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ABSTRACT

The fission product data obtained during SM-1 Core I operation 
(June 1957 - May 1960) is reviewed briefly and interpreted. Evidence 
is presented to indicate that a fuel element defect was responsible for 
the high fission product activity level observed in the prim ary coolant. 
Relative escape coefficients are calculated and the defect size estimated. 
Anticipated fission product levels during SM-1 Core II and SM-1 A Core I 
operation are estim ated from alpha surface contamination data on com
pleted fuel elements. The importance of in-line sampling for monitoring 
fission product acitivity is stressed as well as the need for failed fuel 
element detection methods.
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I

1.0 SUMMARY

The SM-1 Core I loading (plate-type fuel elements) was operated from 
June 3, 1957 to April 29, 1960, at an average load factor of approximately 
55 percent. The plant was used primarily for training of military personnel 
and for research and development. This report presents an evaluation of 
all fission product and short-lived induced activity data which were 
collected during Core I operation. In addition, results are presented on 
the measurements of alpha contamination on brazed and welded fuel ele
ments.

Fission product activity was observed in the primary coolant dur
ing Core I operation. A significant increase in fission product activity 
occurred between January 1958 and May 1958. Previous reports have 
indicated that such an increase could only be attributed to a fuel element 
cladding defect. This has been substantiated by nuclide ratio data and 
by the behavior of radioiodine during startup and shutdown. A defect 
model was established and used to explain fission product behavior.

Fission product nuclides, Y-91, Zr-95, Ba-140, and Ce-141-144, 
were also found in primary system corrosion products. Each nuclide 
had a specific activity greater than 10* dpm/mg at the end of Core I 
life. Gaseous fission products in the primary coolant were also observed 
and measured during Core I life.

The extent of alpha contamination on SM-1 Core II fuel elements 
was determined to be equivalent to 0-0.11 Mg of uranium-235 per ft^ of 
plate cladding. Measurements of alpha activity on SM-1 A Core I fuel 
elements indicated an average contamination equivalent to 0.1 Mg of 
uranium-235 per ft^ of plate cladding with a maximum of 0. 3/j.g of 
uranium-235 per ft^. Welded fuel elements can introduce alpha contamina
tion arising from the use of thoriated tungsten electrodes. A core loading 
consisting of SM-2 type welded fuel elements would Result in two to three 
times as much fission product activity from Th-232 surface contamination 
as that estimated for the SM-1 Core U loading of brazed elements.
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2.0 INTRODUCTION

2.1 GENERAL

The Army Package Power Reactor (SM-1), located at Ft. Belvoir, 
Virginia, is a 10 MW(th) water-moderated reactor which produces about 
2000 KW of electricity. The primary system, including the fuel element 
cladding was fabricated with Type 304 stainless steel. Minor materials 
of construction include Stellite, 17-4 PH steel, and Haynes-25. A 
simplified flow diagram of the SM-1 primary system is shown in Fig. 
2 . 1 .

The specifications for the SM-1 primary coolant are given below. 
The numbers in parentheses refer to the range of values measured in 
various parts of the purification system during Core I operation.

pH...............................7-9 (6-8.8)
R esistiv ity ............... 0.75 megohm-cm (0.6-2. 5)
C hloride...................0. 5 ppm max. (less than 0.1)
Oxygen ...................0.01 ppm max. (0-1.1)
Hydrogen .................30 cc/liter (15-55)

Since startup in June, 1957, the plant has been used primarily 
for training military personnel and research and development. Con
sequently, the overall power output has been sporadic. Figure 2. 2 
shows the percent of full load on the reactor during the period June 3,
1957 to April 29, 1960 (end of Core I life). From June, 1957 to February, 
1959, the load factor averaged 62 percent From March 1959 until the 
end of core life, the average load factor decreased to approximately 50 
percent.

2. 2 PURPOSE AND SCOPE OF REPORT

The purpose of this report is to present an evaluation of fission 
product and short-lived induced activity data which have been collected 
during SM-1 Core I operation. This evaluation includes establishing 
the source of fission product activity, calculating defect size, and deter
mining the effect of fission product activity on plant operation. Alpha 
contamination data from fertile and fissile materials on SM-1 Core II, SM-1A, 
and SM-2 fuel elements are also presented and discussed relative to 
future reactor operation. The problems associated with fission product 
activity, such as waste disposal and decontamination, are covered together 
with a discussion of fission product monitoring systems.

