer ta int ies in these m e a s u r e m e n t s , ± 5% and ±2%, respect ively, 
would pkermit an uncertainty in jBgff of about ±7%. A sensit ive check of 
6 ££ can be made from the data for t r ans ien t s . It consis ts of comparing 
the values of init ial kgj^ for s u p e r - p r o m p t - c r i t i c a l t rans ien ts as determined 
from RE-171 calculat ions on the asymptot ic period regions with that de ­
te rmined from the control rod cal ibra t ion.* 

*This tes t is based upon the fact that the inhour equation has the asymp­
totic form, for s u p e r - p r o m p t - c r i t i c a l periods of kg^^.-^ ( i / T ) +/Sgff 
while, for large values of T , it has the asymptotic form 

' ^i eff 1 k ~ — _ ^ex T \ 
X p A.. 

Hence the control rod cal ibrat ions, which were done 
ir 1 

in increments by the "rod bump" method, were essent ia l ly proport ional 
to the calculated value of ^ rr- However, the s u p e r - p r o m p t - c r i t i c a l 
period m e a s u r e m e n t s gave values of kg^ that asymptot ical ly contained 
the calculated B ^̂  as a t e rm , not a factor, 

eff 
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Figure 2 0 gives the rat io of the two determinations of kex for severa l tes t 
t r ans ien t s , assuming: 

(1) H, = 8.8 X 10"* sec and the /3i gff for both the RE-171 calcula­
tions and the inhour to % 6k/k conversion of the rod calibration 
a r e those of Table VII. 

(2) H = 8.8 X 10"* sec and the ^i gff for both the RE-171 calcula­
tions and the inhour to % 6k/k conversion of the rod calibration 
a r e 17% la rge r than those of Table VII. 

(3) H = 8.4 X 10~* sec and the |3i gff for both the Re-171 calcula­
tions and the inhour to % 6k/k conversion of the rod calibration 
a r e those of Table VII. 

For convenience in display, each ratio point is graphed against the initial 
kgx for that t rans ient z 
the /3i gff of Table VII. 
kgx for that t rans ient as determined from the rod calibrat ion curve and 

1.20 

« 1.10 
3E 
O 

^ 1.00 
ae 

5 0.90 

D 3,„ = 0.007178,/= 8.8 X lO-' seconds 

O i,,, = 0.07178, /= 8.1* X 10-" seconds 

A 8,,, = 0.0081400,/= 8.8 x 10"' seconds 

J I I I I I 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 

k,, (*) FROM ROD CALIBRATIONS USING 3, ,„ FROM TABLE H I 

FIG. 20 

COMPARISON OF INITIAL k^^ FROM ASYMPTOTIC 

PERIOD WITH THAT FROM ROD CALIBRATIONS 

The data of Fig. 20 suggested that the actual /3eff in TREAT 
may be ~ 17% higher than that used (i.e., that of Table VII). However, the 
values of Table VII were used in the calculations because (1) the d i sc rep ­
ancies observed in Fig. 2 0 actually a r e comparable to the es t imated un­
cer ta int ies in the rod calibration curve used;* (2) there was no supporting 

*This calibration was repeated la ter , giving resul ts that agreed much 
bet ter with calculation.(9) However, although the repeated ca l ib ra ­
tion could be expected to be more p rec i se than that used for Fig. 5, 
it was done with a different core loading. 
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exper imenta l evidence from the S, measu remen t s ; (3) the feedback relation­
ship adopted gave a sat isfactory fit to the entire range of t r ans ien t s ; and 
(4) there a r e no good theore t ica l grounds for such a la rge inc rease in /3eff. 

3. Conversion of TREAT Power to Neutron Density 

Since the reac tor power ins t ruments a r e located away from the 
core in the r eac to r shielding, they do not give values of neutron density at 
locations in the core , but provide a measu re of total r eac to r power. How­
ever , the kinetics calculations use neutron density and integrated neutron 
density, and the ins t rument readings mus t be converted into average spe ­
cific power or average neutron density. Fo r convenience, the core volume 
was expressed in number of fuel e lements . The average neutron density, 
n, was determined by 

n = P / K Ng , (12) 

where 

P = reac tor power in megawatts 

Ng - effective number of core e lements 

Kp = (number of U^̂ ^ a toms/e lement ) x a|^ x (2.2 x 10^ c m / s e c ) 

I-., /... . \ ., -V-.-, ,/NIO cna Mw 
X (Megawatts/fission) = 3.232 x 10 —. 

