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SUMMARY 

Bper imenta l  measurements of the  uniform temperature 

coe f f i c i en t s  of t h e  NRX reac tor ,  f o r  both moderator and rod- 

assembly temperature changes, give t h e  following r e s u l t s  : 

For Varia t ion of Moderator Temperature ( OC) 

202 &w 
hdt 

103 dpm x lo7= 0.52 - 5.0 x - - 
Pm d t  

For Var ia t ion  of Rod-Assembly Temperature (OC) 

Combining these  two r e s u l t s ,  the Overall Uniform Temperature 

Coeff ic ient  is  given by: 

Tne ca lcu la ted  r e s u l t ,  based on La t t i ce  Theory and other data 

is x 

2a2 % 103 db 
~ d t  lo7= 2.0 - 5.9 x-- 

103 *w 
d t  + 1.08 x - 

pm 
Pu (Calc. 

1 dpw I n  both of these  expressions, t he  coe f f i c i en t  of - - 
0,- d t  

has been 
' W  

chosen to agree with measured data on the  c r i t i c a l  height with 

and without cooling water i n  t h e  rod-assemblies. The agreement 



of Calculated and Experimental values of the uniform temperature 

coeff icient  is be t t e r  than the accuracy of the data used i n  the  

calculations would warrant. 

In  Part  B experimental measurements of the uniform 

temperature coeff icient  of a Zeep l a t t i c e  are  compared with the 

calculated values. There is  good agreement between calculations 

and experiment. For l a t t i c e s  of t h i s  type, with re la t ive ly  

large values of H *, the leakage terma dominate the contributions 

t o  the temperature ooefiicisnt. Large corrections are  required 

for changes of  radia l  and ve r t i ca l  extrapolation lengths. 
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LIST OF SYMBOLS 

= moderator density 

= cooling water density 

= excess height (cm) of polymer level above weir-box 
reading 

= reproduction factor of lattice 

= slowing down area of' lattice 

= thermal diffusion area of lattice 

= two-group Laplacian 

= number of fast neutrons produced per neutron cap- 
tured in natural uranium 

= resonance escape probability 

= fast fission multiplication factor 

= thermal utilization in the uranium 

= thermal transport cross-section of moderator 

= n I )  11 of cooling water 

= fractional change of absorption cross-section with 
neutron energy, assuming all absorption cross-sections 
vary in the same way with temperature 

= thermal diffusion area of moderator 

= thermal utilization in the moderator 

= weir-box height 

= extrapolated height minus actual height of core 

= the effective radius of the core 

= actual radius of core 

= the effective radius minus the actual radius of core 



L i s t  of Symbols (cont Id) 

= thermal expansion coef f ic ien t  aluminum ( l i n e a r )  

L, = !effective1 diff'usion length i n  s ide  r e f l ec to r  

=c = diffusion l ength  i n  graphite 

h = hw + hD + 6 = extrapolated height of core 

2 - f f  
2 

" - 2  = v e r t i c a l  Laplacian 

p2 = ,*- radial l ap lac ian  of simple cy l indr ica l  core 

hl = height of heavy water i n  Zeep, measured from lower 
end of uranium rods 



PART A 

THE UNIFORM TEMPERATURE COEFFICIENTS OF NRX 

1 INTRODUCTION 

During the initial series of start-up experiments 

on NRX, the uniform temperature coefficients for both the 

moderator and the rod-assemblies were measured. The experiments 

are described briefly in TPI-51 but the results have not been 

reported in detail. Since the experimental results are of 

interest, they are reported here, and compared wlth the results 

expected, based on simple lattice theory analysis and other data. 

The measurements were part of a series carried out by 

the physicists and engineers in collaboration with the operations 

branch. Credit for the success of these particular experiments 

is due to the careful planning of Dm. D. G. Hurst and W. H. Watson, 

and the execution of these plans by the Operations Group. 

The methods of analysis and calculation used here have 

been given in varioua reports. Rumsey and Volkoff (MT-221) 

have calculated the flevelling-effectf, and a recent analysis 

of the temperature coefficient of graphite piles by Codd ( R M / ~ )  

uses similar methods. Hurst and Pressesky (memorandum to 

(3. C. Laurence, Oct. 26, 1950, File No. ~3205-2-1) have given 

an analyeis of the NRX data, and Stewart (memorandum to G. C. 

Laurence, May 16, 1952) has discussed the temperature coefficient 



of a similar Zeep lattice and pointed out a dlscrepancy between 

the calculated and measured values. 

After the completion of these calculations, D. W. 

Hone pointed out that the lattice constants used for these 

calculations differ from those currently in use, particularly 

in the value of' f,, the fraction of the neutrons absorbed in 

the moderator. However, the calculated temperature coefficfent 

is insensitive to changes in fm and the results would not be 

changed appreciably by this revision of the lattice constants. 

2 EXPERIMENTAL RESULTS 

(2.a)~eactivity Changes with Moderator Temperature 

The effect of variation of moderator temperature was 

measured on Feb. 5, 1948, over a range of moderator temp- 

eratures from &OF to 10o°F. The heavy water was heated 

in the storage tanks, then the calandria was filled and the 

pile power raised to about 4 kw. Variations of weir-box 

setting and a control rod were used to maintain the pile 

power near this level throughout the experiment. The 

observations of weir-box setting refer to intervals when 

the control rod was completely withdrawn and d~/dt = 0. 

For such readings the pile is very close to critical, and 

these readings have been used to indicate the variation of 

critical height as the moderator temperature decreased. 

The temperature readings plotted in Figure 1 are those 



measured at the inlet to the polymer heat exchanger. The 

initial cooling rate was -2O~/hr. This cooling rate was 

increased somewhat below 9s°F by using cooling water on the 

polymer heat exchanger. From 9 5 ' ~  to 82'~ the temperature 

drop through the heat exchanger was less than   OF, between 
8 2 ' ~  and 65'~ this temperature drop exceeded 2'~ and was 

as high as  OF between 8 0 ' ~  and 75 '~ .  

The use of the inlet temperature to the polymer cooler 

as representative of the mean polymer temperature in the 

calandria is certainly good for those periods when the temp- 

erature drop through the heat exchanger was small. The 

experimental data of Figure 1 lie on a smooth curve and 

suggest that the difference between the mean temperature 

in the calandria and that measured at the inlet to the 

polymer heat exchanger agree wi th in  a f r a c t i o n  o f  a degree 

Fahrenheit at all times. Some small corrections have been 

made to the experimental data. For some experimental 

points, the polymer level in the calandria had not reached 

equilibrium with the weir-box setting and appropriate 

corrections have been mads. Where tge correction to the 

weir-box reading exceeded 0.05 cm, the experimental points 

are circled. 

A further small correction is required due to the 

change in viscosity of heavy water with temperature and 

the consequent change wi th  temperature of the pressure drop 
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through the pipe connecting the weir-box to the calandria. 

J. Haddow of the Plant Design Branoh has calculated this 

correction, and shown that it is approximately linear over 

the moderator temperature range used. If hD is the excess 

height of the polymer in the calandria above the weir-box 

level, he has found that dhD = -5.1 x lom3 (cm/O~), - 
dt 

when the flow over the weir-box is 5 gallons/min. This 

correction has not been applied to the data of Figure 1, 

but has been used in the analysis (see section 7, page 29). 