3
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2. 3 BACKGROUND INFORMATION

As part of Contract No. AT(30-3)-326 with the Atomic Energy Commis
sion, a research and development program is being conducted at the SM-1 
reacto r. Task XVDI includes three phases and is concerned with the nature 
and extent of radioactivity in the SM-1 and its effect on overall plant opera
tion. Phase lU) covers long-lived induced activity while Phase 2 is con
cerned with fission product and. short-lived induced activity. Phase 3 
covers the measurement of fissionable m aterial (uranium-235) surface 
contamination on SM-1 Core II fuel elem ents, and the implications of such 
contamination. Since Phases 2 and 3 are  concerned with fission product 
activity in SM-1 type reactors they have been combined. Phase 3 has been 
broadened to include the results of alpha surface contamination m easure
ments on SM-1A Core I and SM-2 type welded fuel elements.

Fission product concentrations in the SM-1 prim ary system  during 
the firs t two years of SM-1 Core I operation have been reported p re 
viously (2>3)# APAE No. 44 covered the resu lts  of fission product and 
induced nuclides analyses from May 1958 to January 1959. APAE No. 50 
covered the period from January 1959 through June 1959. From  the data 
presented in these repo rts  it was concluded that the observed fission pro
duct levels could only be explained on the basis of a fuel element defect.
This conclusion was based on the behavior of radioiodine during startup 
and shutdown and the magnitude of fission product concentrations.

Additional data have been collected on radioiodine startup and shut
down behavior, dem ineralizer efficiency for fission product activity, 
and alpha contamination (SM-1 Core n , SM-1 A and SM-2 fuel elements). 
Specifications for the fabrication of SM-1 Core I included a routine non
destructive test for alpha contamination on completed plates and fuel 
elements. In the past, these tests have consisted of taking a sm ear sample 
and checking for alpha contamination with a scintillation detector. Con
sequently, no quantitative data was obtained with which to calculate a refer
ence fission product concentration in the coolant at reactor startup.

9



3.0 EXP ERIMENTAL METHODS

Some of the experimental methods used in the present work have been 
described in previous APAETSports. In such cases only a brief summary 
or reference is given. Other experimental methods are discussed below.

3.1 GENERAL METHODS FOR FISSION PRODUCT AND INDUCED 
A C T I V I T I E S ___________________________

All radiochemical separations were made using the procedures given . . 
in LA 1721 (Rev.) with the exception of the manganese and iodine separations.' ' 
The manganese procedure used was developed in ALCO's Schenectady 
Laboratories. (5) The iodine analysis procedure used was that described 
by Coryell and Sugarman. (6) Nuclide identification consisted of chemical 
separation, half-life determination, and identification of characteristic 
gamma-ray spectra.

3. 2 RADIOIODINE STARTUP AND SHUTDOWN TESTS

The behavior of fission product radioiodine during reactor startup 
and shutdown may be used to establish the origin of fission product activity 
in pressurized wrater reactors. P rior to each radioiodine test, the pri
mary coolant activity level was reduced by circulating with a bypass purifica
tion rate of 1. 0 to 1. 5 gpm for 72 hr. After the system cleanup, the reactor 
was brought to full power operation. The purification rate was held at about 
0.8 gpm during startup and throughout most of the full power run. Samples 
were drawn every 3 hr for the first 57 hr of operation, approximately every 
6 hr for the next 36 hr, and every 12 hr for the remainder of the full power 
run.

After 8 days of full power operation, the reactor was scrammed and 
purification stopped. Samples were drawn every 3 hr for the first 24 hr 
and every 6 to 10 hr for the remainder of the 72-hr shutdown period. Prior 
to sampling, it wa3 necessary to start purification and flush 10 gallons of 
primary water through the purification line. Duplicate 100 ml samples were 
taken in all cases and analyzed for 1-131 and 1-133. The observed activity 
in the samples taken after shutdown were corrected for coolant shrinkage, 
system dilution as a result of sampling, and dilution as a result of increase 
in pressurizer level. All measured concentrations were corrected to the 
level that would have been observed had the system remained at 450°F and 
no dilution taken place, i. e . , no sampling and constant pressurizer level.
The correction was made as follows:

dpm/ml (450°F) -ffo01/ 1”1 (obs.)1 [system vol. (ml) ® time t] + [dpm (removed)]
ml (450°F)