' neutrons element 

In a typical t rans ien t , the core size is somewhat l a rge r than 
that nece s sa ry to initiate the burs t . The surplus react ivi ty is compensated 
by control rods . Due to the flux depress ion in the regions of the rods , the 
core does not behave as if it were as la rge as indicated by the actual num­
ber of e lements . In o rde r to co r rec t approximately the core to i ts effective 
s ize , the value of Ne for a given t rans ien t was taken as the number requi red 
for the init ial keff. The exper imenta l data of Fig. 7 were uti l ized for this 
purpose. 

C. Theoret ical Calculations of Feedback 

1. Reactor Tempera tu re as a Function of J n dt 

Calculations of TREAT t empera tu re s as a function of integrated 
reac to r power were based on the following assumpt ions : 

1) Heat t ransfe r from the uran ium oxide fuel par t ic les to the 
surrounding graphite ma t r ix was essent ia l ly instantaneous. 

2) No heat was lost from the uranium oxide-graphite sys tem. 
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A time constant of 1.8 mil l iseconds has been calculated by MacFarlane(-^) 
for t ransfer of heat energy from a 44-micron-d iamete r uranium oxide 
part ic le (maximunn par t ic le size for TREAT) through a 2-mil gas gap to 
graphite (estimate of the l a rges t gap resul t ing from the fuel fabrication 
process) . The shor tes t period for the tes t t rans ients analyzed here was 
about 50 t imes this calculated t ime constant. Other heat t ransfer calcula­
tions had indicated the energy input to the TREAT core during a t ransient 
would be adiabatic. This predict ion is borne out by experimental r e ­
sults,(9) as demonstrated in Fig. 21, which shows reac tor core t empera ­
tures recorded at two points during the t rans ients initiated with 0.595% 
and 0.87% kex-* The t empera tu re t r aces show that the r a t e s of heat loss 
from the inst rumented posit ions, and the tempera ture redis tr ibut ion b e ­
tween them, a r e much slower than the t ime scale of the power burs t s -
hence heat loss and t empera tu re redistr ibut ion can be neglected for these 
t rans ien ts . For simplicity, only two thermocouple posit ions, those of 
TC-551 and TC-523, a r e shown in Fig. 21 . (The response time of the 
core thermocouples is slow enough to mask any urania- to-graphi te t ime 
lag of the order of 1.8 naillisecond.) 
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*The initial kgx values obtained from the period data taken directly 
from the r ecorde r were 0.60% and 0.82%jrespectively.(9) 
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Figure 22 gives the enthalpy of TREAT fuel with respec t to 
O'C, as determined by a l ea s t - squa res fit to measurements by Battelle 
Memoria l Institute.(26) p o r a l / v fission c ros s section, the t i m e -
integrated neutron density in an increment of core ma te r i a l is proportional 
to the change in enthalpy producing the r i s e in t empera ture of the ma te r i a l . 

400 500 

TEMPERATURE (0°C| 

F I G . 22 

TREAT FUEL ENTHALPY 

Figure 23 shows the relat ionship between Jnd t and T calculated from the 
fuel enthalpy, assuming a 2200-meter per second U fission c ross s e c ­
tion of 582 ba rns , a Maxwellian thermal spect rum, an effective energy 
re lease of 173 Mev per fission, and a s tar t ing tenaperature of 20°C. 
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TREAT TEMPERATURE - INTEGRATED NEUTRON DENSITY RELATIONSHIP 
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2. Calculations of kex a-s a Function of / n d t 