The subsequent analysis shows that there is reasonable 

agreement between the results of Figure 1 and the expected 

changes with temperature. Although minor corrections have 

been made to the experimental results it should be mentioned 

here that other possible errors might have affected the 

results. In particular, there wals no direct evidence that 

the flow over the weir-box remained constant during the 

moderator temperature experiment. The flow into the cal- 

andria was kept constant, but it is possible that leakage 
J through the dump valles changed with moderator temperature, 

thus varying the flow over the weir-box and the value of hD. 

The consistency of other measurements of critical height 

suggest, however, that such leakage was probably too small 

to cause appreciable error. 



A preliminary experiment was carried out on Feb. 3, 1948, 

over a smaller temperature range. Since the results were 

similar but somewhat less accurate than in tkis experiment, 

they have not been included here. 

(2.b) Reac tivity Changes with Rod-Assembly Temperature 

The effect of uniform variation of rod-assembly temp- 

erature was measured by circulating heated water through the 

X-rod assemblies, and measuring critical heights as 

described in (2.a). Minor corrections were required for a 

slow drift of moderator temperature during this experiment. 

Heated water was supplied to the top header of NRX at 

a flow rate of approximately 30 g.p.m. This water was 

distributed uniformly over the X-rods, passed through the 

pile, and then recirculated. Temperature readings were 

taken of the water entering the top header, and leaving the 

p i l e ,  The delay t i m e  between tho two temperature points 

was approximately thirty minutes. 

Critical height measurements were started with the 

system at the maximum temperature, after steady operation 

for several hours. Under these conditions the inlet temp- 

erature was 119.s0~ and the outlet temperature about 1 0 9 ~ ~ .  

After an accurate measurement of the critical height it was 

intended to reduce the inlet water temperature in steps of 

about l s O ~ ,  and after each step hold the inlet temperature 



constant for periods of about 1 hour while new critical 

height measurements were made. During the actual experi- 

ment, the variation of inlet water temperature with time 

was a poor approximation to the desired variation. 

Analysis of the inlet and outlet wate r  temperatures 

as functions of time gave a mean delay between the two 

temperature points of about thirty minutes. This agrees 

with estimates based on flow rate ( - 30 g.p.m.) and the 

volume of water in the piping. At those times when the 

inlet and outlet temperatures were relatively steady, their 

difference is given approximately by TD = 0.173 (Tin - 65'~). 
This temperature drop through the system is probably explained 

by heat exchange with the cooling air flow around the rods. 

The pile power of about four kilowatts used for this exper- 

iment was sufficient to raise the water temperature only 

0. BOF. 

From a comparison of the critical height measurements 

with inlet water ternpepatwe, it can be shown that the 

effective temperature of the water in the core is directly 

related to the inlet water temperature about twelve minutes 

previous to the critical height measurement. Changes of 

reactivity associated with abrupt changes of the inlet water 

temperature give  this delay tlme unambiguously, 

The correction to apply to the inlet water temperature 

to allow for cooling during transit to the core has to be 



estimated, Assuming a linear temperature drop with time 

gives 12/30 or 40% of the total drop between the two temp- 
erature points. Since the cooling air flow is such that 

the cooling rate is probably higher after leaving the core, 

only 30% of the total temperature drop has been subtracted 

from the inlet temperature to get the effective temperature 

in the core. An error in thisestimate will introduce only 

a minor error in the results. 

For readings taken below 58'F, the temperature of the 

recirculated water was reduced by injecting cold water from 

the 40 lb. water supply into the circuit. These readings 

are probably less accurate than those above 58'~. The 

point at 3 7 . ~ ~ ~  was taken with 40 lb. cooling water at the 
conclusion of the experiment, the effective temperature in 

this case being taken as that of the outlet water. The 

corrected experimental results are shown in Figure 2. 

Weir-box readings have been corrected, 

(a) To a moderator temperature of 70'~. During the 

experiment the moderator temperature drifted slowly 

over a range of 6s°F to 74'~. 

(b) To allow for the relaxation time of the polymer level 

after adjustment to a new weir-box setting, The 

measurements where a correction of .O5 crn or larger 

has been made are indicated by open circles in Figure 2. 



The e f f ec t i ve  temperature used i n  Figure 2 has been obtained 

by sub t r ac t i ng  0.3 x 0.173 (Tin - 65'~) from t he  inlet 

temperature measured 12 minutes p r i o r  t o  t h e  c r i t i c a l  

he igh t  measurement, 

Poirits enclosed i n  a square r e f e r  t o  measurements 

made soon a f t e r  a sudden drop i n  i n l e t  water temperature, 

and have a r e l a t i v e l y  lapge e r r o r  assoc ia ted  w i t h  the 

est imated e f f e c t i v e  temperature. All t he  points  p l o t t e d  

a r e  those taken wi th  the con t ro l  rod completely withdrawn 

and d ~ / d t  = 0. 

3 DISCUSSION OF EXPERIMENTAL RESULTS 

The shape of t h e  curve giving the  v a r i a t i o n  of weir- 

box he igh t  w i t h  moderator temperature,Pigure 1, indicates t he  

s t rong  dependence of t h e  moderator temperature c o e f f i c i e n t  on 

t he  dens i ty  of t h e  moderator. On the  o the r  hand, the r e l a t i v e l y  

small curvature i n  Figure 2 does not permit any accurate  measure- 

ment of the e f f e c t  of dens i ty  changes of t he  water coolant .  

Measurements by Sargent e t  a l ,  (MP 235, MP 246) and IIurst 

(T~CPI-42)  of the  r e a c t i v i t y  of an NRX type l a t t i c e ,  wi th  and 

without cooling water,  can be used t o  evaluate  accura te ly  the 

e f f ec t  o f  dens i ty  changes of the  cooling water. 

The r e l a t i v e l y  l a r g e  value of t h e  Rod-Assembly temp- 

e r a t u r e  coe f f i c i en t  was a t  f i r s t  r a t h e r  puzzling,  but has been 

explained as  a r i s i n g  from the  e f f e c t  of the  water annulus i n  



modifying the effective temperature of the neutrons in the 

uranium. Since a neutron traversing the water annulus has 

roughly a 50% chance of making a scattering collision, the 

effective neutron temperature in the uranium will be some mean 

temperature between that of the water, and that of the moderator. 

Since this differential temperature effect is difficult to 

p r e d i c t  quantitatively, w e  compare the overall temperature 

coefficient, determined by tke sum of the rod-assembly and 

moderator coefficients, with that expected on simple theory. 

4 THE CALCULATED UNIFORM TEMPERATTJRE COEFFICTENT 
2 To fcalculatet dX we start frorn the two group - 

dt 

equation for a reacting lattice 

2 2 
(1 * x2 L~') (1 + L ) = k = ? E  p f 

From this relation we have 

2 To evaluate A)( for a small uniform temperature change, we 

require to know the temperature dependence of the various 

contributing parameters, Only E (the fast fission factor) is 

considered independent of the temperature. 



