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ABSTRACT 

r criticality HRE has been 

in general, predictions were 

ion of highly enrJlc fueled w i t h  an aq 

t e r  spherical C Q ~  by heavy wake 

e of a circulating ague power reactor and was 

t e  stable operation at h dens i t ies .  Criticali 

the first t i m e  

an t  loss of de 

ed %hat except for the loss very of reacti 

circulating w e r  behavior of the  

f f e r e n t  than in geneous system. 

the critical various react 

predictions bas 

critical con 

or was 6 3  percent 

anee of 4 cm on the 

a c t i v i t y  at room t e  was minus Q,37 x 10 

a% 220'~ the vztZue 

e temperature c e reflector wa 

e coefficient ff per degree centi 

s O,l& percent k e y  * 

and sa fe ty  rods t f eness of the  c 
o cent at room temper ercen.t at 200 C, 



-2 -  

the effective delayed neutron fraction on e f r e d a t i o n  was 0,2Q percent keff 

as indicated by direct measurement of the change in reactivity and as also 

indicated by %he inhow relationship. 
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the first reactor prot 

a circulating s fuel. operati 

atwe,  with the to a St@am 

w a s  bui l t  for th 

s self-regula 

r eac to r  consisted ess l l y  of an %inch dimete 

diameter reflec ssel, a circulating p 

ration of the 

conditions were 25 e, 1000 psig pre 

was type 347 

t h e  storage o S u r e  system contained dmp 

ondensate t iag concentration, and re 

The fuel was a on gases releas 

93 percent and the was 

w Extensive calx made for the p f fng 

%he r behavior sf t h e  re se served as a 

and experimental testing of the reactor. 

experimental program at r the purpose 

oblems assaci 

fa2 interest 

reactor to an e oduction unit 

delayed neukrons, a 



reactor at high power m d  also %sa intelaprek, the high power performance, it was 



A ntages of how n were antfcipat e 





description o design, ins t  

n the €RE as a chine kas al 

A will here be 1,29394 rts. 

re pertinent sf the low-power c perf- 

eaction occ ter  solution of e m i  

d in a. 50 19 vessel, 18 E 6 

igure 1. This a heavy mfld 

se ting a refle f 

. The fuel s I l y  circulate 

then though the t u- 

ted wfth a c e 2, AX1 equ 

$$on was d e  of ess steel. The 

e equator w i t  flow velocity c! 

the purpose o f  ccst towards a. cen%r 

were formed. at 

x to %he law- the rate being 

y above the coret, eve1 in the pressurizer 

033naJ. opera 

e heat exeha 



which f u e l  scalu%ion was continually pumped i n t o  the high pressure systerh at one 



1 dwap tanks 

densate stara 

l ee t  or region 

Reflector dump 

%e i so topic  conten% 

weight, En the course of 

285 liters 

150 liters 

480 1it;ers 

si% by O F  

th 1 experiment 

r a t  decreased 

r i l y  to the 

n deposited in 

t t;o 9234 p 

imately 10 gJa 

iping during 

normal isolopic 

uranium GO 

Ro further 

cr observed, a1L s later oper es 

solution was ery high purity,  

8 with in  on Q total 

raneou8 ions 

n2y five perc 

was therefa 

experimental. 

ed. in solutio on sf %he sta 

cross-section, 

P osion Section, 
R 
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It w a s  also possible to el conceqtratfon f 

of w- ater and hold-up of c e. However, when the le 

nd s t e m  from the er dump tanks thr n valve 

became troublesome, iL w r feasible to infer n 

ored for changes 

Bo significant tr 

e. analyses made whi value of 96*6$ D 

y measurements 

of trends b o f  the  absolute 

ination by m a  at the conclus r 

.l yeight perce ect at, ZOOC of 

35/Kg H20 or 0. aleplated to be 

I in any of sevexlel 

% w e  ra t ion  o f  the the reflec.l;or, 

poison rds. 