11



where

dpm/ml (obs.) iodine level observed at sample time t

dpm (removed) 3  total amount of iodine removed by sampling, 
corrected for decay to sample time t

ml in system at t * total amount of coolant in the system at sample
time t

ml (450°F) * total amount of coolant present in the system at 450°F

3. 3 MEASUREMENT OF ALPHA CONTAMINATION

Uranium-235 surface contamination on SM-1 Core II type fuel elements 
was measured by gas flow proportional counting. The equipment was supplied 
by Sylcor Corporation and consisted of two Nucleonics Corporation of America 
gas flow proportional detectors connected to a common scaler. A 90 percent 
argon, 10 percent methane gas mixture (Nuclear-Chicago) was used for purg
ing. A combined lensitive area of one square foot was covered with aluminized 
mylar film. A fuel element was counted for alpha contamination by placing 
an outer plate in contact with the sensitive area of one detector. The second 
detector was then brought into contact with the opposite outer fuel element sur
face.

It was initially planned to take a 30-minute background count before and 
after each day's counting. However, as the background appeared to vary, 
a 10-minute background count was taken after counting five fuel elements. 
Twenty-eight stationary elements were each counted for 10 minutes while 
10 stationary elements and 7 control elements were each counted twice for 
5 minutes. The 5-mlnute counts were necessitated by a failure in the mech
anical register.

Alpha counting data on SM-1 A fuel elements were obtained from Sylcor 
Corporation. These data were a product of Sylcor's routine quality control 
check during production. The counting equipment was the same as described 
above.

The amount of thorium which could be expected on an SM-2 welded 
type fuel element was determined by weight loss measurements on 
thoriated tungsten electrodes and alpha counting data obtained from weld 
samples.

12



4. 0 PRESENTATION AND DISCUSSION OF DATA

All radiochemical data presented in the following sections a re  the 
averages of duplicate analyses unless otherwise noted.

Previously reported data which are pertinent to this discussion are 
given for continuity and convenience.

4. 1 SHORT-LIVED NUCLIDE DATA

Short-lived nuclides are defined as those nuclides with half-lives of 
24 hr or less. The levels of these nuclides observed in the prim ary  water 
and crud are given below together with short-lived dose rate data. The 
data a re  discussed in Section 4 .1 .4 .

4 .1 .1  Prim ary Coolant Activity

Table 4.1 lists the short-lived nuclide levels detected in the prim ary 
coolant.

TABLE 4.1
SHORT-LIVED NUCLIDES DETECTED IN SM-1 CORE I,

PRIMARY COOLANT*2) _____

Nuclide Date(s) Sampled Ranee dpm/ml*

Mn-56 11/58 - 1/59 1.1 x 105 - 2.3 x 106
Ni-65 1/59 1.4 x 103
Sr-91 10/58 - 2/60 3. 7 x 104 - 7. 5 x 104
Y-92 10/58 - 12/58 ca. 2 x 104 - ca. 6 x 104
Y-93 10/58 - 12/58 4. 2 x 102 - 4. 5 x 102
1-133 10/58 - 2/60 1.0 x 105 - 1. 3 x 105
Cs-138 12/58 - 2/60 1.7 x 105 - 2.5 x 105
Ba-139 12/58 - 2/60 1. 5 x 105 - 3.0 x 10$
W-187 10/58 1. 3 x 105
Kr-88 12/58 - 1/59 1.1 x 105 - 2.0 x 105
Kr-85m 12/58 - 1/59 1.2 x 104 - 1.1 x 105
Xe-135 12/58 - 1/59 7. 5 x 103 - 1.1 x 105

* Maximum and minimum values observed over the dates given.
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4 .1 . 2 Particulate Activity

Table 4.2 lists the short-lived nuclides for which analyses were made in 
the p rim ary  system corrosion products (crud).

TABLE 4.2
SHORT-LIVED NUCLIDES DETECTED IN PRIMARY SYSTEM 

CORROSION PRODUCTS (2)

Isotope Date Sampled dpm/mg of crud

Mn-56 1/7/59 1.4 x lO 8

Ni-65 1/8/59 1.2 x 105

Ta-182 10/ 24/58 - 10/26/58 ca. 1 x 105

4 .1 .3  Short-Lived Dose Rates

Table 4. 3 lists the short-lived dose rates on the primary system  at two 
designated points vs. calendar date. The radiation levels were fotind by 
analyses of the decay curve for each point.

