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PREFACE 

The Criticality Data Center again has the opportunity to make 
available in translation a report of an interesting and informative 
series of experiments performed by the Section Experimentale d'itudes 
de Criticit at Valduc under the aegis of the Service d'&udes de 
Criticit; of the French Commissariat L l'hergie Atomique. The sum- 
mary was prepared by Professor Robert L. Scale in collaboration with 
M. Pierre L&orch6. The Center acknowledges the permission granted 
by the Commissariat to report this research. 
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A REVIEWOFTREEXPERIMENTS PERFORMEDTO DETERMINE THE 
RADIOLOGICAL CONSEQUENCES OF A CRITICALITY ACCIDENT 

Pierre L&orchg and Robert L. Seale 

ABSTRACT 

The series of nuclear criticality excursions in aqueous solutions 
of uranium highly enriched in the 235U isotope, conducted by the Service 
d'fiudes de Criticit; of the French Commissariat a l'&ergie Atomique 
from 1968 through 1971, are summarized. A total of 40 excursions were 
observed under a wide range of solution concentrations and rsmp re- 
activity insertions. Results for the pulse trains that developed 
include determination of peak fission rates, pulse widths, integrated 
yields, and consequent gamma-ray dose rates. The analysis of these 
results suggests the strong influence of gas evolution, as well as 
temperature, as a mechanism limiting pulse size. 
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I. INTRODUCTION 

In November 1968, the Service d'kudes de Criticit; of the French 
Commissariat k l'l?nergie Atomique initiated a program designed to pro- 
vide data on the consequences of exceeding delayed criticality with 
various aqueous solutions of uranyl nitrate. In this program, designated 
"Consequences Radiologiques d'un Accident de Criticit;" (CR&), a series 
of experiments was performed in which aqueous uranyl nitrate solutions at 

various concentrations were injected into a large diameter cylinder to 
heights in excess of the critical height. The uranium was 93% enriched 
in 23SlJ. 

The results of the experiments have provided bases for evaluating 
analytical models describing the consequent transient phenomena. In 
addition, the results give insight into the behavior expected in acci- 
dental supercritical accumulations of fissile materials which may occur 
in chemical processes. 

II. EXPERIMENTAL MATERIALS AND PROCEDURES 

Experiments with the uranyl nitrate solution in a 300-mm-diam cyl- 
inder (3 mm wall) (CRAC 01 through 29) and in an 800-mm-diem cylinder 
(4 mm wall) (CRAC 37 through 44) have been completed and are summarized 
here. The reports describing the experiments are listed in Appendix A. 
In the experiments conducted in the 300-rmn-dism cylinder, critical 
heights varied from 193.9 cm in CRAC 04 to 27.47 cm in CRAC 25; the cor- 
responding 236U concentrations were 48.2 g/liter and 298 g/liter, re- 
spectively. The cylinder was placed inside a large airtight enclosure 
to contain any gas or liquid e.jected from the reacting volume. Figure 1 
is a plan view of the experimental area showing the location of various 
radiation detectors. The experimental vessel is shown in Fig. 2. The 
length of the cylinder could be extended by adding l-m-long sections. 

The normal experimental procedure was to inject solution into the 
cylinderata constant rate varying from104 liters/h in CRAC 12 to 186L 
liters/h in CRAC 25. Addition of solution at a constant rate resulted 
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initially in a uniform ramp-rate increase in reactivity. In most experi- 
ments the rqp was initiated with a subcritical volume of solution. In 

CMC 15, 16, 17, and 18, however, the volume was,initially critical 
at a low steady power when the ramp was initiated. Of the experiments 

in which the solution in the cylinder was initially subcritical, CRAC 
14, 20.1, 20.2, and 20.3 were conducted inthepresenceofan external 
neutron source. The remaining experiments were performed without an 
external neutron source being present. 

After a supercritical volume of solution was accumulated in the cyl- 
inder, power increased to a peak corresponding to overriding the excess 
reactivity by thermal expansion end gas formation. This initial pulse 
died out and was followed by a series of peaks of generally decreasing 
size. In all these cases, solution was added through the duration of 
the first peak and, in many instances, was continued until after several 
peaks were observed. Several flux traces are shown in Figs. 3, 4, and 
5 as representative of the experiments. Eventually fissions generated 
in the solution caused heating, material ejection, and gas formation 

such that the excess reactivity made available by the excess fuel was 
balanced and a constant power was achieved. 

In addition to the "excursion experiments" resulting from the ex- 
tended ramp insertion of reactivity, there were cases in which a 
slightly supercriticalvolume of fuel was put into the reaction vessel 
for a "step" insertion of reactivity and the development of the power 
history monitored. The stable period of the resulting "slow excursion" 
allowed direct determination of the reactivity worth of incremental 
additions of solution to a critical volume. 
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Fig. 3. Fission Rate in CRAC 04 as a Function of Time. 
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III* THEEXPFRIXENTAL PfLRAMETERSANDRESULTS 

A summary of the parameters has been assembled for the experiments 
from the CRAC program. The data as presented are taken directly from 

the appropriate report in the CRAC series. The critical dimensions of 
the cold uranyl nitrate solutions in the 300-mm- and 800-mm-diem 
cylinders are given as a function of uranium concentration in Figs. 6 
and '7, respectively. These data are presented for each CRAC experiment 

in TaSies 1 and 2. In addition to the "excursion experiments," for 

each particular geometric set descr,,, '%ad below, a group of preliminary 

measurements was made to provide information on the basic nuclear 
characteristics of various concentration solutions used in the program. 
In this latter category of experiments, referred to as the "slow ex- 
curskn 1( experiments, a series of stable reactor period measurements 

was made for a fixed siightly supercriticalvolume of solution of a 
given concentration. The reactivity worth of an incremental volume of 

solution in excess of the critical volume -tis thus d&ermined. In 
the terminoiogy adopted in the originai reports, this group of tests 

is identified by the insertion of the letter "D" before the experiment 

number followed by a slow excursion number. Thus, the first slow 

excursion performed using the solution made up for CRAC 03 experiment 
has been identified as CPAC D 08-01. The results of the slow excursions 

are given in Table 3. Also included are values of neutron lifetime and 

B eff for the various solution concentrations. Reactivity and @eff are 
reported in pcm: 

Pbd = (k ex - 1)x105 . 

