
ORNL-2897 
UC-38 - Equipment, Methods, and Techniques 

TID-4500 (15th ed.) 

FISSION PRODUCT DISTRIBUTION IN 

ORR FUEL ELEMENTS 

A. L. Colomb 

OAK RIDGE NATIONAL LABORATORY 
operated by 

UNION CARBIDE CORPORATION 

for the 

U.S. ATOMIC ENERGY COMMISSION 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Printed in USA. Price $0.50 • Available from the 

Office of Technical Services 

Deportment of Commerce 

Washington 25, D. C. 

,------------------------------LEGAL NOTICE-----------------------------, 

This report was prepared as on account of Government sponsored work. Neither the United States, 

nor the Commission, nor any person :::~cting on behalf of the Commission: 

A. Makes any warranty or representation, express@d or implied, with respect to the accuracy, 

completeness, or usefulnes s of the information conta ined in this report, or that the use of 

any information, apparatus, method, or process disclosed in this report may not infringe 

privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of 

any information, apparatus, method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission'' includes any employee or 

contractor of the Commission, or employee of s;;ch contractor, to the extent that such employee 

or contractor of the Commission, or enlployee of such contractor prepares, disseminates, or 

provides access to, any information pursuant to his employment or contract with the Commission, 

or his employment with such contractor. 



,; 

•' 

Contract No. W-7405-eng-26 

OPERATIONS DIVISION 

FISSION PRODUCT DISTRIBUTION IN ORR FUEL ELEMENTS 

A. L. Colomb 

DATE ISSUED 

MAY 191960 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 

operated by 
UNION CARBIDE CORPORATION 

for the 
U.S. ATOMIC ENERGY COMMISSION 

ORNL-2897 



.,· 

FISSION PRODUCT DISTRIBUTION IN OR.R FUEL ELEMENTS 

A. L. Colomb 

ABSTRACT 

The gamma·rays emitted by ORR fuel elements and by the fuel section of shim rods are meas­

ured as a function of position along the elements with a very small graphite ionization chamber. 

Comparison of the fuel burnup 'calculated from the gam~a measurements and by the flux-time 

method shows good agreement. This means that the gamma-ray distribution measurements could 

be a good method of determining the u235 consumption in fuel elements. 

Distributions of the macroscopic absorption cross section and the infinite multiplication 

factor along fuel elements are computed from the gamma dose rate distribution. 

The limited usefulness of the shim rod fuel section is discussed in the last section. 

EXPERIMENTAL SETUP 

To measure the fission product activity along ,a 
tuel element without distortion and with a good 
resolution, two small graphite ionization chambers 
were built.· These chambers were calibrated against 
a Victoreen model 131 integrating ionization 
chamber. Their geometrical characteristics and 
sensitivities are given in Table 1. 

Table 1. Size and Sensitivity of the Graphite 

Ionization Chambers 

Size of Sensitive 
Chamber Volume Sensitivity* 

Designation (r•amp -l·hr- 1} 
Diameter Length 

X 10IJ 

GICS 0.2 in. 0.2 in. 0.26 ± 0.4 

GICL 0.2 in. 0.4 in. 4.49 ± 0.2 

*Corrected to. 22°C and 760 mm Hg. 

Figure 1 shows that, with these small chambers, 
distortion of the dose rate distribution is negligible. 
Curve 1 was measured with an ionization chamber 
1 in. in diameter and 2.5 in·. long. Curves '2 and 
3 were measured with GICL and GICS respectively. 
The fuel element used was OR-121, whose irradi­
ation history is given il'] Table 2. These curves 
show that, in order to measure the fission product 
distribution in a fuel element, it is absolutely 
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Fig. 1. Distortion in the Dose Rate Distribution Due 

to Chamber Size, 

necessary to work with a chamber as small as 
possible and to keep the chamber in contact with 
the fuel element, 

MEASUREMENTS OF THE FISSION PRODUCT 

DISTRIBUTI'ON ALONG FUEL ELEMENTS 

The fission product activity was measured for 
the following elements: OR-158, OR-159, OR-150, 
and OR-121. Table 2 summarizes the irradiation 
hi story of these elements. The cooling time give~ 
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Table 2. lr_radiat_ion History of the_ Measured Fuel El_emen.ts 

Ele·ment lrradiarion Time Power 

No. (days) (Mw) 

OR-158 20 16 

OR-159 20 16 

OR-150 10 16 

20 16 

OR- 121 14 20 

21 20 

11 20 

14 16 

4 16 

10 16 

in Table 2 is the elapsed time between the end of 

a given irradiation and the measurement. The 
U235 c;onsumption. is_ obtained from the· reactor 

power, the irradiation'time, ~nd the reactor position 

·factor. . The normalized fission product distri­
butions for these four elements are shown in Figs. 
2-5. These di stri buti on curves are normalized 

by dividing all the measured· values along the 
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Fig. 3. Fission Product Distribution in Fuel Element 

OR·159. 