Calculations of keff as a function of T for a spher ica l TREAT-
like sys tem, using the 20-group c ross sections and the " F i r e " IBM-704 
diffusion theory code, have been descr ibed in Section I. Those i so thermal 
core resu l t s were converted to reac to r kex a-S a function of /ndt , using 
the relat ionship of Fig. 23. F igure 24 shows the kgx vs. / n d t function thus 
derived, r e fe r red to kex = 0 at 20°C. For comparison. Fig. 24 also in­
cludes the kgx vs . / n d t relat ionship which is obtained using a constant 
t empera ture coefficient of reactivity: 

AkexAeff = -2.5 X lO-"* AT, 

where T is in °C. In the work which follows, the shape of the curve ob­
tained using the 2 0-group, gas model calculations is taken as appropriate 
in the absence of an adequate crystal l ine model t rea tment , but the absolute 
normalizat ion is adjusted to fit experiment . 

J L J I I I I I I I I I.. J J I I I I I I I L 

100 200 300 too 

INTEGSITED NEUTRON DENSITY x IO-> 

F IG. 211 

CALCULATED kex - INTEGRATED NEUTRON DENSITY RELATIONSHIP 

D. Fi t to Experimental Data 

1. Techniques 

a. Theoret ical Neutron Density Calculations 

Such experimental resu l t s as maximum transient power, 
integrated t rans ient power, maximum hot-spot t empera tu re , and t ransient 
power curve shape were checked by comparison with kinetics calculations 
of neutron density. 
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The Argonne IBM-704 kinetics code RE-129* was used to 
calculate theoret ica l t r ans i en t s . It is the companion code to RE-171 , \^^' 
and provides values for n(t), given keff as a function of t ime . The p a r t i c ­
ular form of RE-129 used ( 1 2 9 - H ) pe rmi t s kgff to be given as a function of 
t ime by the general form 

kex(t) = kex(O) + ^ Ai t^ + ^ Bi /ndt J , (13) 

where the Aĵ  and Bĵ  a r e cons tants , and i ranges from 1 to 4 . The Ai p r o ­
vide a convenient means for describing react ivi ty char\ges due to control 
rod motion, and the Bj for describing a t empera tu re coefficient of react ivi ty 
for a TREAT-like r e a c t o r . The code has provision for changing the values 
of the Ai and Bi at p r e - s e t t i m e s . Thus, one may begin a theoret ical t r a n ­
sient describing rod motion with an input of react ivi ty given as a function 
of t ime by an a r b i t r a r y quart ic equation. At a given t ime , corresponding 
to cessat ion of the rod movement , the A^ a r e all set equal to z e r o . 

b . Absolute Normalizat ion of Theoret ical Calculations 

In o rder to compare the kinet ics calculations of n(t) with 
exper iment , it was n e c e s s a r y to normal ize the calculat ions to exper imental 
data. For the t rans ien t s londer study, the effects of the saurce a r e negl i ­
gible, and the initial power levels a r e law enough that the r eac to r is e s s en ­
tial ly on i ts asymptotic period before heating piroduces appreciable react ivi ty 
changes . Hence, the shapes of calculated neutron-densi ty curves should be 
independent of the absolute values of the power coefficient of kgx? since 
n /n would be a function of kg^^ and be independent of n; that i s , an n(t) ca l ­
culation of such a t rans ien t using the RE-129H code may be scaled up or 
down in absolute magnitude as long as both n(t) and the B^ a r e scaled 
together so that, at each point in the t rans ien t , the k̂ ^̂ . change contributed 

-»i 
by the ? î[/"̂ ^ r emains unchanged. Hence, if n(t) be scaled a c ­

cording to n(t) = C n(t), then the Bj must be scaled as follows: 

(14) i^'iM - ?̂ i b"M 
where 

B.̂  = C% (15) 

Such a normal iza t ion of the Bi i s , of cou r se , equivalent to multiplying the 
t empera tu re coefficient of react iv i ty used (to calculate the Bi) by C. 