(Sea)  Eta-Effect 

A temperature coeff icient  f o r  7;( of Natural U r a n i u m  

was f i r s t  suggested by Fermi (CP-455) t o  explain a serious 

discrepancy between the measured and calculated temperature 

coefficients of graphite moderated natural  uranium p i l e s ,  

Subsequent cross-section measurements substant iate  t h i s  

hypothesis, but the best value f o r  the temperature coef- 

f i c i e n t  of is believed t o  come from the  analysis of 

reactor  experiments, The data are summarized by J. Chernik, 

~lTL-13&, For these calculations we choose the value 

(4 ,b)  Resonance Escape 

A change wwibh temperature a r i ses  both from the 
P 

Doppler broadening of the resonance levels  o f  U238 and the 

changes i n  moderator density wich temperature* Experimental 

data on Doppler broadding have been obtained from the 

analysis of 'swing' experiments using heated uranium, A t  

the Chalk River Conference, Jan. 1953, Fenning quoted 
dk, 

recent Harwell experiments as giving kr = - I . . ~ x ~ o - ~ P c .  
og 

This value applies t o  a graphite p i l e  with an assumed value 

for p 3 0.9. 
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To g e t  t he  temperature dependence of p, we assume 
-z NU *U 1 t h a t  p i s  given b y p  = e w i t h  2 = - - 

Nm 'm Oma 

where NU = no. atoms uranium/cc., A, = area  U in u n i t  l a t t i c e  ce l l .  

Nm = no. atoms moderator/cc., Am = area  moderator i n  u n i t  
l a t t i c e  c e l l .  

am = s c a t t e r i n g  cross-sect ion of moderator 

a = average logar i thmic  energy l o s s  pe r  c o l l i s i o n  f o r  
moderator 

= e f f e c t i v e  resonance absorpt ion i n t e g r a l  
e f f  

dkoo = = -1.6 x ( p  = 0.9) From Harwell Data - 
k- P 

A 1  we g e t  - = + 1.5 x 10  I -4pc 

Applying this t o  NRX, assuming p = 0.915, Z = .089 
'Pm we f i n d  = .089 - - 1.33 x low5 AT (OC)  

pm 
A This  simple expression for 9 neglec t s  the e f f e c t  of t he  
P 

cool ing water ,  which would be expected t o  reduce t h e  



coeff ic ien t  of bp,/p, and t o  add a term proportional t o  

A P ~ / P ~ .  For the present we neglect the density e f f e c t  of 

the water i n  charging ~ p / ~ .  

(4.c) Levelling Effect  and Thermal Ut i l i za t ion  

I f  the  thermal neutron capture cross-sect ions a l l  

have the same var ia t ion  with neutron energy, and the f l u x  

d i s t r ibu t ion  and den8 it i e s  of the l a t t i c e  materials remain 

unchanged, then hf/f would be zero f o r  uniform temperature 

changes, It i s  customary t o  assume tha t  a l l  capture cross- 

sections have a l /v dependence on neutron velocity f o r  

t h i s  calculat ion,  although the existence of the  Eta.-effect 

a p l i e a  e i t h e r  a d i f fe rent  temperature var ia t ion  o f  f i s s i o n  

and capture croas-sections of na tura l  uranium, o r  a var ia t ion  

of 9, the number of neutrons per f i s s ion ,  with neutron en- 

ergy, Thus the calculated temperature dependent varfa- 

t i o n  of f  a r i se s  from the ' ' levelling-effect ' ,  t h e  name 

used t o  deaoribe the flattenLng 'of the flux dfs t r ibu t fon  

across a un i t  c e l l  as the capture cross-sections decrease 

with increasing neutron temperature. The changes i n  

moderator and cooling water density i n  the l a t t f e e  a l s o  

a f fec t  the thermal u t i l i za t ion .  In  appendix 1 the method 

used t o  evaluate ~f/f for the NRX l a t t i c e  is  descri.bed, 



If we assume t h a t  a l l  t h e  capture c~os ' s - s ec t i ons  have 

t h e  same v a r i a t i o n  wi th  neutron energy, then we have 

(appendix 1). 

bfu/fu= -2.092~10~~ Ap,/pm - .1645x10-~ Aat (m)/at (m) 

(4, d )  Fast Leakage 2 L 2  
t e r n  *%(' : ) ~ e p r e s e n t s  the  con l r lbu t ion  

L, + L, 

due t o  t h e  change i n  the  leakage cur ren t  of ofastq neutrons, 

A L ~ '  2bpm 
We s e t  -7 = -- s ince  the slowing down a rea  is  inversely 

Ls @m 

~roportional t o  the squarJa of t he  dens i ty  of the  slowing down 

medium, This neg lec t s  the  e f f ec t  of the  cooling water  densi ty  

changes on t h e  slowing down a r ea  and t he  f a c t  t h a t  there is a 

s l i g h t  reduct ion of the slowing down a rea  wi th  increasfng 

temperature o f  thermal neutrons, W i t h  

~ , ~ = 1 1 I +  \ J ( Z = 4 0 2 1 x i ~ - 4 0 m .  -2 ( h, = 242 cm. 1 . 
then 

-2 



It should be remembered that this contribution is proportional 

to ik2. 

(8) Thermal Leakage 

The term - - is the contribution due 

to the change in the  leakage curl ent  of thermal neutrons. 

2 2 To evaluate AL /L we use the approximate relation 

In appendix 1 we have shown that, assuming all capture 

cross-sections have the same temperature variationo 

A f,/f, = 1.0646 AP,/P, + .Q837 bat(m)/o,(m) 

+ .I756 npJpW+ 2 0 3 5  Aot(w)/ot(w) 

+ .4025 Ao,/o, 

Using this equation and L' = 156 cm2 $.* = 4.21 x 1 0 0 ~  cm2 

2 2 
we get -+2 = 6.16 + low2 

1 + L 

(hc = 242 cm) 



Collected Data {sections (ha) to (43)) - 
Using equation (1) page 15, and the following values 

for pile parameters 

we get the contributions to AX for a small temperature 

change AT('C) given on the following page. 

5 CHANGES OF THERMAL TRANSPORT CROSS-SECTIONS WITH TEMPERATURE 

The collected data in section (4,f)  show that the re- 
activity change due to the change of absorption cross-sections 

with temperature is small since the contributions from thermal 

utilization and thermal leakage for this particular l a t t i c e  are 

of nearly equal magnitude but of opposite sign. The contribu- 

tions arising through temperature variation of the transport 

cross-sections must be considered. These contributions are 

evaluated in this section and the results have been insertec! in 

the last line of the following tabulation (page 22). The terms in 

AT have been left separate to show the hportanee of the contribu- 

tions due to the assumed variation of transport cross-sectlona 





with neutron energy, and the consequent uncertainty i n  the c a lcu la ted  

r e s u l t  arisi .ng f ~ ~ o m  lack  of experimental data  t o  j u s t i f y  the  as- 

sumptions, 

Collecting terms i n  the  l a s t  l i n e  of Equation 2, page 22, 

w e  have 

3 lo7,f i2 = -2.67 AT('C] + 8.52 x lo3 ,pm/pm -2.23 x 10 ~p,/p, 

(3)  

There a r e  no experimental data  t o  give the va r i a t ion  of t he  

t ranspor t  cross-sections of heavy water ot(m), and of l i g h t  water 

ot(w), with temperature. A s  an approximation w e  use the  measured 

data  f o r  t he  t o t a l  cross-sections,  and hope tha t  t h e  e r r o r s  involved 

due t o  changes of angular d i s t r i b u t i o n  with energy a r e  not too large,  

Near 2500 metres/sec, neutron velocf ty (T = 293'~) the 

s c a t t e r i n g  cross-section va r i a t ion  with energy is approxfmatePy 

given by the followfng expressions: 

0.6 neutron energy in electron as ( m )  (barns 1 = 10.5 + .T3 /E = volts 

3 These express ions are derived 

o ~ ( w )  (barns) = 43.2 + %, fl-om published curves of the 

E e  variation of s ca t t e r ing  cross- sect ions  w i t h  neutron energy I 



L 

whence n-e 4% s - 'ILC '' ;, *pn nra,,s o ~ L Y  IIPPSYX,*WE, q Fh 
/' 

= -0.135 -$f = -0.46 x lom3 AT(%) 

Assuming AE/E = AT/T and T = 293'~ 

Since the  absorption cross-sections a r e  assumed t o  follow the 

l/v low, we take 

These r e l a t ions  were used t o  obtain  the l a s t  line of 

Equation 2, page 22, 

6 DENSITY CHANGES OF TIiE NRX COOLING WATEB 

I n  ca lcu la t ing  the e f f e c t  of density changes of the 

NRX cooling water, we have neglected possible contrfbutfana 

due t o  the va r i a t ion  of p and L ~ *  wlth cooling water density. 