curve by the value of the maxim!Jm. This operation 

facilitates comparisons of curves: It is possible 
to see from thes~ figures that· th~ fission product 

distribution is n~t symmetrical about ille horizontal 

center plane of the element. This is ~ot surprising, 
becci~se the re~ctor flux is n~t sy~me'tri cal a.bout 

it~ central plane. an·d some .of the eiem~nts that 

have received more than o~e irradiation were not 
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inverted. ORR fuel elements ore bui It with iden­
tical end boxes at the top and bottom. Thus, it 
is possible to insert them in the core with either 
end as the top. Fuel clements should, if possible, 
be inverted from one irradiation to the other. This 

not only prolongs their life (thi~ effect is not 
very. important,. however, being smaller than 5%) 
but also helps keep the maximum flux as close as 
possible to the reactor horizontal center plane 
(which is important in getting as great a flux as 
possible in the experimental facilities). 

Fission product distribution measurements can 
be used to check the correctness of the calculated 
values for U235 consumption. The value of the 

.integral over the distribution curve is proportional 
to the total amount of fission products acc.umulated 
in the fuel element. This is, in turn, proportional 
to the total amount of U235 consumed. 

Table 3 shows the value of these integrals over 
the normalized distributions; the third column 
contains the value in the second column multiplied 
by the inverse normalization factor. 

Tobie 3. Integrals over Fission Product Distributions 

Element 

No. 

OR-158 

OR-159 

OR-150 

OR-121 

Integral of 

Normalized 

Di str ibut ion 

17.6 

17.7 

17.6 

17.6 

Integral of 

D istr i but ion 

(in.•r•hr- 1) 

2.84 

2.78 

3.69 

2.69 

It is interesting to notice that the values of the 
integrals over the normalized distributions ore, for 
the elements measured up to now and within the 
experimental errors, independent of the number 
of irradiations given to the element and of the 
core location where·these irradiations took place. 
This means that the shape of the U23 5 consumption 
distribution along a given element is independent 
of the initial U23 5 concentration or, in other 
words, that the thermal flux distribution is always 
inversely proportional to the U23 5 concentration. 
This interesting effect should be examined with 
care, because i! is suspected that it will not 
hold if the irradiation is mode in the vicinity of 
a moving absorber, that is, a control rod. Further 
investigations should clear this point. 

It is now possible to check whether the U23 5 

consumption calculated in the conventional manner 

3 



is right.· A relation·between the amount of U2 3 5 

burned and the value of the integral ~ver the 

fission product.activity distribution can be obtained 

from the"fuel elements (OR•l58 and OR~159) that 

had had only one irradiation. For 23 days of 

cooling time b'etween the end of ·the irradiation 

and the time of the activity measurement, 1 g of 
U23S consu.mption ·corresponds to 1.65 x 106 

in.·r·hr-1. Table 4 represents the contribution of 

each i rradi at ion to the total integral. Cooling 

tinies were corrected to 23 days in order to be 

able to use the relation gained from elements 

OR-158 and OR-159. Fi s~ion product decay data 

were taken from Perkins and Ki.ng. i 

These results show that the fission. product ac­

tivity measurement. represents a good method. to de­

termine .experimentally the U 235 consumption in 

fuel el~men.ts. This method gives results that cor­

respond ·.within 12% with those in Table 2, and 

could ·certainly be made quite accurate. Calibra­

tion couid be done by meas~ring the neutron flux in 

a given new element at ·the beginning ·~nd at the 

~nd of an irrad.iation· in order to compute.accurately 

the amount of U 235 burned. Then gamma activity 

measurements at different times after the end of 

irradiation will give the relation between grams 

of U 235 burned and gamma activity as a function 

The main advantage of this method is that, 

knowing· the distribution of U2 35 and· fission 

products in the fuel element, it is possible to 

compute the variation .of the infinite multipli­

cation factor and the macroscopic absorption cross 
section along the element. The knowledge of 

these quantities can be v~ry helpful. if some flux 
, deformation (flattening or pushing the flux toward 

an experiment) is to be done. Figure 6 shows 

the variation of the infinite multiplication factor 

and the macroscopic absorption cross section 

along fuel element OR-121. 
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Element 

No .. 

OR-150. 

OR-121 

Table. 4. Contribution from Each Irradiation to the Total Amount of Fission Products 

u235 Consumption 

(g) 

9 

18 

4. 

25 

10 

11 

2 

7 

Activity at Total Cooling Time 

Activity at 23 Days 

0.50 

0.134 

0.192 

0.225 

0.337 

0.340 

0.912 

Contr·ibuti.on to Integral 

(in. •rohr- 1) 

7.45 x 1o6 

2.97 X 107 

Total 3.72x io7 

0.88 X 106 

7.92 X 10 6 

3.72x106 

6.13 X 106 

1..12 X 107 

1.05.x 10~ 

Total 3.03 X 107, · 

\.,. 
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These curves were obtained by the following 

calculation. The key for the symbols used here 
is given in the "Nomenclature." 