As earlier, the fuel so 

removing conclens up to 0.5 Kg/min 

o tanks which ar om weighing m 

increase at 2 cent per see, 

the dump t&s, 

raised by p the 





n 

Y 

percent kerf per se vertical drive 

a gear motor. The M olu- 

8 0,05 inches ver 

s h i m  and safet led to the drive 

utch wh3,ch was e %he nuclear s 

cess of coupling, a s essed with s for 

eat aecelerati plates withi 

the temperatur 

couldbe can ating by in% 

o the shell si exchanger. The 

was measured by 

n pipes, both at the c md outlet. Thes 

se only  when the WZLS tinge 

NucLertr Inskrumentati on 

1. neutron flux ‘means of c 

thimbles pen and reflector re P 

ails of a, typic s are 

o those used in 

. Two with associated t 

d both to scabem %a A - l  amp9l.f iars 

. F8 had a logari decades. These s were 



~ Q S $  useful fa? approaching criticality since they were suf f ic ien t ly  sensitive 

the chamber with in  %he thimble. 



until the situation A t  a second scram 

er flux level a rLod, the refle 

1 





for the core and ref t e r  the calculations o 

' 6  diffusion const c c e s s m 2 y  us 

s for V-235- eulingg Ln c r i t i  

the  uranium n t i a l l y  the s 
1 ss-sect ion group, 

o of fast diffksion s us& by Welton and als 

reference (9). The temperature 

ever, along sorption cr 

used by Welt0 

nk of water cb thermal bem, 

ut possess a veloe 

ed from reported 

rons are not H~OXI 

not too differe lian, It is pr 

e value ob%ained fo 69 barns, is e r 

epted value of the neutron spe 6 

ed the fsme diffusion 

s-section far s per see,  as 

e basis that the  en ter  most str 

as their ratio. critical con 



Sfow Diffusion Constant Square of Slow Diffusion &st Diffusion Constant Fermi$ge 
(cm> (em 1 Te-q 0 (cm) Length (cm2) 

Moderator *c Stein Welton Stein Welt~n  Stein and Welton Stein Welton 

D2Q 

20 0.llb2 

3.75 . 180 
250 . 211 

20 

100 

1 7 5  

. I 

. 80 

.86 

o.a6a 6.62 

.2lQ 11.50 

.250 16.39 

7.07 

12.77 

18.44 

1.51 x 10' 
4 

4 
.91 1.00 x 10 

.L - 1.26 x i o  
4 1.10 ... 2.53 x 10 

1.91h 33.0 33.0 

1.28 41.1 41.3 

1.43 51.2 52.2 

1.13 120 120 
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The effectiveness of the r e f k c t o r  is the difference in critical fue l  concen- 

tration f a r  the reflected and 'ratwe F~GLCLOP", The critical concentration of the 

wzrc;d"%ectec% core w a s  obtainea by the usual two-group criticality equation, 

the purposes o f  this report, the reactivity effectiveness o f  the reflector i s  

For 

numericalby equal %s the reduction in k,ff o f  the bare reac"&;sr when the concentss- 



on reactivlt of fast neutron re 

een calculat 

e by one per 

culated for eflee tor. 

nship between iveness and th e 

sel  can be obtain ry consideratd 

he effectivene tor when the c hould 

ly with the le 

ore that; is i 

the reflector 

proportional L 

llows fron t 

e subtended 

the plane t e sphere, 

% w e  coefficd y is the change 

e, Stein f f the t h i r d  

a1 i n f i n i t e  muLL ts he calculated 

ion, he obtain 

kton an& Wood efficient 13 

eratwes for tfon, m e  .& 

ined more d 

t bare sphere 

iating the CJC 

he buckling of L 

e same crftf 

ected reactor, 9 W-235 absor 

It is apparent 

%ed,that at r 
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contribution t o  the coef f ic ien t  from the va r i a t ion  i n  cross-section i s  compara- 

ble t o  t ha t  from the  dens i ty  change, A t  25OoC, however, the cross-section e f f e c t  

i s  less than 10 percent of +the dens i ty  e f f e c t ,  

TABLE IT1 

Nuclear and Nuclear 
S te in  Welton Wood Density Effect Only 0 Temp, C 

20 0.12 Q 0,44 0 3 2  0,21 

100 

1 7 5  

230 

250 

a43 

6s 

0.94 

I 

86 93 
.. 