Plotting the reactivity in doilars versus the fractional change in 
height above delayed criticality for various solutions in the 300-mm- 
diam vessel suggests that reactivity initially increases linearly with 
height above delayed criticality (Fig. 8). From the slopes of the 
lines in Fig. 8, the reactivity change as a function of height is ob- 
tained for each solution concentration. Since the radius is constant, 

this also gives the reactivity change as a function of solution volume. 
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Table 1. kmmary of Critical IMa for Ekperimkts -&I the 300-mhdiam Cylinder. __ . .-. . _- - - ._ _ -. _ __ . . ..- .- .-..._ . . . _._._ . . . __. . . __ 
Critical Dimeneione 

Uranium 23% 6olution Solution Uranium 
Experiment Concentration Concentration Height, Hc Volume, Vc Mass 

235u 
Mass . 

Number (n/liter) (g/liter) (cm) (liter) (kg) (kg ) 

CRAC 01 52.0 

CRAC 02a i 139 literof 51.5 50 literof62.3 g/liter ) g/liter 

:E 2 ::; 
:z 2 61.1 61.1 

CRAC 07 202 
CRAC on 202 
CFUX 09 78.3 . 
cRAc. 10 78.3 
CRAC 11 383 
CRAC I2 77*9 

:z :z 77.9 77.9 
CRAC 15 82.3 
CRAC 16 02.3 

CRAC 17 CRAC 18 ;;'z 
CRAC 19 8210 
CRAC 20.1 218 
CRAC 20.2 218 
CRAC 20.3 218 
CRAC 20.4 210 
CRAC 20.5 218 
CRAC 21 80.2 
CFUX 22 207 
CRAC 23 91.8 
CRAC 24 153.2 
CRAC 25 320 
CRAC 2G 165.9 
CRAC 27 89.0 
CNAc 28 89.0 
CRAC 29 81.0 

48.4 
--SW 
48.G 
48.2 

lg; 

108 
72-9 
72*9 

357 

;z 
;;:g 

76:6 
74.1 
74.1 
76.4 

203 
m3 
203 
203 
203 

74.7 
193 

85.5 
142.7 
293 
154.5 
82.9 

191*3 
206.5 
182.1 
193*9 
2.g 

27102 
27.25 
42.90 
42.61 
28.94 
43*53 
40.90 
42.30 

2% 
4&O 
41.97 
41.50 
27.10 
27.10 
27.10 
27.10 
27.10 
41.85 
26.91 
37.00 
28.85 
27.47 
28.41 
38.35 
38.35 
42.37 

129.8 
140.0 
123.. 5 
131.5 
47.1 
46.5 
18.7 
10.9 
29*5 
29*3 
20.0 
29*9 
33.5 
29.0 
28.3 
28.8 
28.8 
28.8 
28.5 
18.8 
18.8 
18.8 
18.8 
1.8.8 
28.7 
18.6 
25.5 
20.0 
19.0 
1947 
26;4 
26.4 
29.1 

6.75 
7.21 

% 
2:88 
2.84 
3.78 
3.81 
2.31 
2.29 
7.66 
2.33 
2.61 
2.26 
2-33 
2.37 
2.29 
2.29 
2.34 
4.09 
4.09 
4.09 
4.09 
4.09 
2.31 

:*$ . 
;:ig 

2135 
2.35 
2.36 

6.28 
6.72 

in;: 
2:68 
2.64 

::5" 
2.15 
2.u 
7.14 

2; . 
2.11 
2.17 
2.21 
2.13 

ES 
3.81 

33% 
3k 
3.81 
2.15 
3.60 
2.18 
2.85 
5.67 
3.04 
2.19 
2.19 
2.19 

a. The critical dimensions are those for the solution of concentration 51.5 g of U/liter (48 g of 235U/ 
liter). In the experiment, 139 liters of this solution was tran ferred to the test vessel followed 
by !jO liters of solution containing 62.3 g of U/liter (%j g of 
liters, 

2j%/liter). The final vo&e, 189 
was assumed to be homogeneous and of concentration 50.5 g of 23% liter. 



Table 2. Summary of Critical Data for Experiments in the 800-mm-diam Cylinder. 

Critical Dimensions 
Uranium 235u Solution Solution Uranium 23sU 

Experiment Concentration Concentration Height Volume Mass Mass 
Number (g/liter) (g/liter) cm (liter) (kg) (kg) 

CRAC 37 21.8 20.3 45.0 221.9 4.84 4.50 
CRAC 38 21.4 19.9 46.75 230.5 4.93 4.59 
CRAC 39 30.6 28.5 27.25 134.4 4.11 3-83 
CRAC 40 58-7 54.7 18.65 P-0 5.40 5.03 
CRAC 41 59.3 55.2 18.55 91.4 5.42 5.05 
CFAC 42 203 189 14.56 71.8 14-54 13.54 
CRAC 43 202 188 14.38 70*9 14.35 13.36 
CRAC 44 Introduction of 46 liters of fissile solution (uranium concentration 200 g/liter) 

into 200 liters of 2N acid. 



Table 3. Reactivity Worth of Various Solutions Determined by Stable Period Measurements. 