TABLE 4.3
SHORT-LIVED DOSE RATES ON PRIMARY SYSTEM SURFACES^7)

Date Dose Rate, m r/h r at Shutdown
_____  Midpoint of Steam Generator Reactor Inlet Line

8/24/57 54

11/15/57 - ' 48 

1/12/58 50 54 

5/14/58 350 280 

7/3/58 520 340 

1/9/59 780 400

14



4.1.4 Discussion of Short-Lived Data

The short-lived data presented cover only those nuclides for which analyses 
were made. There are a number of short-lived fission products for which 
analyses were not made, i. e . , 1-132, 1-134, 1-135, 1-136, and Sr-92. By 
calculating approximate levels for these nuclides, it was concluded that 
after 19 months operation 80 percent of the short-lived dose rate immediately 
after reactor shutdown is due to fission products. (7) 1-132 and 1-134
with their high gamma energies (2.0 and 1.3 Mev respectively), account 
for about 40% of the short-lived dose rate.

Table 4. 3 shows an abrupt increase in the short-lived dose rate 
between January 1958 and May 1958. Thus, a large increase in the fission 
product level during this period is indicated. There is other evidence 
that previous to January 1958 the fission product level was much lower 
than the level observed since that time. A plant demineralizer was removed 
from the primary system in January 1958 and sent to Oak Ridge for analysis.
No fission products were found on the resin. It was calculated that fission 
products would have been detected on the resin if levels in the primary system 
had been as high as levels since May 1958. Unfortunately, little fission pro
duct data were obtained prior to October 1958. The data collected in May 
1958 does indicate a fission product level similar to that observed later.
These results indicate that a major increase in the fission product level oc
curred between January 1958 and May 1958. Such an increase is attributed 
to cladding failure.

4. 2 FISSION PRODUCT NUCLIDE DATA

4. 2.1 Prim ary Coolant Activity

Table 4.4 lists the fission product nuclide concentrations observed 
in the primary coolant during Core I operation. All data were obtained 
after varying periods of full power operation. The May 1958 data were 
obtained after approximately one month of full power operation while the 
October 1&58, December 1958, and June 1959 data were collected after 
approximately orb to three weeks of continuous full power operation. The 
February 1960 data were collected after two months at full power. The 
purification rate, during the full power runs, was maintained at 0. 5 gpm.

The data of Table 4.4 indicate that the fission product concentration 
increased during the period from October 1958 to February 1960. The 
long-lived nuclides Sr-89-90 and Cs-137 increased by a factor of two to 
three while the levels of 1-131 and 1-133 did not increase during this period.

15



TABLE 4 .4
SUMMARY O F FISSION PRODUCT ACTIVITIES IN 

SM-1 CORE I PRIMARY COOLANT (dpm/ml)

N uclide May 1958 O ctober 1958 D ecem ber 1958 June 1959 February 1960

S r-8 9 - 9 .9  x 102 8 .7 x 102 - 2.1 x 103

S r-90 - 15 27 37.5 35

S r-91 - 3 .7  x 104 4 .2 x 104 5.8 x 104 7. 5 x 104

Y-92 - ca. 6 x 104 ca. 2 x

*o

-

Y-93 - 4. 5 x 102 4 .2 x

*egoH

- -

1-131 6.7  x 103 1.1 x 104 2.1 X 104 1.8 x 104 1.7 x 104

1-133 - - 1. 3 X 105 1.0 x 103 1.2 x 105

C s-137 - 33 93 74 370

C s-138 - - 2 .2 X 105 1.7 x 105 2 .5  x IQ5

Ba-139 - - 1. 5 X 105* 2.4  x 105 3.0 x l O 3

B a-140 1.3 x 103
«

3 .2  x 103 4 .5 X 103* 7.1  x 103 9 .8  x 103

K r-88 1.1 X 103
2 .0 X 103 *

K r-85m 1.2 X 104
1.1 X 103

X e-135 OB» 7. 5 X 103
1.1 X 105

Z r-9 5 ca. 90 - - - -

Ce-141 <50 - - - -

C e-144 <100 m .