1. 56 

16 

D. Safety P la t e s  

The e f fec t iveness  of the  control ,  shim, and s a f e t y  p l a t e s  were ca lcu la ted  

by S te in  by means of a perturbation method' where the two-group neutron fluxes 

and ad jo in t  fluxes calculated f o r  the reactor without rods were used as weight- 

ing  functions, It is  t o  be  expected t h a t  by t h i s  method, the value of the p l a t e s  

would be overestimated s ince  the presence o f  boron i n  the concentration and. 

quant i ty  ex i s t ing  i n  the  p l a t e s  is bound t o  depress the f lux i n  the region o f  

the p l a t e s ,  The effectiveness of the p l a t e s  w a s  ca lcu la ted  by Wood4 from the 

change i n  r e a c t i v i t y  t o  be expected when an absorbing cur ta in ,  which i s  black 

t o  therm1 neutrons and transparent t o  f a s t  neutrons, i s  interposed between the  



t o r ,  The val was then obLai 

gle they sub% Resuilts obtai 

n Table XV wh 

tal 

s by %he la percent at 250 

20 

e in the core 

ts have bee 

n% bare sphes 

ore tank i t 3  v the radius of" 

trmily taken 

ed fm Table V, 

be increased 
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Temp . Density Effect;  Tank Stretching Effec t ;  
OC Care and BefLector Pressure Balanced Reflector Pressure Constant 

F, Fuel Concentration as a Measure of React ivi ty  - 
The e f fec t ive  mubtiplication of the reactors i s  determined uniquely by 

t h e  fue l  concentration f o r  any specified termperaPure, reflectar,  an& control 

rod position, 

venfeuxt;ly be measured by khe corresponding change in f~neb. eoneera"cration which is 

required t o  re turn the  reactor t o  delayed cr i t ical- ,  

kinetics, however, the r e a c t i v i t y  or  effective multiplication constant enter 

directly, 

A change i n  r e a c t i v i t y  produced i n  any fashion can very con- 

In considerations o f  reactor 

However, a-t times it i s  desirable t o  use reactivity or  effective m u l t ; i -  

plication constant directly since they enter into the k i n e t k s  Q P  the reactor, 

Rxr-P,hernnare9 coqozrisons with ather reactors can be 

these units. 

but may be inferred f ~ o m  the manner in which the reactas c$epa..ts from equibi- 

brim after some change is made in the reactor, 

ReacPli.vi%y is  a quant i ty  however %hat cannot be d%ree%ly ~ n ~ ~ 3 ~ ~ ~ ~  

Unfortunately, suwe?ss heye 

depends 

i n g  the 

AElother 

trration 
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the value fo oss-section f 

ities for s re not avail 

the  concent i l Y  

ugh the s tron diffusi sen- 

cted reactor tkat  

for the buckl 

t temgeratxr scape prubabil 
I 

sentially cop ge u$ concent t 

e 2 ns for L and 

etweeur effect n and Conce 

0 wttty, 
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where C,, is the critical concentration and can be obtained by direct measure- 

menti. For any temperature, the value of A is obtained from the measurement of 

critical concentration and from the value of B2 calculated from theory. 

dependence of A on B2 is through a term (1 + L: B2) and since Lo2 B2 for  the 

XRE is of the order of 0.1, the  effect of approximations in the  theory is corres- 

pondingly reduced. 

out by the success in predicting the critical concentrations of the XRE. 