* This is an IBM-704 vers ion of the space-independent kinet ics code 
RE 29 which was wri t ten for AVIDAC.(2'7) 
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Figure 25 i l lus t ra tes this point. It shows the resu l t s of 
two RE-129H calculations of n(t) for identical values of kex(0)> the delayed-
neutron p a r a m e t e r s calculated for TREAT, a lifetime of 8.8 x 10"'* sec , 
and the power coefficients of kex differing only by a constant factor. F o r 
simplici ty, all the Ai and Bi were taken as ze ro , except the two values of 
B^; problem A was run with Bj = -2.50938 x lO"'^^, and problem B with 
Bj = -5.01876 X 10"^^; kex(O) was 1,1618%. For this s imple case , then, the 
power rat io for corresponding points in the two t r ans i en t s , i .e . , for max i ­
mum powers , one-half maximum powers , e tc . , is given by 

Power (Prob A) _ Bi (Prob B) , ,. 
Power (Prob B) " Bj (Prob A) ' ^ ^ 

In the somewhat more genera l case where the Ai a r e s t i l l 
zero , but none of the Bi a r e , this power rat io is not neces sa r i l y a constant 
throughout two different t rans ien ts calculated with identical l i fe t imes , 
kex(O), and delayed-neutron p a r a m e t e r s . It will be a constant for two such 
problems if 

B i ( P r o b . 1) __ ^ i ^ (^^^ 

Bi (Prob. 2) 

where C^ is the same for al l i. Then the power rat io for corresponding 
points is 

Power (Prob. 2) , ^ 
Power (Prob. 1) ^ ' ^ ^ 

This inverse relat ion between power and power coefficient 
of kex provides a means of normal iz ing the calculated power coefficient -
and hence the t empera tu re coefficient - to the exper imenta l r e su l t s for a 
given t rans ien t . Each Bi is mult ipl ied by C''- as per Equation (15), where 
the C is given by the rat io of maximumL power of the kinet ics calculation to 
the maximum exper imenta l power de termined by averaging the maximum 
readings of the l inear power instrumients. 

Normalizing calculation to exper iment for the maximum 
power of the mos t severe t r ans ien t (kex(O) = 1.92%)* requ i red a C of 0.88. 
This normal iza t ion was found to give a good and consis tent fit to the ex­
per iments (see Section D-2), and was adopted as represen t ing the r eac to r 
behavior. Table VIII s u m m a r i z e s the 20-group gas model r e su l t s and 
normal izat ion used for this fit. 

*The init ial kex from the per iod m e a s u r e m e n t direct ly from the re­
corder was 1.90%. (9) 



o 

/ . 
/ 

/ \ 
\ 

\ 
\ 

\ 
\ 

B, =-2.50938 X 10"" kl/nit, Bj = B, = B, = 0 

B| =-5.01876 X 10-'* k/yndt, Bj = B, = B, = 0 

J L J I I L J I L J I I L J 1_ 

2.0 3.0 <>.0 5.0 6.0 7.0 
TIME (secondi) 

F I G . 25 

POWER FEEDBACK NORMALIZATION EXAMPLE 



51 

Table VIII 

NORMALIZATION OF 20-GROUP GAS MODEL CALCULATIONS 

Core 
Tempera tu re 

T, °C 

27 

127 

227 

327 

477 

627 

kex(t), 
% 

2.833 

0.081 

-2.289 

-4.295 

-6.824 

-8.961 

kex(t) - kex(27°C), 
% 

reference 

-2.75 

-5.12 

-7.13 

-9.66 

-11.79 

Normal ized Akexj 
% 

problem 

-2.42 

-4.50 

-6.27 

-8.49 

-10,38 

This normal izat ion is independent of the values chosen for 
the fission c ross section and the energy r e l ea se per fission, since the same 
values were used in converting from m e a s u r e d power to exper imenta l neu­
t ron density, and from tempera tu re coefficient of feedback to the Bi. 

c. Check of Feedback Curve Shape 

In pr inciple , one may obtain the s imples t and mos t d i rec t 
check on the power coefficient of react ivi ty by comparing theory direct ly 
against the values of kex(t) - k(0) as a function of / n d t for the ensemble of 
exper iments studied. Ear ly in the ana lys i s , however, it was found that 
sca t te r in the data derived from t rans ien t exper iments was sufficient to 
make such a comparison a r a the r insensi t ive one for checking ei ther the 
absolute magnitude of the feedback re la t ions or the shape of the power 
coefficient of react ivi ty curve . 