* S ingle analysis only.
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4. 2.1.1 Fission Product Nuclide Ratios

The buildup of a radioactive nuclide in the primary coolant due to 
fission recoil from fissile material surface contamination is given by:

f 7(1/ 2) ( a+A +a>
l -e ' •<A+6+ootl + N( ,-(A+ 6+ct)t

where
N

1/2

F

7
A
6
a
No

t

number of atoms of nuclide N present at time t, atoms

fraction of fission nuclides which recoil into coolant from 
contaminated surfaces

fission rate, fission/sec.

fission yield, atoms/fission

decay constant, sec -1

= deposition constant, sec“l 

= purification constant, sec"*

= number of atoms of nuclide N present at startup, atoms 

= time elapsed since startup, sec.

At equilibrium, i. e . , when (l-e"( A +6 +CXH) approaches unity, the activity 
is given by

An =(A^V«)T (2)
The equilibrium activity ratio for two nuclides X and Y in the primary coolant 
originating from the fissioning of surface contamination is therefore

X F
y r y /vy

AT ( Ay + 6y +OQ
Ay ( Av + +OQ

But Fx = Fv and if 5  x and (Sv are negligible in comparison to ( A + 00,

then
— = 7v AX ( Ay +CX. )
^ / y  A y  ( Ax+(X)

17



If X is the long-lived nuclide, conclusions may som etim es be reached  
even when equilibrium  has not been established. The short-lived  nuclide 
in equation (1) will always be c lo s e r  to equilibrium provided  the value of A 
is g rea te r  than (X . The ra tio  X /Y  m ust increase w ith tim e until equilibrium  
is reached . I t is recom mended tha t the f irs t sam ple be taken after five h a lf-  
lives of the sh o rt-liv ed  nuclide a t a  given power leVel. The short-lived  
nuclide w'ill be essentially  at equilibrium  and will red u ce  the e r ro r  due to 
N0 in equation (1). If the observed  ratio  of X/Y exceeds the ratio  p red ic ted  
for su rface  contam ination, one m ay conclude that s im p le  reco il from s u r 
face contam ination is not the only m echanism  by which fission  products a r e  
entering the coolant. Other m echanism s which con tribu te  fission product 
activity to the coolant cause the X /Y  ratio  to in c rease  because of the tim e 
delay between the fission event and entrance of a fiss io n  product nuclide 
into the coolant.

T able 4. 5 lists fission p ro d u c t ra tios tor se v e ra l nuclides whose 
specific a c tiv itie s  were m easured  during operation of C ore I. The ra tio s  
are  com pared  to those ratios ca lcu lated  on the basis  of su rface contam ina
tion The d a ta  in Table 4. 5 ind ica tes that while th e re  is  som e evidence fo r 
a surface contam ination source , i. e . , the K r-88 /C s-138 , K r-85m /C s-138, 
K r-85m /K r-88  ra tio s , the m a jo rity  of the resu lts  do not substantiate such 
a m echanism .

TABLE 4.5
FISSION PRODUCT ACTIVITY RATIOS IN PRIMARY COOLANT

For Surface October D ecem ber June F eb ru a ry
Isotopes Contamination 1958 1958 1959 1 9 6 0

S r-90 /S r-91 1.07 x 10~4 4. i x i o - 4 6 .4 x l 0 - 4 6. 5 x l0 - 4 4 . 7 x l 0 - 4
C S-137/C s-138 0.74 x 10‘ 4 - 4. 2 x lO -4 4 .4 x l0 - 4 1. 5 x lO w3
B a-140/B a-139 5.83 x 1 0 '2 - 3. l x  10-2 3 .0 x l0 - 2 3. 3 x 1 0 - 2

I - 131/1-133 0.80 x io - 1 - 1. 6x  10"1 1 .8x 10”1 1 . 4 X 1 0 ' 1

S r-9 0 /S r-8 9 0.68 x 10*2 1. 5x10*2 3. l x  IO"2 - 1. 6x10*2

K r-8 8 /C s-I3 8 5.7 x 1 0 '1 - 5. 9 x 1 0 -1 - -

K r-8 5 m /C s-l 38 2.2 x 10"1 - 3 .Ox IO*1 - -

K r-85m /K r-88 5.0 x i o - 1 - 3. 8 x 1 0 -1 - -

K r-8 8 /X e-I3 5 2.5 x 10*1 - 2.0 - -

K r-85m /X e-135 2.8 x 10"1 • 1.0 — m
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4. 2. 1. 2 Relative Escape Coefficients

The data in Table 4. 5 indicate that there may be a defected element (or 
elements) in Core I. If it is assumed that a defect does exist, then relative 
escape rate coefficients which are related to the escape mechanism, may be 
calculated.