Critical Incremental 
Uranium 235u Solution Change in 

Concentra- Concentra- B Neutron Height, Height, 
Experiment tion tion eff Reactivity 

Number" (g/liter) (g/liter) km) 
Lifetime H, 

bet > (4 6% fm-$ bm 1 (dollars) 

CRAC D 01-02 52.0 48.4 777 41 198 21.9 0.111 96.4 0.124 
32.1 0.162 140 0.180 
41.3 0.209 179 0.230 
60 O-303 256 O-332 

CRAC DO501 61.1 56.9 774 37 68 l-99 0.0293 180 0.2325 
-02 3.07 0.0451 2-70 0.3488 
-03 4 0.0589 351 0.4535 

CRAC D 09-01 77.9 72.5 814 31 43.26 0.40 0.00925 134.5 0.1652 
-02 0.81 0.0187 264 0.3243 
-03 1.31 0.0303 409 0. yo24 

CRAC D 08-01 203 189 845 13.5 27.5 0.21 0.00764 204 0.2414 
-02 o-35 0.0127 332 O-3929 
-03 0.46 0.0167 434 0.5136 

CRAC D 11-03 325 303 894 me__ 26.19 0.45 0.0172 467 O-547 

a. These experiments are different from those reported in Tables 1 and 6 which may account for slight 
differences in the critical quantities. 
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Some of the "stable period" experiments made using the slow excur- 
sions were allowed to progress through the occurrence of a "pulse." 

These pulses were quite broad, with the minimum period being -4sec and, 
correspondingly, the peak fission rate was less than 1Ol6 fissions/set. 
In these experiments, the excess reactivity was added in a time short 
compared to the time to achieve peak power and hence can be considered 
as resulting from the addition of a step change in reactivity. !the 

reactivity step was, in every case, less than 500 pcm. The results of 
these slow excursions are summarized in Tables 4 and 5 

The stable period experiments for each solution yield a measure of 
reactivity addition per unit change in solution volume near criticality 
in the 300-mm-diam cylinder; i.e., ap/AV. From these results can be 
obtained the rate of ramp addition of reactivity, in dollars/set, per 
unit rate of solution addition, in liters/h. This result for the 300- 
mm-diam cylinder is plotted in Fig. 9. 

The excursions were produced by injecting solution into the experi- 
mental vessel at a fixed rate. Generally, solution was added to the 
reacting volume well past the occurrence of the initial pulse. In 

addition to the power level, other measurements during an experiment 
provided a more complete record of the sequence of events. A typical 
set of experimental data from CRAC 23 is described. In Fig. 10 the 

power and the integrated energy release traces are shown as a function 
of time. Also plotted is the computed reactivity of the elrperimental 
assembly based on a dynamic solution of the inhour equation and appro- 
priate values of neutron lifetime and Peff.by an on-line computer. In 

Fig. XL a more detailed trace of power as a function of time through the 
first pulse is shown. Gamma-ray dose rates were measured during most of 
the experiments. A recorder trace of the dose rate for CRAC 23 is shown 
in Fig. 12. Two temperature traces are shown in Fig. 13, one obtained 
from a thermocouple placed on the center line of the cylinder and the 
other from a thermocouple located on the external wall of the vessel. 
These results are typicalofthe data taken during each experiment; com- 
plete sets of data are available in the individual experiment reports. 



Table 4. Slow Excursions in the 300-mm-diam Cylinder. 

Uranium a3sU 
Concen- Concen- 

Experiment tration 
Numbera . (g/liter) 

tration 
u4&22 

CRAC D 01-02 52.0 48.4 
mc D 05-02 61.1 56.9 
CRAC D 08-03 203 189 
CRAC D 11-03 325 303 

Critical Dimensions Final Dimensions 
Solution Solution Uranium 235 U Solution Solution 

Height Volume Mass Mass Height Volume 
~cm)Oo.~.OOr I 

19 l$*; 6.98 6.50 258 
68 

179 
. 2.84 2.64 49 

2'1.5 19.0 3.86 
26.19 

3*59 
18.2 

19.4 
5.92 5.51 18.5 

Excess Solution Solution Minimum 
Final Mass 

Uranium 
Height, Duration of Total Height at Volume at Doubling 

Experiment 
Reciprocal 

AH Experiment Energy PeakPower PeakPower Time 
Numbera (kg ) (kg! tcnl) (min) (fissions) 

Period 
(cm) (liter) tsec) tsec-' ) G 

- CRAC D 01-02 
CRAC D 05-02 

E 8a66 10 x 258 179 10.4 0.0666 

3:94 
2*79 

"i :.g 
x 

El' 
16 . 49 

CRAC D 08-03 3.67 0.46 
45 

3.5 x 1o16 
5.18 0.134 

CRAC D 11-03 6.01 5.61 0.45 

gg6 

4.1 10'" 
19.4 

26.64, 
3975 0.185 

5 x 18.5 3*11 0.222 

Time to Total 
Peak End of Energy in Specific Power Specific Fnergy 

Experiment Power at Peak Power B Reactivity 
Pulse Pulse in Pulse eff 

Numbera (fissions/set) (set (fissions) 
Added 

(fissions/cm'-set) (fissions/cm3) (pcm) (pan) 

CRAC D 01-02 1.6 x lo" 600 2.0 x 10" 0.89 x lolo 1.1 x 10la 
CFM! DOS-02 1.1 x lo= 290 6.8 x lo'" 2.2 x 1o'O 1.4 

256 
x 1o12 

CRAC D 08-03 7.8 x 10'~ 230 3.5 x 1o16 4.0 x 1o'O 
;$! 351 

1.8 x 10'~ 
CRAC D 11-03 9.8 10’~ 4.1 10'" 1o'O 

845 434 
x 270 x 5.3 x 2.2 x 1012 854 ‘6’ 

a. These experiments are different from those reported in Tables 1 and 6 which may account for slight differences 
in the critical quantities. 