Both the absolute magnitude and shape of the feedback r e ­
lationship can be checked by comparing exper imenta l and calculated values 
of maximum power. However, this technique is l imited to checking the 
feedback for kex changes equal to those occur r ing between initiation of the 
t rans ien ts and peak t rans ien t power. Since kex S-t the peak is -^^ for super -
p rompt -c r i t i c a l excurs ions and the naaximum kex(O) used was 1.92%, the 
check of peak powers was a check on feedback only up to a kex change of 
' ^1 .92 - 0.72 = 1.2%, 

A test ing of the shape of the feedback curve to higher t e m ­
pe ra tu re s can be obtained by comparing the shapes of exper imenta l and 
calculated neutron-densi ty curves beyond the peak. For this purpose , three 



52 

calculations were run for each of three experimental t rans ien ts (kex(O) of 
0.595%, 1.16%, and 1.92%, respect ively) . One calculation was made using the 
20-group gas model t empera tu re feedback r e su l t s . One was made using the 
Bi calculated under the assumption of a constant t empera tu re coefficient of 
react ivi ty. And one was made for the assumption of a constant power 
coefficient of react ivi ty (62=63=64=0), which differs from the constant t em­
pera tu re coefficient case because of the nonconstancy of specific heat . 

As an additional tes t of the normal ized 20-group gas model 
feedback, a theoret ica l t rans ien t was compared with the experimental r e ­
sults of Trans ient 17. This was a t rans ient initiated by 0,69% kex with 
elevated s tar t ing core t empera tu re s which, if averaged over the core , would 
be equivalent to a uniform t empera tu re of 82°C. 

2, Resul ts of Comparisons 

a. Direct Comparison of Calculated and Exper imenta l Feedback 

As noted previously, the feedback data derived fromi ex­
per iment were used only for orientation purposes because the sca t te r in 
these data precluded their use for any detailed check against calculation. 
Values of integrated power as a function of t ime for each t rans ient were 
obtained by integrating the reac tor power from the ins t rument readings to 
the t ime of peak power, and (depending on the range of data available) to 
one, two, or th ree points beyond. These numbers were converted to values 
of integrated neutron density using Equation (12). The change in kex *̂ ®̂ to 
each of the values of / nd t was taken from the kex calculations made using 
RE~171, in conjunction with the power ins t rument readings . 

A smal l cor rec t ion was made to adjust the data to a uni­
form s tar t ing t empera tu re of 20°C in the following manner . The relat ionship 
between changes in kex 3-nd changes in integrated neutron density was 
es t imated from the data. An integrated neutron density which would r a i se 
the fuel from 20°C to the s tar t ing t empera tu re of a given t rans ien t was de­
rived and added to the values calculated from the ins t rument r eco rds of that 
t rans ient . Similar ly, an increment in kex corresponding to the r i s e in t em­
pera tu re from 20°C to the s tar t ing t empera tu re was calculated and added to 
the changes in kex-

These data, for all the exper imenta l t r ans ien t s , a r e graphed 
in Fig. 26, and provide an empir ica l re lat ion between kex ^^^ / nd t . Three 
theore t ica l curves a r e included for comparison: one based on the t empera tu re -
react ivi ty relat ion from the 20-group gas model calculat ions, one assuming 
a constant t empera tu re coefficient of Akex/keff = -2 .5 x 10" AT, and one 
based on the normal ized 20-group gas naodel resu l t s that were finally 
adopted. 
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FIG. 26 

COMPARISON OF CALCULATED AND EXPERIMENTAL k,, -
INTEGRATED NEUTRON DENSITY DATA 

b. Power Curve Shapes 

The resu l t s of comparison of calculated and exper imental 
power curve shapes a r e given in F igs . 27, 28, 29 and 30, which show the 
log 1 power r eco rds of t rans ients initiated with kex of 0.595%, 1.16% and 
1.92%, respect ively. A log power ins t rument was chosen for the figures to 
demonstra te the degree of agreement over as wide a power range as 
possible. Each of the three figures also includes the theoret ical power 
curves for: (l) a feedback shape given by the 20-group gas model calcula­
t ions; (2) a constant t empera ture coefficient of reactivi ty; and (3) a con­
stant power coefficient of react ivi ty. 