It is apparent from equation (1) that the equilibrium coolant activity level 
for a given nuclide and the time required to reach this activity level are 
determined by the purification rate and the half-life of the nuclide involved. 
When leakage from the fuel matrix to the coolant is a source of fission pro
ducts, equation (1) is no longer valid. For cores having a fuel matrix of 
compressed UO2 the following equation has been used to express the number 
of nuclide atoms D resen t in the coolant due to a defect.of nuclide atoms present in the coolant due to a defect.

a ( A + a )
■•(A+oot

where

F = fission rate, fissions/sec

l) = escape rate coefficient, see- *

and other terms are as defined previously in equation (1).

The term l^is characteristic for each nuclide and is determined experi
mentally. The approach to equilibrium is governed by the half-life of the 
nuclide of interest. The premise here is that the fission product diffuses 
out of the fuel matrix and eventually out of the element through a defect in 
the cladding. The derivation of this equation assumes that the rate of dif
fusion out of the fuel matrix is proportional to l/(N) where (N) is the con
centration of the nuclide in the fuel matrix. This assumption is probably 
valid for compressed UO2 . However, for a sintered U02~titainless steel 
fuel matrix, it is doubtful if the escape rate from a defected element is 
dependent on the concentration of the nuclide In the fuel matrix. This assump
tion would require that diffusion through the fuel matrix take place. A 
slightly different approach to the escape rate coefficient is taken in this case 
Assuming no diffusion occurs through a sound U02-stainless 3teel fuel matrix, 
the proposed mechanism is as follows.

Fission products escape from a fuel element cladding defect by re
coiling into any void area connected to the defect and then effusing out of 
the element. Figure 4. 1 shows a possible arrangement of void and defect.
The void volume need not be hemispherical. It could be a series of long 
cracks in the fuel matrix or any other irregular shape.
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The rate of escape from  a defect will be approximately proportional to 
p N v where J3 is the escape rate coefficient and Nv is the number of atoms 

of the nuclide in the void volume. The term Nv is given by

Nv - [i -e-<A (6)

where

K » effective fission rate within one recoil length of the void surface

and other term s are defined in equation (1). The term K will be dependent 
only on the mass of the fission product and will be essentially equal for all 
light and all heavy fission products. The ratio erf K for the light fragm ents 
to K for heavy fragments will be approximately l. 55, the ratio of their r e 
coil ranges.

The buildup of a nuclide (effective first member) in the coolant can 
then be expressed by

{ jp*  /?NV - ( \+OC)  N (7)
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which integrates to

N ,  yQNy° re-( A + jS )t
Ta%T L

e- ( Ax(X)t +

(ot-jgXA+jB)
>Sk 7

( A+/3)  < A+oe)

e -< A+CX>‘ .  e-( A + / 3 ) t  j  +

1 .  e-< A + O O t l  + No e -( A+OC)t ( 8 )

At equilibrium, equation (8) reduces to

N = , *  T f i ____ (9)
( A + 5 X  A+ort (8)

/

Equation (9) was used to calculate values of K and J3 for iodine, cesium, 
and krypton. The equilibrium data for the isotopes of each element (1-131, -133; 
Cs-137, -138; and Kr-85m, -88) were substituted into the equation and K and (3 
solved for by simultaneous equations. The results a re  shown in Table 4. 6.
It was assumed that the values were the same for each isotope of the same 
element. The values of Ka for Kr-85m and Kr-88 are the equivalent K 
values multiplied by the ratio of the recoil ranges for heavy and light fission 
fragments. The values of Ka for all three nuclides should be the same.
It is seen that they agree within a factor of approximately five.