The fission product distribution is described by 
the following equation:2 

(1) 

By using Eq. ( 1) and the meas.ured fission product 
activity, and taking advantage of .the fact that .the 
integral of the normalized fission product activity 
distribution is a constant regardless of initial 
and irradiation conditions, the value of ¢(z)t can 
be calculated as a function of the position along 
a fuel element. Knowing ¢(z)t it is possible to 
compute I, (z} and k00 (z) ·from the following rela-

a . 
tions: 

H o+Al -_u ¢(z)t 
I, (z) = I, 2 . ·+ No a e 25 + 

a a 25 25 

1 (2) 

(3} 

with Nsm' the. atomic density of samarium at 
~aturation, given by3 

-4 0 -u25¢(z)t 
Nsm=3.21x10 N25 (1-e ) (4) 

It should be noted that the values obtained for 
I.a(z) and k00 (z)' ore right only if xenon is allowed 
to decay. They do not represent the condition of 
a core during operation but can be used when 
loading the reactor with elements that have cooled 
at least three days. 

The following cross-section values (Maxwell­
Boltzmann distribution at 20°C} were used: 

a25 = 593 barns 

a, = 502. barns 

a AI = 0.204 born 

aH O = 0.586 barn 
2 

aFP = 38 barns 

4 
ITSm;;:: 5.3 X 10 hnrnc; 

2M. Ben()dic:t and T. H. Pigford, Nuclear Chemical 
Engineering, p 94, McGraw-Hill, New York, 1957. 

3s. Glosstone ond M. C. Edlund, The Elements of 
Nuclear Reactor Theory, p 338-39, Van Nostrand, 
Princeton, N.J., 1952. 

MEASUREMENT OF THE FISSION PRODUCT 

DISTRIBUTION ALONG SHIM RODS 

The fission product activity was measured along 
two shim rods, OR-2-S and OR-6-S, by the same 
method that was described in the preceding sec­
tion. The results were found to be almost the 
same for the two shim rods, so only rod OR-2-S 

. will be discussed here. 

Shim rod OR-2-S was in the reactor in posit ion 
0-6 from November 4, 1958, to February 23, 1959, 
and in B-6 from February 28, 1959, to June 16, 
1959. The total amount of U235 burned, as com­
puted in the conventional way, was 85 g. The 
fission product distribution measured is plotted 
in Fig. 7. Most of the fission products are accu­
mulated in the upper half of the rod. This is due 
to the fact that this section is always in the re­
actor, whereas the lower section is out of the 
reactor at the beginning of an irradiation cycle 
cind slowly moves inward during the cycle. 

Using the same methods as described earlier 
(see preceding section), it is now possible to 
obtain the variation of the macroscopic absorption 
and the infinite multiplication along the shim rod. 
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These results ore. shown in Fig. 8. · It is striking 
to see that; at the· minimum, :k

00 
is ·only· equal to 

0.4; and that even the average of k
00 

over the 
length o( the element is smaller. than 1, •. The con­
sequence of this is that the fuel section of this 

.shim· rod does not add appreciably to _its control 
capacity. 
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In order to obtain an idea of what maximum total 
burnup should be allowed in the fuel section of 
ORR shim rods, the U235 concentration, the macro­
scopic absorption cross section, and the infinite 
multiplication were calculat~d as functions of 
total burnup. These quantities ore plotted against 
position along the fuel section in Figs. 9-11. 
It can be seen.from these results that the shim 
rods ore kept in operation beyond such a high 
burnup that their fuel sections ore almost com­
pletely_ depleted, thus adding nothing to the con­
trol capacity. At the same time the absorption 
cross sect ion w iII decrease, as can be seen in 
Fig. 10, thus allowing the thermal flux to increase 
in the fuel section of the shim rod. This may 
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produce hot spots in the adjacent elements. Oper­
ating experience shows that the reactor is sti II 
behaving well under these conditions. This means 
that if the shim rods are not to be· changed every 
two or three cycles they could stay in the reactor 
for a very long period of time. The fuel section 
of the control rods could be used as a long-time 
irradiation facility to study the-behavior of dif­
ferent kinds of fuel. 

The most convenient solution consists, certainly, 
in replacing the fuel section with an aluminum 
section. Aluminum, having a lower absorption 
cross section and a lower slowing-down power 
than water, wi II add to the control capacity and 
at the same time help to reduce flux peaking. 
The other advantage of the aluminum follower is 
that the control worth of the shim rods will stay 
constant. 

NOMENCLATURE 

k 00 Infinite multiplication factor 

s Ionization chamber sensitivity 

Irradiation time 

z 

N 

Position along a fuel element 

Atomic density 

N° Atomic density at the beginning of an irradia­
tion 

a Capture-to-fission ratio 

v Average number of neutrons emitted by one 
fission 

cr Microscopic absorption eros s section 

cr1 Microscopic fission cross section 

~a Macroscopic absorption cross section 

¢ Therm.al neutron flux 

The subscripts are used in accordance with ref 2. 
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