Table 5. Slow Excursions in the 800-mm-diam Cylinder. I 

Uranium a3su Critical Dimensions Final Dimensions 
Concen- Concen- Solution Solution Uranium Solution Solution 

Experiment tration tration Height Volume Mass 
WU 
Mass Volume 

Number8 (g/liter) (g/liter) (cm) (liter) (kg) (kg) 
Height 

(cm) (liter) 
CRAC D 37-02 21.4 19*9 46.77 230.6 4.93 4.59 47*57 234.5 
CR& D 39-02 30.6 28.5 27.24 134.3 4.11 3-83 27.9 135.8 
CRAC D 40-02 58.7 54.7 18.61 91.8 5.39 5.02 18-n 9-6 

Final Mass Excess Solution Solution Minimum 
Height, Duration of Total Height at Volume at Doubling Reciprocal 

Experiment Uranium a3su AH Experiment Energy PeakPower PeakPower Time Period G 
Number (kq) (kg) Icm) (min) (fissions) (cm (liter) (set) (set-' ) 

CRAC D 37-02 5.02 4.67 0.80 
: 

3.9x10" 47.57 234.5 
3.0x10" 

6.76 0.103 
- CRAC D39-02 4.16 3-87 0.30 27.54 3.24 0.214 

CRAC D 40-02 5.44 5.07 0.18 5 2.7 x 10~7 18-n 2.48 o-279 

Time to Total 
Peak Endof Energy in Specific Power Specific Energy 

Experiment 
Reactivity 

Power Pulse Pulse at Peak Power in Pulse 
S 

eff Added 
Number (fissions/set) (set) (fissions) (fissions/cm3-set) (fissions/cm3) cm (pill) 

CRAC D 37-02 5.0 x 1o15 320 
CRAC D 39-02 z-z ; ;;tz 2.1 x 1o1O 

6.2 x 10~' 300 . 4.6 x 10" 
1.7 x 10la 
2.2 x 1012 %? 

CRAC D 40-02 7.4 x 10'" 260 2.7 x 10~’ 8.0 x lolo 2.9 x 10la 
;41: 
780 460 

a. These experiments are different from those reported in Tables 2 and 7 which may account for slight dif- 
ferences in the critical quantities. 
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RATE OF RAMP ADDITION PER UNIT VOLUME FDDITION RATE 
dollars /set/liter / hr 

Fig. 9. Rate of Ramp Addition of Reactivity per Unit Volume Addition Rate Near Criticality 
as a Function of the Critical Height in the 300-mm-diam Cylinder. 
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Fig. 10. Instantaneous Power, Integrated Energy Release, and Reactivity 
as a Function of Time. 
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Fig. l.L Power Trace for the First Pulse in CMC 23. 
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Fig. 12.. Gamma-Ray Dose Rate as a Function of Time at a.Detector Located 3 m from the CRAC Assembly. 
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Several experiments were carried out under special conditions which 
include the following: 

a. In CRAC 13, samples of a fuel solution, with and without 
&SO4 added, were placed at the center of the test vessel 
to study the value of CuS04 as a catalyst in the recombina- 
tion of evolved radiolytic gases. No apparent effect was 
observed. 

b. In CRAC 15, 16, 17, and 18, solution in excess of that 
necessary for cold, clean criticality was allowed to come 
to equilibrium power by the production of radiolytic gas 
prior to starting the pump to inject more fuel into the 
vessel. Hence, an initial neutron population was present 
when -reactivity was added. 

C. In CRAC 14, 20.1, 20.2, and 20.3, a source was located 
near the vessel to provide neutrons to start the first 
fission chain early in the reactivity ramp. CRAC 20.4 
did not have a nearby external source; CRAC 20.5 was also 
done without an external source but took place 30 min 
after CRAC 20.4. 

The results of the CRAC excursions are assembled in Tables 6 and 7- 
The criticality parameters (concentrations, critical height, critical 
volume, and critical mass) for the various experiments are given in 
Tables 1 and 2. In addition to the initial and final solution heights, 

the solution addition rate, the solution addition time, the experiment 
duration, and the total yield are given. 

Of particular interest are the parameters describing the first peak 
in the pulse chain. These data are shown in Tables 8 and 9 for the 

experiments in the 300-mm- and 800-mm-diam cylinders, respectively* 
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Table 6. SunanaW of Excursion Data from the 300-run-diam Cylinder. 

Excess The 
SdUti0n Above Required &ration Time to 

Height at Duration Solution Addition Final Solution Final Mass Critical for of Endof Total Yield in 
start of of Rate Height, Volume, p Height, (H -H 1 Experi- Oscilla- 

Experiment Addition Addition Height ( 
Vf Uranium 235U Adbit$ona ment t ionsa Oscillatic ms Experiment b 

Number (cm) (set) (cdsec) liter) ( kg) (kg) (set 1 bin) (set 1 (1017 fissions) (1017 fissions) 

CRAC 01 
CRAC (nc 
CRAC 03 
CRAC 04 
CRAO 05 
CRAC 06 
CRAC 07 
CRAC oa 
CRAC 09 
CRAG 10 
CRAC 11 
CRAC Kd 

:tE 3 
CRAC lSf 
CRAC 16f 
CRAC 17f 
CRAC 18f 
clac 19 
CRAC 2O.1g 
CRAC 20.2g 
CRAC 20.36 
cRAc 20.4 
CRAC 20.5 
CRAC 21 
CRAC 22 
CRAC 23 
CRAC 24 
CRAC 25 
CFAC 26 
CRAC 27 
CRAC 26 
CRAC 29 

186.1 
196.3 

%73:5 
13.23 
10.03 
10.06 
10.04 
10.10 
12.23 

313 
121 

1116 
235 
143 
143 

$ 
69 

267 
40 

1239 
101 

99 
39 

205 

14z 
2% 

:: 