values of &)kef&% derived by this method are plotted in Figure 6 as a func- 

tion of the temperature, 

The 

The applicability o f  the theory in this treatment is borne 

The 



i t f c a l i t y  for 

used in b r i  

control rods 

or successiv 

i t y  cont;rols, 

from the i nd water in t 



obtain adequate circulation through the bombs, 

Approximately 70 Kg of water were first added to the high pressure system 

through the temporary filling line, bringing the level in the pressurizer approxi- 

mately six inches above the fue l  outlet connection. 

planned to minimize any mixing effects introduced by the regLon. above this point 

which has a volume of approximately 6 liters. 

l i n e s  were temporarily loosened in order to vent the lines while filling, 

t e s t s  with normal, uranyl sulfate solution t the mixing the sys- 

tern would be satisfactory, and. this was borne aut during %he critical e~~~~~~~~~ 

where "the neu-bron multipl-ication was a rapid and sensitive inciication of c 

in concentration. 

In this mamer, it was 

The flanges os the two blanked-off 

Earlier 

For the purpose of adding fuel, the sample bombs which were of ~ W O  sizes,  

75 rrnb and. 300 ml, were filled. w i t h  ez predetermined quantity of stack UO2SO4 solu- 

t ion ,  After a bomb was connected to the sampling lines, the circulating pump was 

turned on for 10 minutes, 

after isolation, containing a representative sample of the fuel, solution, 

The sample bomb was then removed from %he sampler point 

In this 

le did not change the 

volzme of fue l  solution in the system, 

The reactor was prepwed far each Loading by lowering the reflector to the  

top of the core, inserting %he contrrol and shim plates, and cocking the safety 

plate. I n  this manner, a reduction was made in reac$ivlty of L 3  per cent which 

is ec@.valent to 0.9 gm U-23s per Kg of water when critical, This corresponded 

LO a c b n g e  i n  ~ S G  0% U-235 in the system of 65 PS 88 c o m ~ r e d  to limit QP 45 

gms whlch w a s  imposed on the s i ze  of a&dftions after approxi 

the required uranium hrzd. been introduced in-tca the re~ct.kn. The earbier add%tions 
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neutron count 

eutron m u t i  

ssion chambers cted both to 

so with the n chamber co 

conditions li 



lation was reduced, by one-half, bringing i& in l i n e  with predictions, 

Mu/tLplication Data; The apparent multiplica2;ion, which. i s  &he ratio 09 

%he i n i t i a l  counting rate w i t h  pure water in the reactor t o  the cornking rate 

calculated from two-group diffusion theory, The agreement between .$;he c 

of excitation of higher modes varies w i t h  the reac t iv i ty  o r  fuel eoncentration; 

Wit’ka. the res%e$omP fU%, shim and safety  plates completely out and the @Onn$rob rod 



each n Table VX, t 0- 

tration obtai  

n, &om an 

efemed since 

e predictic, 

ed earlier9 

ent of the ea- 

ed with the er which b 

om differenc n axe pres 

e the mre react ivi-l;y 

calibration period and en- 

Y 



23-03 * 3  2,8 3.0 

2% 9 e 2  

24,8 e 2  

Calibration from 
Criticality T)labt& 32 

.6 

.3 

.T 1 * 3  

. 48 1,28 

l e a ,  

a 7  

e a  

04 
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o criticality at 2 ducing building st 

hanger. The heat s then turned off a 

s kept critical e shim rod* The 

ing this calib o measure tihhe te 

Xes on the circ The change €n 

temperature w e  

6 shim rod muve Lion of the s 

t i v i t y  is %hen %he 

ental  values obt e t o t a l  reactiv the 

in table VIII, 

e 48 1-1 61 1.4 4 

3.0 3.9 8 

by P, M, Wood OM the ain  which. is 

Q s, Ste in  by zer bation method 



Discussion, The excellent agreement in the results obtain 

methods of r d  calibration, reactor period andl change in critiacab concentration, 

i s  indicative that the conversion from concentration to reactixfty derived Pram 

theory i s  consistent w i t h  the values chosen For the effective delayed neutron 

an& photo-gam neutron contributions, 

Lratian conversion factor was also st rongly supported by the close agreement 

between the measured critical concentration and that predicted from theory. 