TABLE 4.6
RELATIVE ESCAPE COEFFICIENTS

Nuclide K _JL Ka

1-131 3.86 x 1011 1.15 x 1 0 '5 3.86 x 1011

1-133 3 86 x 1011 1.15 x 10“5 3.86 x 10U

Cs-137 1. 32 x 1012 6.93 x 10-5 1. 32 x 1012

Cs-138 1. 32 x 1012 6 93 x 10-5 1. 32 x IO*2

Kr-85m 8. 2 x 1011 3.04 x i o - 5 5. 28 x IO11

Kr-88 8. 2 x 1011 3.04 x

%n•o

5. 28 x 1011
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4. 2. 2 P articu late Activity

Radiochemical analyses were perform ed on samples of circulating and 
deposited crud. The circulating crud was separated from the coolant with a 
millipore Type WH filter. Deposited crud was obtained from a descaled 
Croloy 16-1 metal specimen (F-130), which had previously been exposed 
to the prim ary coolant for 8564 hours at system conditions. The Croloy 
16-1 sample was selected because the deposits contained the most activity 
and therefore provided the most reliable results. The sam ple was de
scaled with an alkaline permanganate-buffered citric acid treatm ent.

The results of the analyses are given in Table 4. 7 and su*e compared 
to circulating crud data which have been reported previously. (1) No analyses 
were performed for ruthenium or niobium.

TABLE 4 .7
F1SS13N PRODUCT ACTIVITY IN CIRCULATING AND DEPOSITED CRUD

Circulating Crud Deposited Crud
Nuclide Date Sampled dpm/mg Date Sampled ctom/ma

Sr -90 October 1958 5.8 x 103 April 1960 4.7 x 102

Y-91 October 1958 2.0 x 105 April 1960 1.1 x 105

Zr-95 - April 1960 4.0 x 105

1-131 July 1958 None - m

Cs-137 July 1958 None April 1960 None

Ba-140 July. 1958 4. 6 x 104 April 1960 1.1 x 104

Ce-141 - - April 1960 1.1 x 105

Ce-144 •> • April 1960 7.7 x 104

Niobium-05, L a -140. and Pr-144 could have been calculated from 
Zr-95, Ba-140, and Ce-144 specific activities. However, the deposition 
characteristics of these daughter nuclides may be quite different from the 
parent nuclides. For example. L a-140 is known to deposit more readily 
on primary system surface than its parent Ba-140.

The nuclides with the highest specific activity, i. e. Z r-95, Y-91, 
Ce-141,-144, are  high yield fission product nuclides with sim ilar chemistrtes. 
The hydroxides of these elements are insoluble. The alkaline earth elements
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Ba, Sr, which have slightly more soluble hydroxides, would not be expected 
to deposit as readily as Zr, Y, and Ce. The cesium and iodine nuclides 
have not been detected in particulate material. Cesium has a very soluble 
hydroxide while iodine would be lost in the process of bringing the crud into 
solution. The data in Table 4. 7 tends to support these observations.

There are insufficient data with which to calculate deposition probability 
constants. Such information is important in understanding fission and cor* 
rosion product buildup and in taking the necessary steps to reduce it. The 
tendency for certain elements to deposit on primary system surfaces is ap
parently related to their position in the chemical perUkUc table. From 
data on the behavior of various elements in high temperature water (varying 
pH), it may be possible to design a purification system which will reduce 
the buildup problem. This might include using-additional filters or ion ex
change resins (different or same cycle).

4. 2. 3 Radioiodine Star tig) and Shutdown Activity

Startup and shutdown tests are of value for determining the source of 
fission products in pressurized water reactors. It has been observed, for 
elements of the type in the Shippingport PWR that iodine continues to enter 
the primary coolant after shutdown when a cladding defect exists in the core.
In such a case, the iodine activity has a tendency to peak during startup and 
then decrease to an equilibrium level. This behavior i t explained by "water - 
logging".

The PWR elements are compressed UO2 pellets contained in metal 
tubes and have no bond between the UO2 and the tube or cladding. During 
shutdown, water leaks into the tube, leaches fission products from the UO2 . 
and dissolves those contained in any voids. When the reactor is brought to 
power, the water is forced out of the element carrying with it a high concen
tration of soluble fission products. This results in a rapid increase of fission 
product activity in the primary coolant. As reactor operation continues, the 
activity decreases to an equilibrium supported by the normal escape irfech- 
anism, l. e. effusion of the fission products through the defect. After shut
down, water enters the element through the defect. Since the interior of 
the element is undoubtedly at a higher temperature than the water, the 
water is expelled together with a high concentration of fission products.
This results in a sudden increase in the fission product level sifter shut
down. This process may continue for some time. After the interior of the 
element is cooled, fission products may be leached from the UO2 by water 
contained in the element and eventually released to the main coolant.