:,' 
51 

257 
58 
90 -e 
30 

8: 
lO9 
262 

0.592 
0.683 
0.215 
0.693 
0.609 
0.629 
0.687 
0.666 
0.655 
0.202 

1440 
1663 

524 
1699 

10.10 
9.9 

10.02 
41.78 
41.27 
42.84 
42.29 
42.34 
10.06 
4.85 
4.90 

kg 
4.91 
9.93 
;:g 

10.03 
10.14 

0.618 
0.043 
0.587 
0.255 
0.612 
y$ 

0:043 
0.210 
0.602 
0.611 
0.617 
0.612 
0.551 

1483 
1531 
1672 
1622 
1594 

492 

%  
1429 

620 
1489 
466 
49? 
104 
5K 

1466 
1488 
1502 

$2 

1Z 
10.27 
10.17 

0.207 
0.438 
0.566 

-- 
0.766 
0.624 
0.631 
0.452 
0.207 

122 
1377 

l&s 
1520 

t.iz 
!B5 

371.4 
279-o 
367.4 
g7.i 

. 
loo.1 

:z 
5513 
66.3 
34.0 
62.8 
69.3 
67.0 
65.1 
82.1 
62.1 

102.4 
63.1 
31.4 
33.0 
30.2 
30.6 
33.0 
63.3 
33.3 
59.9 

2:: 
40.6 
61.9 

22 

251.5 
189.0 
248.8 
235.2 
68.3 

z-6' 
2216 
37.8 
45.2 
24.0 
42.9 

"4',-; 
44:5 
56.0 
42.5 
69.7 
43.1 
21.7 
22.8 
20.9 
21.2 
22.8 
43.2 
23.0 
40.2 
39.3 
22.7 
27.9 
42.3 
40.8 
44.1 

13.0a 
10.27 

E'2 
4:17 
4.16 

2.96 
3.54 
9.19 
3.34 
3.69 

;:2 
4.61 

12.18 
9.57 

12.10 
11.33 

3.89 
3.87 
4.24 
4.24 
2.76 
3.30 
8.57 
:'g 
3:32 
3.41 
4.29 

S:Z 
3.29 
4.39 
4.62 
4.23 
4.29 
4.62 

180.1 
72.5 

i;:*t 
31:4 

"5-i 
5:6 

12.4 
23.7 

1;:; 
20.4 
24.7 
24.0 
40.1 
20.2 
60.4 
21.6 

4.3 

::; 
3.5 
5.9 

21.5 
6.4 

21.9 
28.7 

5.5 

%  
86016 
219.7 

51.4 
50.9 

2: 
18.9 

117.0 

4;;:; 

go" 
205.0 

97.0 
1404 

102.7 

260 
22 
40 

260 
19 
20 
10 
10 
6 

13 
6 

17 
7 

13 
5 

13 
6 

360 
5 
4 

i.3 
0.3 
3 

: 

: 
0.2 

10 000 
350 

loo0 
10 ooo 

160 
160 
I20 

z 
235 

4.6 
4.7 

::'7 
2.8 
2.6 
2.2 
2.2 
2.1 
5.0 

65:: 
::,” 
3.8 
3.6 
3.1 
2.7 
2.9 
5.8" -- 
::2 
5.8 
5. 5 

4.72 
4.96 
7;; 
;:g 
3.47 
4.76 
3.69 
6.03 
7.28 
4.63 

:'b: 
3:s 

3.23 
4.43 
3.44 
5.61 
6.78 
4.30 

:*;8' 
3:33 

;:: 

::8' 
10.7 

103.5 
14.6 
38.6 

-- 
7.2 

19.5 
37.3 
47.1 

107.5 

-* 
200 

-- 
200 
190 
180 

-a 
-- 

180 
200 
I20 
140 

-- 

4.;- 

4.;- 
1.9 
2.8 

-- 
-- 

2.7 
4.2 

1":; 
-- 

g:; 
21.3 
22.2 

3 
1.5 

: 

-e 
140 
-- 

150 
180 

2.9 

4.;- 
4.3 

4':; 
50 

4.9 
2.0 
2.8, 
0.2* 
0.61* 
2.7* 
4.9 
2.2 
5.3 
5.8 
0.39 
3.0 
2.8 

2::" 

a. Zero time uas achlevenient of criticality. 
b. The yield was determined by radiochemistry except those designated l were from power detectors. 
c. The critical dimensions are those for the solution Of concentration 51.5 g of U/liter (48 g of 23% liter 

followed by 50 liters of solution containing 62.3 g of U/liter (58 g of 2 
In the experiment, 139 liters of this solution was 

transferred to the test vessel, 
to be homogeneous and of concentration 50.5 g of 23k/liter. 

The finalvolme, 189 liters, was ass-d 

d. The use of Cm4 as a catalyst was tested in this experiment. 
e. A 100 xCi source of neutrons was placed near the vessel. 
f. The solution, initially supercritical, had cone to equilibrium by the production of radiolytic gas prior to the initiation of the ramp, thereby providiw a souxce 

of neutrons. The solution boiled in CRAC 16 and 18. 
g. A 200 r&f neutron source was placed under the bottm of the vessel. 

Y 



Table 7. Summary of Data from Experiments in the 8OO-mm-diam Cylinder. 

Solution 
Height at Duration SolutionAdditionRate Final Solution Final Mass 
Start of of 

Experiment Addition Addition Height Volume 
(liter/hr) 

Height Volume Uranium a3sU 
Number (cm) (set) (cm/set) (cm) (liter) (kg) 0%) 

mAc 37 44.0 322 0.0252 448 a.9 5.60 5.22 
CRAC 38 44.0 115 0.0741 1315 g:; 259.0 5.54 5-15 
cRAc4 39 26.0 38 0.0787 1397 29.0 142.9 4.07 
CRAC 40 18.0 28 0.0468 

4937 
830 1993 95*2 5.59 5.21 

CRAC 41 18.0 212 0.0055 97 19.2 5.22 
CR&I 42 14.0 21 0.0719 ~76 

g.45 5.60 
15.5 

1407 7614 
15.47 14.41 

CRAC 43 14.0 19 0*0793 15.5 15.46 14.40 
CRAC 44 Introduction of 46 liters of fissile 49.9 246 9.20 8.57 

solution (uranium concentration 200 
g/liter) into 200 liters of 2N acid 

$3 

Change in Time of 
Solution AdditionAbove Duration of Yield in Experiment 

Experiment Height Critical Height Experiment (from Radiochemistry) 
Number (cd (see) min (101* fissions) 

CRAC 37 282 7 3.2 
CRAC 38 

;-ii 
. 78 4 2.7 

"cz 2 0.65 1.7 22 14 2 3 1.6 1.08 
CRAC 41 0.62 1x2 4 1.02 
CRAC 42” 0.94 13 0.46 
CRAC 43& 1.1 14 . 