For t h i s  reason the  ca lcu la t ion  is  considered l i k e l y  t o  be 

In error and 5 t h  preferable t o  use experimental data  on 

measurements o f  the r e a c t i v i t y  o f  the NRX l a t t i c e ,  with and 

without cooling water, t o  determfne the ef fects  of  changea i n  

cooling water density, 

From the exponential experiments of Sargent e t  a1  

( l oc ,  ait,), Clayton (CRE-400~) has ca lcu la ted  the change 



i n H 2  f o r  the  NRX l a t t i c e  with and without cooling water 

to be 1.37 x loo4 cm:' 

I n  G.P.I. 7, experimental r e su l t s  on the NRX pf le  

gave the following weir-box set t ings:  

NO cooling water 168.3 cm 

with cooling water 225.3 cm 

Using an extrapolation length of 20 ems t o  get 

the c r i t i c a l  heights t h i s  gives 
2 2 A(w /h ) = 1.14 x 10-4 cmo2 

o r  ~8~ 2 2 
See Sec.7, 

= 1.08 sin /a ) = 1-23 x 10-4 C I B - ~  { pge32} 

This i s  i n  sa t i s fac to ry  agreement with the meas- 

urement deduced from the exponential experiments and has a 

much smaller probable error* 

I n  Appendix 1 we have shown t h a t  f o r  small varf- 

a t ions of water density 

Since we w i a h ,  however, to estimate the e f f e c t  of 

var iat ion of the density t o  zero (no water),  f o r  comparison 

w f t h  the experimental value, w e  require more accurate ex- 

pressions. Using the noanenclature of  Appendix 1 it can be 

shown t h a t  



m e r e  primes are used t o  denote i n i t l a l  values, p& = 1 

Subst i tut ing i n  Equation 1, page 15, we get 

Approximate integrat ion of th i s  equation over the 

variat ion of p, from t o  pw+ gives the change i n g 2  

due t o  the water i n  the cooling annuli as 2.4x10'4om'~. 

Thus the e f f ec t  of the cooling water, calculated w i t h -  

out contributions due t o  changes i n  p and L s ', i s  l a rge r  

by a fac tor  of 2 than the experimental value. 

To make the calculat ed expression  elating A)( to 

bpdp, agree with the experimental data on the e f f ec t  of 

removing the cooling water, we add a Dcorrection termn pro- 

portional t o  ~ p J p ;  as follows 

+ 
u 

- 
Pw 



This correction term, the l a s t  term of the  r i gh t  

hand s i d e ,  has been chosen to  make the expression give the 

comect experimental value (1.23 x 10-4 cmW2) when the water 

density changes from p& t o  zero. 

Assuming t ha t  t h i s  correction term i s  requfred due 

t o  the simplified calculat ion used fo r  evaluating contribu- 

t ions from p and L~~~ we now assume tha t  the e f fec t  of the 

simple calculat ion has been t o  t ransfer  t h i s  contribution 

from A ~ ~ / P ~  t o  Ap,/p,. Correction f o r  t h i s  i s  then as fol-  

lows 

Simplified Calculation (Equation 3, page 23) 

Correction Terms - 1.06~103 hp,/p, +1. 06x103 dpW/p, 

or 

lo7 A&' = -2.67 AT( OC) + 7.46~103 ~p,/p, -1.17~103 ~ p ~ / ~ ~  (4) 



7 THE VARIATION OF RADIAL AND VERTICAL EXTRAPOLAT ION DIS- 
TANCE WITH TEHPERATURE 

I n  the previous sections,  l a t t i c e  caleu1at;ions and 

other data have been used t o  predict  the value of d g 2 / d ~  

for  the NRX l a t t i c e ,  We consider now the re la t ion  of 

d g @ / d ~  to the variat ion of Weir-Box height with Temperature 

which has been determined experimentally, 

The NRX side re f l ec to r  i s  graphite, extending well 

above the heavy water level  used fo r  these experiments, and 

i t s  temperature remained re la t ive ly  constant throughout the  

experiments, Since a neutron entering the re f l ec to r  material  

w i l l  reach thermal equilibrium with the re f l ec to r  very ear ly  

i n  i t s  l i f e  time, we can consider the nuclear properties of 

the re f l ec to r  as  unchanged during the temperature changes of 

the experiment. 

The top re f l ec to r  of NRX i s  composed of the fo res t  

of rod-assemblies prcjecting above the heavy water level; 

the bottom ref lec tor  ia made up of the alwnPnum base sf  the 

cmlandria and the lower thermal shield. We sha l l  t r e a t  these 

re f l ec to r s  as w e l l  as having fixed nuclear properties with 

little jus t i f i ca t ion  except tha t  t h e i r  e f fec t  i s  very small, 

To estimate the effects of the changing extrapola- 

t ion  lengths, we t r e a t  the NRX as a simple cyl indrical  cure, 

neglecting the e f f e ~ t  of the central  thfmble, and assume the 

extrapolation lengths are small compamd wfth the core df- 



mensions, With these simplifying assumptions the  Laplacian 

M~ of t h e  NRX core mag be w ~ i t t e n  as 

where h = extrapolated height 

R = the teffectivel radius  

now h = \ + h D + 6  

where hw = the  weir box height 

hD = the excess height of polymer above 

the weir box 

6 = the extrapolated height minus the  

ac tua l  height  of core 

and R = R c + r  

where R, = ac tua l  radius of the core 

r = e f fec t ive  radius minus the  ac tua l  

13aiiius 

The temperature var ia t ions  of hD, 6, Rc and r a r e  as 

follows : 

1 dRc - 
R, dT - thermal expansion coef f ic ien t  of aluminum 

(see page 10) 



This r e l a t i o n  i s  der ived f r o m  t h e  assumption t h a t  

t r anspo r t  mean f r e e  pa th  i n  core 6 &  - d i f fu s ion  l e n  t h  i 
t r a n s p o r t  mean f r e e  pa th  i n  r e f l e c t o r  r e f l e c t o r  [ T l ~ , p g . 6 ~  

and t he  assumption t h a t  the  nuclear  p rope r t i e s  of  the  re -  

f l e c t o r  do not change w i t h  temperature. 