F igure 30 shows the log 1 power record and theore t ica l 
resu l t s using the normal ized 20-group gas model feedback for t rans ient 17, 
the e leva ted- tempera ture 0.69% kex excursion. 

For purposes of comparison in the four f igures , the max i ­
mum power of each calculation was normal ized to the naaximum power of 
the corresponding exper imental t ransient . The comparisons demonstra te 
that the detailed shape of the feedback relat ion is relat ively unimportant 
for the sub-prompt -c r i t i ca l t r ans ien t s , since al l three feedback curves 
a r e relat ively s traight over this nar row range of kex change, but becomes 
increasingly more important as kex(O) becomes grea te r than ^eff- It is 
seen that the fit of the feedback derived from the 20-group gas model ca l ­
culations is quite sat isfactory. 
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c. Maximum Transient Power Values 

Exper imental values of peak power, as determined by an 
averaging of the two l inear ins t ruments , a r e plotted in Fig. 31 as a func­
tion of initial kex. as calculated from the reac tor period data. Three 
theoret ical curves a re shown with the data: one for the feedback relation 
given by the 20-group gas model calculations; one for a constant t empe ra ­
ture coefficient of reactivity given by Akex/^eff ~ -2.5 x 10" AT; and one 
for the 20-group gas model feedback normal ized to the peak power of the 
t ransient initiated with 1.92% kex (as descr ibed in Section II-D). The last 
relat ion does provide the best description of the three shown'. 

The point for Transient 17 falls appreciably off the 
theoret ical curve, because of the elevated s tar t ing t empera tu res . The 
experimental value of 15,8 Mw may be compared with a calculated value 
of 14.4 Mw. 

d. Integrated Power Values 

Another comparison between calculation and experiment 
is given in Fig. 32, which shows the integrated power calculations, obtained 
with the RE-129H code using the normalized 20-group gas model feedback, 
and experimental values of integrated power graphed as a function of 
initial kex- All the theoret ical t rans ients were initiated with a step func­
tion input of kex at a power level of 1 0 watts and run to a final t ime of 60 sec . 
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FIG. 30 
COMPARISON OF CALCULATED AND EXPERIMENTAL POWER CURVE SHAPES 

FOR THE TRANSIENT INITIATED AT ELEVATED TEMPERATURE 
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This final t ime was chosen because , for the majori ty of the t r ans ien t s , the 
change in integrated power as a function of t ime is essent ia l ly negligible at 
60 sec. The "lonely" point of 172 Mw-sec from Trans ient 17 is included on 
the graph for completeness . A calculation, by means of the normal ized 
20-group gas model feedback, of the integrated power from a 0.69% t rans ient 
begun at the actual s tar t ing core t empera tu re s of Transient 17 yielded a 
value of 171 Mw-sec . 

A correc t ion was made for the es t imated 9 Mev/fission of 
decay energy r e l eased during the 60-sec duration of a burs t . The conver­
sion factor, calculated using 173 Mev/f iss ion, r e p r e s e n t s the instantaneous 
energy absorpt ion, and the computer integrated power resu l t s were mul ­
tiplied by 182/173 to account for the decay energy. 

Also included in Fig. 32 a r e the exper imenta l in tegrated 
power data obtained from the two fission counters in the r eac to r shielding. 
Nearly al l of the t rans ien ts were clipped at t imes between 50 and 60 sec 
and the data were co r rec ted to a uniform final t ime of 60 sec . The c o r r e c ­
tions a r e smal l for al l t rans ien ts except two, which were clipped at l e ss 
than 3 0 sec . These two a r e indicated as extrapolat ions on the figure. Values 
of initial kex for the exper imenta l points were calculated from the a s y m p ­
totic t rans ient per iods . 