: 
1.05 

CRAC 44a9b -- -- 1 l-7 

a. Solution was ejected from the vessel. 
b. The cylinder supports were bent and there was some damage to vessel. 



Table 8. Characteristicsofthe First Pulse of the Experiments inthe 300~mm-diam Cylinder. 

Time to Solution Rateof Minimum 
Peak of Height at Volume at Reactivity Doubling Inverse 

Experiment Pulsea Peak Power Peak Power Addition Time Period Peak Power 
Number (set) (cm (liter) (dollars/set) set sec'l ) (fissions/set) 

CRAC 01 
CRAC 02 
CRAC 03 
CRAC 04 

s.E 2 
cm 07 
CRAC 08 
CRAC 09 
CRAC 10 
CRAC 11 
CRAC I.2 
cIw13 
cRAc14 
CRAC 15 
CRAC 16 
CRAC 17 
CR& 18 
CRAC 19 
cFw 20.1 
CRAC 20.2 
CR& 20.3 
CRAC 20.4 
CRAC 20.5 
CRAC 21 
CRAC 22 
CRAC 23 
CRAC 24 
CRAC 25 
CRAC 26 
cw 27 
CRAC! 28 
CRAC 29 

232 

4;; 
197 
21.6 
22.8 

3.9 

24' 
6.6 

6; 
7.5 

12.0 
4.0 

11.2 

g:; 
16.2 
2.2 
2.2 
2.4 
3.4 
2.5 

17.0 
4.6 
4.6 

-- 

2: 

2 
12.3 

329 
255 
274 
331 
82.2 
82.4 
29-7 
29.3 
47.1 
44.0 

ii.3 
53.3 
45.4 
43.6 
44.1 
44.3 
43.8 
44.9 
28.4 
28.4 
28.6 
29.2 
28.5 
45.4 
28.9 
39.6 
-- 
33.0 
33.6 
41.3 
42.3 
44.9 

225 

$2 
20.5 
20.3 
32-3 
30.2 

ii.8 
36.5 
31.1 
29.9 
30.3 
30.4 
30.1 
30.8 
19.7 
19.7 
lg.8 
20.2 
19.7 
31.1 
20.0 
27.2 
me 
22.2 
23.1 
28.4 . 
29.1 
30.8 

0.00341 
-- 

0.00141 
0.003g1 
0.0667 
0.0740 
0.786 
0.746 
0.247 
0.0772 

O.& 
O-157 
0.099 
O-253 
O-0755 
0.0820 
0.0168 
0.0870 
0.674 
0.684 
0.691 
0.685 
0.616 
O-0833 
0.501 
0.310 

-- 
0.871 
0.638 
0.315 
0.226 
0.0808 

2.9 
0.18 

5:: 
0.060 
o.ofLio 
0.00157 
0.0006g 
0.015 
0.0176 

-- 
0.275 
0.012 
0.049 
O-033 
0.242 
o-177 
0.52 
0.036 
0.0061 
0.0063 
0.0066 
0.00118 
O.OOf23 
0.032 
0.00147 
0.005!3 

-- 
0.00153 
0.0027 
0.012 
0.ol.l 
0.032 

0.24 
3*9 

iz% 
11:6 
13.9 

442 
1004 

46 
39.4 
me 

G:$ 
14.1 
20.8 

2.86 
3.92 
la33 

19.2 
XL4 
ll0 
105 
587 
I20 
21.6 

471 
l20 

453 
2% 

z 
21.7 

1.1 x 10'6 
6.6 x 10'6 
4.7 x lo- 
8.7 x 10'~ 
6.3 x 10~" 
6.6 x 1016 
5.0 x lo- 
3.0 x lOIS 
2.9 x 101' 
2.0 x 10" 
mm 
1.0 x 101s 
5-3 x 10" 
4.5 x lo= 

2 ii if' 
2:o x lo:", 
7.7 x lo16 
6.7 x 10~~ 
5.3 x 10" 
5.2 x 1017 
4.5 x 10" 
1.0 x 10IS 
5.8 x 10~' 
7.6 x lo16 
5.4 x 1ol6 
1.2 x 101s 

Kg x 10'" 
2.6 x 10~~ 
3.8 x 10~~ 
4.1 x 1o17 
7.3 x 10'6 



Table 8 (Cont'd) 

Time to Reactivity 
End od Total Energy Specific Power Specific Energy 

Experiment Pulse in Pulse at Peak in Pulse B Added Through 
eff 

Number (set) (lOI fissiox) (fissions/cm3-set) (lOI fissions/cm3) 
First Pulse 

pcm (pcm) 
CFtAC 01 
CRAC 02 

EE 2 
CRAC 05 
CRAC 06 
CRAC 07 
CRAC 08 
CRAC og 
CFtAC 10 
CRAC 11 
CRAC I2 
CRAC 13 
CRAC 14 
CRAC 15 
CRAC 16 
CRAC 17 
CRAC 18 
CRAC 19 
CRAC 20.1 
CRAC 20.2 
cmx 20.3 
C&X 20.4 
CRAC 20.5 
CRAC 21 
cRAc 22 
CRAC 23 
CRAC 24 
CRAC 25 
WAC 26 
cmc 27 
CRAC 28 
CRAC 29 

-- 
1: 
18 
10 
18 
10 
50 
22 

3 
3 

z.5 
3 

23 
10 

9 
-- 
10 
I2 
10 
14 
19 

27 
18 
17 
22 

6.3 
6.7 
4.0 
8.0 

; :: 

4.7 x 101O 
3.8 x 10’~ 
2.5 x 10" 
3.9 x 1o1O 
1.1 x 1o12 
1.2 x 1o12 
2.4 x lo’* 
1.5 x 10IS 
9.0 x 1012 
6.6 x 1o12 