This r e l a t i o n  i s  derived assuming 
t r anspo r t  mean f r e e  pa th  i n  core 

= t r anspo r t  mean f r e e  pa th  i n  r e f l e c t o r  Lr 

w i t h  

L,= ' e f f e c t i v e '  d i f f u s i o n  l eng th  i n  t h e  s i d e  r e f l e c t o r .  

For we use  t he  approximate r e l a t i o n  

w i t h  

LC = diffusion l eng th  in graphite, assumed t o  remain 

unchanged f o r  va r i a t i ons  of temperature i n  t h e  

Using these  r e l a t i o n s  we have: 



Weir Box 
Variation 

2a2 (1 + P%:} 2 Polymer Head 
-h Varf ation 

Var~iation of 
1 Vertical Extrapo- + $ p2Lr2} 6 & 3 - --"IT lation Length 

& Variation of - R Rc "a1 Core Diameter 

- R pm dT 

f \ 

The term in brackets 1 + p2Lr2) arises from the 4 
k 

assumed change in radial extrapolation lengti with variation 

of Weir Box Height. The first term on the right hand side is 

the major term, the remaining terms being small correction terms 

which we now evaluate. 

The neutron density distribution for NRX with the 

reactor in approximately the state used for temperature co- 

efficient measurements is given by Sargent (CW-460)- ~ e i e -  

vant data are 

h = W. B e  Reading + 21.8 cm, 

2,!+4.4 = 226,6 + 21.8 

Extrapolation length below Calandria Floor = 8.1 cm. 

II " above Heavy Water Surface = 10.2 cm. 



Radial Distribution extrapolates t o  zero a t  

R = 161.4 cm. 

Internal Radius of Calandria = 133.4 cm. = Rc 
Effective Core Radius = 128.2 C& 

In choosing Rc = 133.4 we neglect the amall difference between 

the internal  radius of  the calandria and the effect ive core radiua. 

we use r = 28 cra, 
-4 -2 a l s  o a2 = 1.65 x 10 om. 
-4 '2 p2 = 2.5 x 10 cm. 

2 We use here the $ given by Sargent, rather  than that cor- 

responding t o  a simple core without the central thimble. (For the 

correction terms the difference is  not important). 

These values give 

(1 + p%r2 ) = 1.08 

~ Y I  * Substituting the calculated value fo r  - - d ~  {Equation 4) 
we havet 



l o 7  dK2 = -2.67 + 7.46 x l o 3  L % - 1.17 x 103 L d P ~  
Pm Pw dT 

7 sa2 dhw = -1.08 x 10 x -6- dT Weir Box Variat ion 

fl.1-3 Polymer Head Varia t ion 
Variat ion Ver t ica l  Extra- 
polat ion Length 

-0.10 Varia t ion Core Diameter 

Varia t ion Radial Extra- 
polat ion Length 

It i s  apparent t h a t  the  above terms, although each is  

2 small compared with d X  / d ~ ,  must be included i f  we w i s h  

agreement t o  within 208 t o  be s ign i f i can t  i n  comparing calcu- 

2 l a t e d  values of dK /dT with experimental da ta  on var ia t ion  of 

Weir-Box height with temperature. Equation ( 5 )  i s  the f i n a l  

r e s u l t  of our calculat ions  which we now compare with the  ex- 

perimental data. 

8 ANALYSIS OF EXPERIMENTAL RESULTS 

The previous analysis  ind ica tes  t h a t  the  experimental 

data  should be r e l a t e d  t o  temperature and densi ty  changes by 

equations as follows : 



Pop Variation of Moderator: Term~erature - 

For Variation of Rod Asabmbls Tem~eratum 

The amodthed curves of Fia;ures 1 and 2 have been 

used t o  obtain dht, x , with the approximation tha t  
T 

h = h + A and t rea t ing A as a oonrtant 6 q . l  t o  22 cm. To 
w -- 

obtain the conatant. C1 &ad C2 we her. plot ted & dqr 
h3 dT 

agaitist L dPm . The oorutanta C and 3 C& have been ev.1- 
p* a!r 

uaLed similarly,  The numerical data used are given in  

Table 1, for  variat ion of Moderator Iemperature, and i n  

Table 2, f o r  variation of Bod-&a-sembly Temperature, 

The data of Tablee 1 and 2 are p l o t t e d  in Fig- 

urea 3 and 4. Sinoe any r e a l i s t i c  estimate of experi- 

mental errors  i s  d i f f iou l t ,  the ver t i ca l  l ine8 through the 

experimental points have been &awn to  indicate the e f fec t  

of an er ror  of 0.01 csn i n  measurement of the differenoe i n  

Weir-Box readings over the loop temparatu~e i n t e ~ v a l  w e d  

fo r  analysing the data. 



TABLE 1 

Reactivity Changes w i t h  Variat ion of Moderator Temperature 

Mode ragor 2 2 Cri t i ca l  1 0 7 ~ ( r  /h ) 
Temp( F) Height 

D a t a  for p, as a function of temperature are  taken f r o m  

a paper by Tsing. Lien Chang and La - Ho Tung (Nature I&, 



Reactivity Chaw8 with Variation o f  Rod Aaamblg Temerature 
Rod 

Aasembby Critical 2 2 
AT(0 J 

4 107~(sr/a) lo7~(a2$h2) 10 Ah 
Temp(@ Beight(cm) P, WF) 

Data for variation of p v w i t h  temperature are taken from 

the International Critical Tablea. 



The equation of the  s t r a i g h t  l i n e  of Figure 3 i s  

Giving the moderator temperature coef f ic ien t  i n  the des iraed form. 

In Figure 4 two s t r a i g h t  l i n e s  a re  drawn, the f u l l  l i n e  equation 

being 

The equation of the dotted l i n e  i a  

dpw has been chosen i n  t h i s  case t o  agree  he coe r r i c i en t  of 1 - 
P,, dT 

with t h a t  deduced frb other  experimental data. It can be seen 

from inspect ion of Figure 4 t h a t  e i t h e r  equation i s  a reasonable 

f i t  of the  experimental data so  we choose Equatior? 8 w i t , h  the 

1 dpw fcorrectq  coe f f i c i en t  of - - 
pw dT 

Combining equations ( 6 )  and (8 )  we get the  experimental 

overall Uniform Temperature Coefficient, 



This is to be compared with the predicted relation (~qn.5, 

9 DISCUSSION 

Comparison of the experimental and calculated re- 

sults shows that the agreement is reasonable, and better than 

one might expect in view of the uncertainties in the calculation. 

The relatively large contributions included in the calculations 

due to the estimated variation of transport mean free paths in 

water and polymer with neutron energy render the agreement of 

the constant coefficients somewhat fortuitous, The assumption 

of l/v cross-section8 in the lattice calculations is also ques- 

tionable, since the near cancellation of the levelling and leak- 

age effects makes the results very sensitive to departures of 

the uranium cross-section from the l/v law. 