e. Maximum Reactor Tempera tu r e s 

Given the calculated values of in tegrated power, it is p o s ­
sible to derive maximum reac to r t e m p e r a t u r e s . Since the reac to r kinet ics 
calculations a r e space-independent , they yield only in tegrated power values 
corresponding to average core t empera tu re r i s e s . Multigroup reac tor ca l ­
culations (see Section I) had indicated for TREAT a m a x i m u m - t o - a v e r a g e 
neutron density rat io of about 1.62, However, numer ica l integrat ion of the 
foil and counter m e a s u r e m e n t s yielded a ra t io of 1,71,(°) Accordingly, the 
theore t ica l in tegrated neutron density at the point of maximum neutron 
density was obtained by multiplying the co re - ave raged in tegrated neutron 
density from the RE-129H calculat ions, co r r ec t ed for the decay energy, by 
1.71. The t empera tu re r i s e corresponding to this maximum neutron density 
was then calculated using the fuel enthalpy data. 

F igure 33 shows the theore t ica l maximum core t e m p e r a ­
tu res as a function of init ial kex> calculated assuming an init ial uniform 
core t empera tu re of 30°C and power integrated to a final t ime of 60 sec . 
Also included a r e the exper imenta l maximum t e m p e r a t u r e s , based on r e a d ­
ings from the thermocouple nea re s t to the point of max imum neutron density. 
The exper imenta l data a r e co r rec t ed to a uniform s tar t ing t empera tu re 
of 30°C, a final t ime of 60 sec , and for the difference between the maximum 
core neutron density and the density at the thermocouple posit ion. 
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E, Performance Extrapolations 

Because of the success achieved in using the normal ized 20-group 
gas model feedback to descr ibe TREAT t rans ient behavior, the fuel 
enthalpy data were combined with the full t empera ture range covered by 
the 20-group gas model calculations (see Fig, 24) to yield Bi for kinetics 
calculations of neutron density and integrated neutron density over a 
much wider t empera ture range than covered in the exper iments . The Bi 
were normal ized to experinaent, as before, using C = 0.88. 

Figure 34 shows the extended calculation of normal ized kex co r ­
responding to T, for a s tar t ing tempera ture of 20°C. Figure 35 gives the 
theoret ical power curves of t rans ients initiated at 30°C with kex of 2.5%, 
3.2%, 4.4% and 5.6%. Figure 36 shows reac tor integrated power as a 
function of initial kex. assuming a start ing t empera ture of 30°C, a final 
t ime of 60 sec , and the 5.2% decay correct ion. Figure 37 gives the 
theoret ical values of nnaximum reac tor t empera tu re , assumiing a start ing 
tempera ture of 30°C, a final t ime of 60 sec , a reac to r max imum- to -
average neutron density rat io of 1.7, and the decay correct ion. Figure 38 
shows the peak power as a function of initial kex ^or t rans ients s ta r ted 
at 30°C. 

The predictions indicate that a 2.97% kex t rans ient initiated at 
30°C would resul t in a maximum core tempera ture of 400°C, a peak power 
of 3900 Mw, and an integrated power of 950 Mw-sec. This es t imate ap ­
plies to the simplest reac tor geometry. With the inser t ions of an exper i ­
men t and of large viewing slots into the core , perturbat ions in the flux and 
i n c r e a s e s in core size modify this es t imate somewhat. 
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MAXIMUM REACTOR TEMPERATURES CALCULATED 
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FIG. 38 

MAXIMUM TRANSIENT POWER VALUES CALCULATED 
USING EXTRAPOLATED NORMALIZED FEEDBACK 

Corrosion measurement s have demonstra ted that the Zircaloy 
cladding of the TREAT fuel should have a life of the o rde r of yea r s under 
continuous operation at 400°C.^-^' Probably 700°C is the limiting t e m p e r a ­
ture for short t ime operation. W/ The extended-range calculations predict 
that 700°C would be the maximum core t empera ture attained for a t ransient 
initiated at 30°C with 5.05% kex- The integrated power of such a t ransient 
would be 2260 Mw-sec , and the peak power would be 17,000 Mw. 
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