3.2 x 1011 
1.5 x 1o13 
1.5 x 1012 
3.j x 1o12 
5.3 x 10" 
6.5 x lo” 
2.6 x 10" 
2.2 x 101" 

em 
1.2 
1.4 
1.3 
1.2 
1.2 
1.2 
1.2 
1.1 

2.0 2.7 x 10’~ 1.0 
2.1 2.6 x 10’~ 1.1 
2.0 2.3 x 1013 1.0 
5.9 5.0 x lol* 2.9 
2.2 2.9 x 10'3 1.1 

43:; 
4.2 

2.5 x 101" 

Y.9 
3.9 
3*5 
3*7 
3.3 

-- 
2.2 x 10'4 
1.1 x 1o14 
l-3 x 1o13 
1.4 x 10'3 
2.4 x 10’~ 

1.0 w-m 
2.1 845 
1.6 815 
-- m-s 
l-7 854 
l-7 838 
1.2 m-s 
l-3 815 
1.1 m-s 

1.2 
1.0 
0.93 
1.0 
1.1 
1.2 

E 
1.4 
1.4 

w-m 
814 
S-B 

% 
814 

2: 
814 
841 
841 
841 

iit; 

440 
me- 
--- 
B-m 
795 
805 

I-230 
1680 

950 
-mm 
m-w 
725 
S-B 
840 
875 
760 
775 
680 
860 
990 
B-s 
-se 

1430 
-SW 
BBS 

1320 
1060 

w-m 
I240 
I200 

M-s 
m-s 
$0 

a. Time measured from delayed criticality. 



Table 9* Characteristics of the First Pulse of the Experiments in the 800-mm-diam Cylinder. 

Solution 
Time to Height Volume Rate of Minimum 

Pulse at Pulse at Pulse Reactivity Doubling Inverse 
Experiment Peaka Peak Peak Addition Time Period Peak Power 

Number (set) cm) (liter) (dollars/set) (set) (set-l ) (fissions/set) 

c-c 37 71 46.8 230.8 0.00381 0.345 2.01 8.6 x 101s 
CRAC 38 30 49.0 241.6 0.00368 0.102 6.80 2.8 x 1o17 
CRAC 39 11 28.1 138.6 0.01383 0.031 22.4 8.8 x lOl7 
CRAC 40 4.1 18.8 92*9 0.1494 0.018 38.5 1.2 x 101* 
CRAC 41 50 18.8 92-9 0.01746 0.183 3-79 5.8 x lo- 
CR/C 42 1.8 14.7 72.5 0.3062 0.0031 224 
CEiAC 43 3*2 14.6 
CRAC 44' 

72.0 0.3377 0.00~ 139 
-- -- -- -- 0.0014 495 

tc: 

Experiment 
Number 

CIW 37 
CRAC 38 
ClQx 39 
CRAC 40 
CRAC 41 
CRAC 42 
CRAC 43 
CRAC 44 

Time to 
Endof 
Pulse8 
(set ) 

E 
I2 

5: 
2.5 
4 

em 

Total Energy 
in Pulse 

(lOI' fissions) 
3.4 
3-2 
198 
1.3 
0.80 
l-7 
1*3 
l-9 

Specific Power Specific Energy 
at Pulse Peak in Pulse 

(fissions/cm3-see) (1012 fissions/cm3) 
3.7 x loll 1.5 
1.2 x 1o12 193 
6.4 x 10~~ 1.3 
1.3 x lole 1.4 
6.2 x loll 0.86 
2.1 x 10'4 2.3 
7.8 x io13 1.8 
se -- 

711 
711 
747 

;E 
825 
825 
-- 

Reactivity 
Added Through 

First Pulse 
(pcm 
630 

g 

735 
lOgo 

995 
-- 

a. Time measured from delayed criticality. 
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Iv. CORRELATION OF RFSULTS 

The results of these experiments demonstrate several points of 
interest. The peak fission rate per unit volume (specific power) 
developed in the experiments with the 300-mm-diam cylinder is plotted 
versus the rate of ramp addition of reactivity in Fig. 14. Since CRAC 

15, 16, 17, and 18 were started from delayed criticality, the pulse 
size achieved from their initial ramp rate was smaller than for the 
other experiments. CRAC 14, 20.1, 20.2, and 20.3 were started from 

below delayed criticality in the presence of an external neutron source. 
According to the standard neutron kinetics analysis of an assembly in 
the presence of a source,1 the peak fission rate in the first pulse 
should vary as the ramg rate. In Fig. 14, a line of slope unity is 
drawn through the CRAC 14 data and passes fairly close to the CRAC 20.1, 
20.2, and 20.3 cluster. Since CRAC 20.5 was performed within 30 min 

after CRAC 20.4, photoneutron production in the solution from residual 
gamma-ray activity apparently acted as a start-up source. 

The remaining CRAC experiments were conducted without an external 

source and demonstrate the quantitative behavior expected for assembly 
in the presence of a "weak source."2 At low ramp rates (c 0.05 dollar/ 

set) all pulses have peak yields which fall near the standard kinetics 
family; however, as the ramp rate increases above 0.05 dollar/set, 

solutions assembled without an external source show an increasing 

tendency for significant delays in the initiation of the pulse and 

result in larger pulse peaks. As ramp rates approach 1 dollar/set, 

pulses having peak yields z 100 times that of "standard kinetics" 

are observed (CRAC 08). CRAC 20.4, which was the same as CRAC 20.1, 

20.2, and 20.3 except that no source was present, had a peak yield 
z 20 times larger than the pulses produced with a source present. 

1. G. R. Keepin, Physics of Nuclear Kinetics, Addison-Wesley, Reading, 
Mass., p. 313 (1965). 

2. G- E. Hansen, Nucl. s. a. 2, 709 (l$O). 
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An attempt was made to relate the total fission yield during the 
chain of pulses of an experiment to the total reactivity available. In 

a typical experiment there was a chain of pulses of decreasing size 
until the fission rate damped to a more or less steady rate. The total 

number of fissions in the pulsing portion of an experiment, normalized 
to the total volume of the solution (and hence to its heat capacity), 
fit an expression of the form: 

Yield 
Total Volume - - K 'total 

where 
1 x 1ol2 S K s 2 x 1012 fissions/liter-pcm . 