The discrepancy between the calculated and ex- 

' dpm may be due to an perimental values of the coefficient of - 
pm 

error in assessing the contribution via the resonance escape var- 



i a t i on ,  Evidence from l a t t i c e  experiments, presented a t  the 

Jan,, 1953, conference here, suggested tha t  the e f f ec t ive  

resonance i n t e g r a l  should be only 80% of t h a t  used i n  these 

calculat ions .  Effective Res,Integral =: 7.3(1 + 2.67 S/M) barns { 
r a t h e r  than 9.25 (1 + 2.67 ~/h) barns3  The correspondingly 

smal ler  values of (1-p) would r e s u l t  i n  reducing the  calculated 

1 dpm coe f f i c i en t  of - - from 5.9 t o  5.2, i n  excel lent  agreement 
pm dT 

w i t h  the  experiments, 

It should be noted t h a t  i n  the  ca lcu la ted  value 

a generous allowance has been made for  e f f e c t s  of the cooling 
1 dRin water on the  coe f f i c i en t  of - Pm - , givlng a  marked reduction 

from the simple ca lcu la t ion  neglecting t h i s  e f fec t ,  

The differential re la t ionsh ip  used t o  analyse the 

experimental r e s u l t s  w i l l  no t  give exact r e s u l t s  when applied 

over t he  f i n i t e  temperature range of the experiment. However, 
2 the f r a c t i o n a l  changes in#  , o, % p, and absolute temperature 

are r e l a t i v e l y  small and i t  seeme unl ikely  t h a t  a la rge  e r r o r  

H a s  been introduced f o r  this reason, pa r t i cu l a r ly  since the 

temperature contributions t o  the moderator temperature coef- 

f i c i e n t  are small compared with the density contributions,  



10 CONCLUSION 

There i s  good agreement between the measured and 

calculated temperature coeff icient  of the NRX reactor. Further , 
the separate dependence of reactivity  on moderator density and 

neutron temperature both have the expected values. Since dia-  

crepancies of 20 or 30% might have been a t t r ibu ted  t o  lack of 

exact data f o r  use i n  calculations,  and second order e f fec t s  

i n  the  analysis of data taken over a r e la t ive ly  large tempera- 

tu re  range, the good agreement should be treated with this re- 

servation. Corrections of the order of 20% of the measured 

b ( $ / h 2 )  have been made fo r  changes i n  radia l  extrapolation 

length with temperature. 



P a r t  B 

The U n l f o m  Temperature Coefficient  of a Zeep L a t t i c e  

11 INTRODUCTION 

The r e l a t i o n  between c r i t i c a l  height  and temperature 

has been measured f o r  a standard Zeep l a t t i c e  (RDP-Sk), contaln- 

ing 85 rods i n  a 7.75 inch hexagonal arrangement, J, D, Stewart 

(memorandum t o  G. C. Laurence, May 16, 1952) has pointed out 

t h a t  t he re  is  a considerable discrepancy between the experiment 

and a simple t heo re t i ca l  estimate, In this sec t ion  a more de- 

t a i l e d  ana lys i s  of t h i s  data  i s  given, using the method of the 

repor t ,  It i s  shown t h a t  reasonable agreement between theory 

and experiment e x i s t s ,  when correct ions  a re  applied f o r  the ef- 

f e c t  o f  the r e f l ec to r s ,  

In  the experiment only the uniform temperature coef- 

f i c i e n t  has been measured, and the experimental data do not em- 

brace the temperature of maximum density of heavy water, For 

these reasons, the separat ion o f  e f f e c t s  due t o  moderator den- 

s i t y  changes from the  other  contributions i s  not  Qccurate,  us- 

ing the simple method applied t o  the NRX data, It has been ne- 

cessary t o  ca lcu la te  the  uniform temperature coef f ic ien t  of the 

l a t t i c e  a t  four d i f f e ren t  temperatures (20°c, 35Oc, 80'~) 

f o r  comparison with the experimen.ta1 data, 



12 _I TXE CALCULATED UNIFORM TEMPERATURE C O E F F I C I m  

The calculated values of d f i 2 / d ~  have been obtained 

f o r  the four temperatures using the method of the Report. The 

resu l t s  are  given below: 

The re la t ive ly  rapid variat ion with temperature of 

the ~constantsV i n  the first and second t ema  of the R.H.8 .  of 

the equations precludes the accurate analysis of the experi- 

mental data i n t o  temperature and density contributions nbing 

a l i nea r  plot. 

at the The data used f o r  the calculation o f  

various tiemperatures are given i n  Table 3. The p i l e  paramsters 

a t  20'~ are those given by J.D. Stewart (loa.cit.  ) ; those a t  the 



o the r  temperatures have been ca lcu la ted  using t he  same assumptions 

as  i n  t h e  repor t ,  

Table __2 

P i l e  Parameters 
20°c 3 5 O c  SSOC 80°c 

Capture cross-sect ions have been assumed t o  f olEow 

t h e  l /v law, rnoderakm t r a n s p o r t  cross-sect ion has been as-  

sumed t o  vary as t he  s c a t t e r i n g  cross-section o f  heavy w a t a r  

( see  r e l a t i o n ,  page 23). Values of hq * a t  the  various tempera- 

tures have been computed us ing the  measured change of m i t i c a l  

he igh t  w i t h  temperature, and assuming t he  v a r i a t i o n  o f  v e r t f c a l  

and r a d i a l  ex t r apo l a t i on  lengths  a s  ind ica ted  i n  the fol lowing 

sect ion.  A measured va lue  of % ( %  = 6.90 x 1 0 ~ ~ o r n ' ~ )  a t  

31'~ has been used t o  normalize the  data. 



Table 4 gives the separate values f o r  the c ontribu- 

t ions t o  d s 2 / d ~  ar is ing  from the Eta-effect, the change i n  

the resonance t r ap  and thermal u t i l i z a t i on  and the change i n  

the f a s t  and thermal neutron 'leakage', For t h i s  l a t t i c e  it 

can be seen that the major contributions to the temperature 

coeff icient  arise from the change i n  'leakage' terms with 

temperature and moderat o r  density. Changes of r eac t iv i ty  due 

t o  changes i n  absorption and transport  cross-sections have 

been re la ted  t o  tomperrattare changes using the re la t ions  given 

i n  the report.  The value o f  the toonutant ' tern in the re- 
2 l a t i o m  givlng d& / d ~  i r  partioularly senai t ivr  t o  the a#- 

awed  variat ion of moderator tranaport oroes-ereation with 

enspgy, and would change by ~ 2 0 $  if it were assumed that 

this cross-eection atayed constant with changing neutron en- 

8Pmm 





13 THE VARIATION OF RADIAL AND VERTICAL EXTRAPOLATION LENGTHS WITH 
TEMPERATURE 

2 We consider now the r e l a t i o n  of d # / d ~  t o  the  var- + 

i a t i o n  of the  c r i t i c a l  height of the p o l p e r  with temperature which 

was measured i n  the experiment. The treatment used follows the  

same pa t t e rn  a s  t h a t  used f o r  the analysis  of the NRX data, 

The Zeep s ide  r e f l e c t o r  is graphi te ,  extending 

well above the heavy water l e v e l  used f o r  these experiments, and the 

measured temperature change during the experiment was small (40'~. 

was measured a t  the  inner  boundarg of the r e f l e c t o r  when the l a t -  

t i c e  was a t  80 O C ) .  We thus consider the neutron capture cross-  

sec t ion  of t he  s ide  r e f l e c t o r  independent of the l a t t i c e  temperature. 