The re l iabi l i ty  of %he reactivity-coneen- 

In Table V I X I ,  a cornparfaon is macle between the observed and calculated 

values of" the rodsg 1% should be pointed out that since the bottom sf any rods 

in i t s  withdrawn position was no further than 10 inches removed from the core, 

one would. expect, from the shape of the calibration curves3 an additional. 0,l 

far. &ceff percen-k for each rod if they could have been more ~ m p l e & e L y  withdram, 

T'fle measured values of' each rod at room temperature vas appraxim%eby ~ n e - b l f  

percen% lower in reactivity than cab~&-&ed. on the model of an abasrbin 

adjacent to the core tank, which i s  opaque to thermal. pleutrox~s. 

appears some 

The discrepancy 
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fuel concen-br 

om temperature thbawn at su 

Data were and without e 

j u s t e d  for the 

asured by means r connected di 

ell as the i el transmftt 

for these E! 

rder to retain 

lable in the 

i n t o  the re 

e listed in ach reflector 

from the fuJ, or has been 

rises from t neutrons on 80 

ce in the d d 

'btoyn O F  the G 

a- 

o t s l  effect ector i s  t w  

e The r e s u l k  

dicted on Lb 

f 4 cm for oup b 
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180 a26 .25 

a 82 



0.75 
4*58 
7.25 
7.25 
7 2 5  
605% 
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E D  

ith experimen ad indicatin 

nslcznt;s for p 

s where fiss 

rom the rate 

C, with c r i t i  

ith the theo 

ed that %he 

mperatures a f 

th tbe+meas 
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e value of minus 1.5 x 10 / C had been calculated for t h e  c o e f f i -  

cient at 17'j°C, whish is six times the value measzaroea at 20Q°C, 

tioxas were %hen refined to take into account the change in absov t ion  cross- 

seet lon ~f the core -tank with ref lector  temperature and also the change i n  

dimension o f  COY"@ tank and presswe vessel fo r  thermal expansion. 
-4 0 was t~ lower the theoretical value to OKLY minus 1.2 x LO / C, 

most l i k e l y  arises from the uncertainty in the ratio of %he f a s t  d i f f u s i o n  con- 

stant $n light to heavy water; this quantity being somewhat arbitrary in two- 

group diffusion theory, 

E, Presswe Coefficient of Reactivity 

7.2~ caLcula- 

lThe net  result 

 he a ~ ~ ~ ~ ~ ~ ~ ~ ~ y  



s s w e  coeffici 

core and ref 
6t 

e8 to give 0,  

surements are eement with 



TABLE XV 

El?l?ECT OF PRESSURE: ON REACTIVITY 

Reflector full: Shim rod inserted; Safety rod withdrawn 

me1 Concentration: 
Temperatwe : 23 5OC 

Control Rod 
Position 
Inches 

Withdrawn 

Reflect or 
Pressure 

Psi63 
Reactivity 

$ k e a  

100 4.9 -0*01 0 

Datm 100 4.7 0 

3.6 267 1 7 0  

0 01. 0 

180 3.7 0 04 207 

435 

575 

810 

3.0 07 

e 10 

390 

595 

780 

21 

1.5 

0.8 1000 1000 

100 0 

100 4.7 0 



Y 

se of these e es t ab l i sh  the 

I od of %he re r e a c t i v i t y  a 

evel., At lo e is no app 

ela-t;ionship P ty increases on 

t rons  in t he  

of the photon 

ere is a lso  t; 

i n  the D20 r 

by the fiss e core, On c is 

0th the eff rons and photo 0 

neutrons and ternal system, 

in ef fec t iv  ent from the f 

emitters i n  ions of? high ar 

e loss of pr layed neukrons olu- 

h could be i s 

r power levels was 

er both static 

at several. t e  

% the react critical stat; 