The Fuchs-Nordheim model with simple temperature feedback predicts 

that for short reactor periods (or large pulses), peak pulse yield ap- 
proaches proportionality to the square of the inverse minimum period. 
During the KEWR program,= an excursion modelfor aqueous-solution-fueled 
reactors based on the Fuchs-Nordheim model, but also containing a nega- 
tive reactivity coefficient due to radiolytic gas formation (with the 
dissolved gas concentration proportionalto energy and the nucleation 
rate proportionalto power), was developed which predicted that peak 
power would be proportionalto inverse minimum period to the j/2 power 

for large pulses. For the CRAC experiments, specific peak power as a 
function of inverse period is plotted for the .300-mm- and 800~mm-diam 
cylinders in Figs. 15 and 16. For reciprocal periods in excess of 100 

set-l, the line has a slope of s/2. The agreement is remarkable con- 

sidering the range of pulse sizes covered and the extreme simplicity of 
the model. 

During the course of the CRAC experiments, gamma-ray dose rates 
were measured with dosimeters located 3 or 4 m from the solution con- 
tainer. The detected dose at 4 m was (1.81t0.4) x 10-l' R/fission for 
the experiments performed in the 300-mm-diam vessel. The integrated 
yield in a pulse is relatively insensitive to the peak fission rate 

3. M. Dunenfeld, Kinetic Experiments on Water Boilers- "A" Core 
Report- Part II, Analysis of Results, NAA-SR- 5416, North American 
Aviation (1962). 
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Fig. 16. Specific Power at the Peak of the First Pulse as a Function 
of the Reciprocal Period for Experiments in the 800-mm-dism 
Cylinder. The numerics identify the experiments. 
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since the pulse tends to broaden as the peak rate decreases. Thus, the 
integrated dose during the first pulse at a point 4 m from the assembly 
generally ranged between 40 and 550 R, a factor of -14. The greater 
integrated dose occurred for the relatively broad low-peak pulses 
(CRAC 01 or 02) rather than the high, narrow pulses (MAC! 08 or 20.4). 

In the 800-mm-diam vessel, the dose rate at 4 m was -5~10~~~ 
R/fission. The relation between the specific peak power in the first 
pulse and the reactivity introduced up to the time of the pulse is 
shown in Figs. 17 and 18 for the 30O-m~ and 800-mm-diam cylinders, 
respectively. 



‘09L 
0.3 0.5 0.7 0.9 I.1 

REACTIVITY INTRODUCED THROki 
I.7 1.9 

Fl?kT PEAK-do1 lars 
2.1 

Fig. 17. Specific Peak Power as a Function of Reactivity Introduced 
Through the Peak of the First Pulse of Experiments in the 
300~mm-diam Cylinder. The numerics identify the experiments. 
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v. CONCLUSIONS 

The CRAC experiments provide a wealth of information on the behav- 

ior of solution reactors and an insight to the general criticality 
characteristics of these solution cylinders over a wide range of dimen- 
sions. The critical heights in the experiments with the 300-mm-diam 
vessel ranged from -260 to 2000 mm. The geometry of the solution in 

the 800~mm-diam vessel was rather squat cylinders with critical heights 
ranging from -140 to ,450mm. This range of configurations can be 

readily extrapolated to fuel processing operations. 

As far as the pulse experiments are concerned, most of the analyses 
thus far have been confined to the characteristics of the first of what 
may be a chain of pulses. Evidence indicates that the characteristics 

of the first peak are in agreement with a reactivity shutdown model 
which includes a negative temperature-dependent feedback and the effect 
of radiolytic gas evolution as shutdown mechanisms. The model that was 

developed for the KFMB reactor at least qualitatively fits the results 
obtained in these experiments. Some further analysis appears desirable 

withamore detailed evaluationofthe entire chainofpulses, including 
the effect of the gradually increasing solution temperature. Indeed, 

for many of the CFW experiments, the magnitude of the entire energy 

release was such that a significant portion of it was converted into 

kinetic energy by the expansion of the solution, thereby inducing the 
shutdown. This phenomenon should be investigated in more detail. 

In addition to these results, there is practical information which 
should be of value in establishing the procedures and practices to be 
followed in fuel processing operations. Certainly the observed wide 

variation in peak fission yield in the instances where no external 
neutron source was available leads to the recommendation that neutron 
sources be used to provide "background neutrons" in various processing 
operations. The importance of this procedure is not so much to limit 
the gamma-ray dose received by personnel in the vicinity of the excur- 
sion, since the analysis of gamma-ray yields indicates that they are 
relatively insensitive to pulse size per se, but rather to limit the 
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size of the first peak in order to keep the resulting pressure pulses 
below the level that would result in significant equipment damage with 
consequent dispersal of solution. 
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APPENDIX A 

CRAC PROJECT REPORTS 

Report 

C.E.A., D.P.S.R., S.E.E.C.* No. 57 

59 
60 
64 
68 
69 
70 
74 
77 
79 

83 
91 

z 
9 

C.E.A., D.S.N., S.E.E.C.- 103 

Experiment 

CRAC 01 
CRAC 02 

CRAC 03, 04 
CRAC 05, 06 
CRAC 07, 08 
CRAC 09, 10, Ill 
CRAC 12, 13, 14 
CRAC 15, 16, 17 
CRAC 18, 19 
CRAC 20.1, 20.2, 

20.3, 20.4, 
20.5 

CRAC 21, 22, 23 
CRAC 24, 25, 26 
CRAC 27, 28, 29 
CRAc 37, 38 
CRAC 39, 40, 41 
CRAC 42, 43, 44 

Date 

December 1968 
January1969 
March1969 
April 1969 

hY 1969 
August 1969 
October l$g 
January 1970 
February 1970 

March 1970 

MY 1970 
July 1970 
August 1970 
December 1970 

March 1971 
August 1971 
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