The Zeep bottom r e f l e c t o r  i s  made up of the  

curved base o f  the tank, containing a maximum of e igh t  inches of 

heavy water below the  ends of the uranium rods ,  with graphi te  be- 

low the tank, Since most of the v e r t i c a l  extrapolat ion length  i s  

r e l a t e d  t o  t h i s  lower r e f l e c t o r ,  we have estimated percentage 

changes i n  the v e r t i c a l  extrapolat ion length a s  i f  i t  were an in- 

f i n i t e  heavy water r e f l e c t o r ,  with i t s  temperature varying with 

t h a t  of the l a t t i c e  (Case A), and alternatively as if it were of 

graphi te  for which no temperature change occurred during the ex- 

periment (Case B ) .  The l a t t e r  assumption gives good agreement be- 

tween theory and experimental measurements. 



We write (R 27*$2 
h R 

h = ex t rapo la ted  height 
R = the  t e f f ec t i ve f  rad ius  

where hl= heavy water l e v e l ,  measured from bot- 
tom of uranium rods 

8 = the ext rapola ted  he igh t  minus t he  ac t -  
u a l  height  of the core 

Rc= a c t u a l  radius  of core 
r = e f f e c t i v e  radius  minus t he  a c t u a l  rad- 

i u s  

The temperature dependence assumed f o r  6, R,, r a r e  as  follows: 

1 - thermal expansion c o e f f i c i e n t  of  aluminum R, dT 

Case A 

Case B 

Case A i s  f o r  t h e  polymer r e f l e c t o r  assumed t o  fol low the  core 
temperature change 

Case B i s  f o r  the g raph i te  r e f l e c t o r  ( a t  base) assumed t o  have 
constant  temperature 

I and -2 = U 
2 1 
'-2 

L, LC 
w i t h  LC = d i f f u s i o n  l eng th  i n  g raph i te  



These re la t ions  are  derived from the assumption tha t  r and 6 equal 

transport  mean f ree  path i n  core x diffusion length i n  the transport  mean free path i n  re f l ec to r  reflector 

It should be emphasized again tha t  these re la t ions  

fo r  the re f l ec to r s  are  only approximate and are based on the as- 

sumption of a s ide re f l ec to r  of the  same height as the extra- 

polated height f o r  the core with hp+ B. This model i s  only a 

poor approximation t o  the Zeep re f l ec to r  and the consequent cor- 

rections deduced from the model w i l l  have a r e la t ive ly  la rge  er- 

r o r  associated w i t h  them. 

!Cable 5 gives the parameters used i n  evaluating the 

re f l ec to r  corrections a t  the varioua temperatures chosen f o r  cal- 

culation, The values of 8 and B a t  the bottom of  Table 5 are ex- 

perimental values a t  ~ X ~ C ,  deduced from the ve r t i ca l  and rd&lal 

f lux  d is t r ibut ions  taken at t h i s  temperature (See Report RDP-54). 

The value chosen fo r  R, , 102.87 om, i s  the in ternal  radius of 

the Zeep tank. The actual  core radius,  computed from the number 

of c e l l s  (85) and the p i tch  (7.75') is 95.3 em, Thus our  choice 

of R, = 102.87 cm neglects the e f fec t  of the t h in  polymer re f l ec t -  

or  around the core; t h i s  will lead t o  an underestimate of the ef- 

f e c t  of the s ide r e f l e c to r  but great ly s implif ies  the calculation, 

I n  a s imilar  temperature coeff icient  measurement 

usfng an NRU type l a t  t i ee ,  measurements were made of the flux dia- 

t r ibu t ion  a t  both 2 5 ' ~  and 58'~ (RIP-55) but the errors  involved 



in measuring R and 6 at the two temperatures are such that the 

ohanges in r and 6 cannot be determined from the measurements 

with any precision. 

Table 5 

Calculated from L , ~  = 2.5 x 103 

( 6 = 33.5 

Ekperimental Values at 31°c 1 RI Il:i:t7) R = 126.1'7 



Differen t ia t ion  of the $ + y2= c$2+p2 

f o r  Case A (a  polymer r e f l e c t o r  varying w i t h  core temperature 

responsible for 6) gives : 

1 do, (m) 
h '20,-oaTg 

for Case B ( a  graphite r e f l ec to r  of fixed temperature responsible 

for 6) 



The fac tor  {1 + (3 Lr ar i ses  from the assumption 
2} 

that the s ide  ref lec tor  ac ts  as  a reflector w i t h  the same height 

as the  extrapolated height h of the core, We have already deter- 
2 mined calculated values f o r  d& / d ~  a t  the c b s e n  temperatures. 

dh l /d~  is  given by experiment, We require values f o r  the second, 

t h i r d  and four th  terms. on the R o B e S e  of these equations t o  com- 

pare the calculated d h l / d ~  with the experimental values. 

Table 6 gives the  calculated values for  these cor- 

mot ion  terms where we have label led the  various terms as fo l -  

lows : 

8 correction = second term on R,H.S,  of the equa- 
t f o w  x 107 

R, correction = t h i r d  t e n ~ l o n  R0H.S.  of the equa- 
t ions x 18 

r correction = fourth t e  on R.R,S .  of the equa- "t, t ions x 10 

Inspection of Table 6 shows tha t  the Rc correction 

due t o  thermal expansion of the Zaep tank i s  very small, The 

other corrections are  re la t ive ly  large,  however, and the dif-  

ference between Case A and Case B reflects the importance of 

the assumption regarding the effective temperature of the re- 

f l e c to r  during the experiment, 





11 THE PREDICTED VARIATION OF CORE HEIGHT WITH TEMPERATURE 

The predicted variation of core height, hl, with tempera- 

ture i s  obtained usfng the followfng relation: 

Using the values given in TABLES 4 and 6 we have: 

at 20'~ 

Case A 

Case B 

Case A 

Case B 

Case A 

Case B 

Case A 

Case B 



In Table 7 we give the f i n a l  values f o r  lo7 2a2 dhl 
TT 

f o r  the temperatures used, with the appropriate values of  

1 - dpm . These values are  p lo t ted  i n  Figure 5 where they a re  
Pm -sic 

compared with the values deduced from the experimental 

data as described i n  the next section, 

If r and 6 are  both asaumed t o  be independent of core 

2a2 dhl -d'2 Ttols comparison height and temperature, then -r;- = T o  

of the second and t h i rd  rows i n  Table give a d i rec t  masure 

of the  e f fec t  of the calculated variations of extrapolation 

lengths w i t h  core height and temperature. Case A gives a 3 s  
2a2 dhl reduction and Case B a jog reduction of the value of 

below - $& . 
Table '7 

/ Case A 5.33 6.29 7.22 7.81 



15 ANALYSIS OF THE EXPERIMEEJTAL RESULTS 

The data given i n  Table 8, colwnnsl and 2, are  the ex- 

perimental r e su l t s  of the measurement of the r e l a t i on  between 

hl and temperature f o r  a Zeep l a t t i c e  (RDP-54). The l a t t i c e  con- 

s i s t e d  of  85 Zeep rods in a hexagonal pattern w i t h  7-75 inch 

spacing, The experimental accuracy of the data i s  given as  
+ -0.2O~ f o r  the temperature data, and 50.01 cm f o r  the r e l a t i ve  

measurements of hl. No data are available t o  give experimentally 

the var ia t ion  of the rad ia l  Laplacfan or ve r t i c a l  extrapolation 

lengths with temperature. 