m e  rise in PO 

ic count-rate sn to Ea fission c 

tion of the  e e perlad. from 

rather dif 

reactivity of 

ge in temperattar te the meaisiar 



to critical after t he  rise in power by inserting the rads Ls their previous 

positions, The reac t iv i ty  which had been introduced by the rods was determined 

from their calibration in terms of fuel concentration, Periods as short as 

eight seconds were recorded corresponding %a 8 maximum reactivity increase of 

a 2 8  percent in kefT. With t he  fuel circulating a t  120 a m p  the residence times 

In the high pressure system is 606 see i n  t he  core ala& 2 , l  setc outaide. 

The data obtained at room temperature without circulation of the fuel are 

listed in Table XVI and a l l  the data with circulation i z r e ' i n  Table XV' I I .  

TABLE XVI 

STATIC IN€lOm RATA AT 28OC 

Reactivity, 
percent 

0.077 
200 . 065 

.a24 . 213 

.284 
0 072: 
.130 

058 

8 105 
050 



Temperature, 
OC 

27 
27 
27  
27 
27 
27 
26 
27 
29 
30 
30 
30 
30 
30 
26 
26 
25 
100 
1-00 
101 
100 
LO2 
102 
1QO 
101 

99 
200 
200 
200 
200 
202 
202 
202 
202 
200 
202 

311 
138 
297 
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dumping the f u e l  from the core. 

by perturbation methods sverestimted the value of the rods by 8 f ~ ~ b o 3 p  sf 5. 

fast neutrons, gave 2,g  percent 5 % ~  the va%.ixe for a l l  rsds together E& room tempera- 

ture as compared to the observed value o f  S,4 percent, 

5. Effnec$ive Delayed Eeutron %%.action. Et was shown that under sta. t$c - 
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The fuel solution was analyzed spectragraphicably for impurities, and 

the nuclear poisoning from the impurities was compared to that of -the sukfrate 

ion associated w i t h  the  fue l  as UO,SO4. In Table XVPPE: are cabeulated, for a 

typical  batch of fuel of 29.24 weigh% percen% uranium, the values of the macro- 

scopic absorption cross-section f o r  therm1 neutrons far each element, 

mcroscopic cross-section of the  impurities i s  1L07 x 10 

the value of 35L6 x lom6 for the sulfate ion in the  ~ ~ l u t i ~ n ;  the ratio of' the 

The t o t a l  
-6 /cm as conpared %a 

two TS only 0 ~ 0 5 .  
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@alcPnEa%ions of E Criticality by P, M, Wood 





Reactor Critical Concentration, Cr"ftiea.J, Concentration 
Weight, Cxn ssnn u-235/&3 Q Q  

4 8 3  

30.3 

5 2 2  

8 0 3  





The tenperatwe coefficient of reactivity o f  8 bare reactor can be ob- 

the two-group c r i t i c a l i t y  eqlxateon, 

where 

2 = rmwnber of netihrons obtained far each neutron absorbed in the  fu 

I? = r e s o n a c e  escape probability 

f = tlzerrmzl u”e$l_ization; 

7 = Fermi age 

%1 = thermal diffusion length in fuel. solution, 

Now by definition 
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HOW, 

On subs t i t u t in  (11) and (12) into (lo), we 

Finally, 

L 

obtain 

L2B2 
a -k L*B2 



T 

T 
1 

;1 

esse1 . 
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A I N C H E S .  

F i g .  3. A r r a n g  R e g u l a t i n g  Pla 



ALL D I M E N S I O N S  A R E  IN INCHES 

F i g .  4 .  A r r a n g e m e n t  o f  S a f e t y  a n d  R e g u l a t i n g  P l a t e s .  
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Fig. 13. Criticat Concentration of HRE Below 405°C. 
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