To determine % / d ~  Prom the experimental data, graph- 

i c a l  methods have been used t o  csmoothq the experimental data, 

The values f o r  % and q / d ~ ,  determined i n  t h i s  way, are given 

i n  Columns 3 ,  4 and 5 ,  Table 8. The values of dhl/d~ (v0.25cmPc) 
+ ehow tha t  the temperature er rors  ( - 0 . 2 ' ~ )  are the major errors i n  

+ the experimental data, the er rors  in measurement of 4 (-0.01 cm) 

are only 1/5 ao impoptant, A l e a s t  squares fit to  the experimental 

data (D. Hone, BDP 5h), hlsh, + 0.190(T-25) + 9.7 x I O - ~ ( T - ~ S ) ~  

gives values f o r  dhl /d~ agreeing within 1% of those given i n  

Table 8. The experimental e r ro r  associated with the value of 

dhl/d~ l a  such that  the experimental values may be i n  er ror  by 

several  percent, par t icular ly  i n  the temperature ranges 2 5 ' ~  t o  

)5Oc, and 65'6 t o  80'~. 

Column 7, Table 8, gives the experfmental values of 



20' dhl The values of 6 used to determine h are given i n  column 
T d l p -  20' 2w2 

6. Since =-J- , the calculated variation of 8 

with h is by no means negligible i n  influencing the values in cos- 

IJmn 7. 

Table 8 



16 COMPARISON OF CALCULATED AND EXPERIMENTAL TEMPERATZJRE COEFFICIENTS 

In  f igu re  5 ,  Curve 1, we have p lo t t ed  the experimental 

2a2 dh; values of -a 1 dpm x 1.07 aga ins t  - - dT * The corresponding temp- 
Pm 

e ra tu re s  a r e  indicated along the  horfzontal  scale. Curve 2 i s  - 

drawn through the calculated values of (-d* x lo7) and should dT 

agree with the  experfmental values the r a d i a l  and v e r t i c a l  extra-  

po la t ion  lengths  remained constant during the  experiment, The cal- 
2 aulated valuesof d &  / d ~  given here a r e  somewhat smaller  than those 

found by J. D o  Stewart ( l o c , c i t )  s ince l e v e l l i n g  e f f e c t s  have been 

included, but they are much larger than the experimental values of 

ca lcu la ted  with allowances f o r  the expected va r i a t ion  of the  extra-  

po la t ion  lengths  with temperature (case A and case B), The agree- 

ment between theory and experiment ls b e t t e r ,  and i s  probably as 

good as  can be expected i n  view of our l ack  of knowledge of the var- 

i a t i o n  of the  t r anspor t  mean f r e e  path with moderator tempe~ature* 

Curve 4 (Case B )  is c loses t  t o  the  experimental curve, 
2a2 % Curve 5 gives the experimental values f o r  ?;. 7 cal-  

culaeed on the assumption of no change i n  the v e r t i c a l  extrapola- 

t i o n  length with changing temperature, The va r i a t ion  with temp- 

e r a t u r e  of t h i s  curve agrees b e t t e r  wi th  the  calculated curves and 

suggests that  Case A overestimates the  change of vert fca l  extrapo- 

l a t i o n  length with temperature, 



17 COIQCLUSIO NS 

There is no real discrepancy between the experimental 

data on reactivity changes with temperature and the 9tkeoretical' 

estimates, FOP lattices of the Zeep type, with relatively large 

values the leakage terms dominate the various contributions 

to the temperature ooefficient, Corrections for the change of rad- 

ial and vertical eqtrapolation lengths with temperature become in- 

portant in comparfng expe~imental data with the calculated reactiv- 

ity changes with temperaturee 



APPENDIX 1 

2 2 malua t ion  of bfu/fu and AL /L f o r  the NRX L a t t i c e  - - -- - 

If f o r  an i n f i n i t e  l a t t i c e  

fu= f r a c t i o n  of thermal neutrons absorbed i n  Uranium 

fc tt n w n tt i n  Aluminurn 

f,= I) n r n w i n  Moderator 

f,= tt tt tt H n i n  Water 

Then us ing  the  no t a t i on  of CRE h00 A we have 

N a l  aa(al) Val G o ( %  ,a) Relat ive  Absorption Terms 'ECL=N~ aa(u) vU 

And 

1 Blocking Terms 



For the i n i t i a l  conditions we chooae the followlng values for 

the Nttx Lattice (CRE-400 A): 

R'm = 1.4672 x loo2 Btm = 4.72 I 10'3 

R'a l  = 3.7762 x loD2 B'wal = 3.214 x lom2 The primes re- 
= 2.5588 x loo2 fer to  i n i t i a l  

B'w c ondi t ions 

sA 1 1.81 x loo3 

1 1.7 x lom3 SL m 4.11 x 10'3 

We a l so  will use 

Ls 2= 114 cmi s2= 4.21 r loo4 W. Box = 220 cm 

2 
L = 156 uu 2 

2 2 To evaluate 5L /IJ we use the simple relat ion (approx) 



2 
Whence AL' = am + of, , _ZAP, - halr , (m)  - A O ~ ( ~ )  + ~f~ 

7 7 - - Pm a,o q s  7- m im m 

We require then t o  evaluate ~f,/f, Md hfm/fm f o r  small change8 

in the various absorption and sca t te r ing  cross-sections, and 

densi t ies  of the l a t t i c e  materials. 

We w i l l  calculate  the d i f fe ren t i a l  coeff icients  which a re  

va l id  f o r  small changes i n  cross-sections and densi t ies  of the 

materials of the l a t  t i c ee  For simplicity we negle'ct the l i n e a r  

expansion coeff icients  of the  uranium and aluminum, We con- 

sider first the case where a l l  the absorption cross-sectiona 

change i n  the same way, thus a r a t i o  of absorption cross- 

sections may be considered constant. 

We have then 

A% = ('PA + A G ~ / G ~ )  



For A G , / G ~  we use the approximate relation Go 

For a we use the approrimate relation 
w 

derived frcan 

CRE-400 A 
P 19 

Now 

and A ( 2 )  A(%+ sm 4P 

Using these relationst and substituting for the R ' s S  Sts, 

and Bts, e t c e o  w e  get?  



Where bua/oa i s  the change i n  the absorpt ion cross-sect ions ,  

assumed t o  be the  same f o r  a l l  the  absorpt ion cross-sect ions ,  

The f a c t  t h a t  t h e  coe f f i c i en t s  of ~o,/a, and bat (w)/ot(w) 

a r e  of t h e  same order  of magnitude shows immediately t h a t  the  

v a r i a t i o n  of t h e  t r anspo r t  cross-sect ions  wi th  neutron energy 

i s  of importance i n  ee t imat ing the ove ra l l  temperature coef f i -  

c i en t .  

If the  absorpt ion cross-sect ions  do n o t  have the same va r i -  

a t i o n  with neutron energy, the expressions f o r  A f U / f U  and 

Af /f can be obtained fol lowing the same procedure a s  before. rn m 



They be come 

+.0250 ~a~(w)/o,(w) 

Comparing these more general  expressions with the previous ones, 

it can be seen t h a t  the coeff ic ients  of ~ o ~ / o ,  are  the difference 

of relatively large coef f ic ien ts  associated with the absorption 

cross-sections of the uranium, aluminum, water and moderator. Con- 

sequently any var ia t ion  of t h s  uranium absorption cross-section from 
h 

the l/v law can be expected t o  have a large e f f e c t  i n  a l t e r i n g  the 

calculated contributions of the changes i n  absorption coef f ic ien ts  

w i t h  temperature t o  the overa l l  temperature coefficients.  
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