In order for the waterlogging effect to be observed in the SM-1 p ri
mary coolant, one or more of the following conditions must exist:

23



Iu

a. a meat to cladding bond failure connected with the defect

b. sufficient erosion and/or corrosion of the core material to 
form a "pocket" behind the defect

c. the UO2-SS sinter must be porous enough to permit fission 
products to be leached from or diffuse out of the sinter

Figures 4. 2 through 4. 5 show the behavior of iodine-131 and iodine-133 
during a startup and shutdown test from November 27 to December 11, 1959. 
The data were collected after three days of circulation with the reactor shut 
down and a purification rate of about 1. 5 gpm. The reactor was then brought 
to power. Full power was maintained for 8 days with a purification rate 
of 0.8 gpm. The reactor was then scrammed and purification stopped.
Iodine levels were then followed for 72 hr. The waterlogging effect is 
apparent in Fig. 4. 2 and 4. 3. There is a rapid increase in activity after 
reactor startup with a peak occurring approximately 72 hr after startup.

If we assume a void-defect arrangement as described in Section 4. 2.1. 2, 
equation (8) describes the buildup of iodine in the coolant independent of 
any waterlogging effect. Figure 4. 6 shows the iodine-131 buildup according 
to equation (8) using the iodine level observed at startup on November 27,
1959 as Nc. The term Nv° was obtained from

( A*( X)  N° - J3 Nv° UO)

and assumes an equilibrium between N° and Nv°. From the iodine levels 
observed during the cleanup operation preceding the startup run, this 
assumption appeared to be true. The equilibrium levels at 0.8 gpm purifica
tion rate for 1-133 and 1-131 were 8. 5 x 10* and 1.1 x 10* dpm/ml re
spectively. The purification rate had decreased before shutdown to 0. 6 gpm. 
The equilibrium level at this purification ra'.e may be calculated by:

*2  ’  *1  ( 11)
A + U2

where,

Xj « level at a purification constant 
X2 * level at a purification constant (X2 

A * decay constant

The calculated equilibrium levels at a purification rate of 0.6 gpm are 
1.43 x 10* and 1.01 x 10® dpm/ml for 1-131 and 1-133 respectively. The ob
served levels just before shutdown were 1. 38 x 10* and 1.02 x 10* dpm/ml. 
Therefore the system was at equilibrium.

24



U> to 
ro 

CM 
o®

*®
 ̂

IODINE

HOURS

Figure 4 .2  Behavior of Iodine-131 After Reactor Startup 
November 1950 25



IODINE-I33dpm

HOURS

26
Figure 4. 3 Behavior of Iodlne-133 After Reactor Startup - 

November 1950



I

131dpmIODINE

30 4 5  60
HOURS AFTER SHUTDOWN

Figure 4 .  4  Behavior of Iodine-131 After Reactor S h u td o w r  
December 1959



O
fftC

D
N

 
(0 

IO
 

t
 

ro 
CM 

O
O

H
B

N
 

»
 

«
 

♦
 

rt 
CM

. IODINE-13

^  HALF LIFE 2 0 HOURS

HOURS

Figure 4. 5 Behavior of Iodine* 133 After Reactor Shutdown - 
December 1959



I O D I N E  - * I 3 I  dpm

H O U R S

Figure 4. 6 Theoretical Bulldiq) of Iodine - 131 from Defect Model
29



Referring to Fig. 4.4 it is seen that the 1-131 level increased by about 
50% immediately after shutdown, remained constant for 40 to 50 hr and then 
started to increase again. Using a Bateman equation programmed on the 
IBM-650, the increase in 1-131 level due to the decay of its precursors, 
Te-131 and Te-131m, was calculated to be 1.5 percent. Figure 4. 5 in
dicates that the 1-133 level did not increase noticeably after shutdown. If 
the source of iodine after shutdown was the core, and equilibrium iodine 
levels had been established in the core, the expected increase of 1-133 
could be calculated from the increase in 1-131. The ratio of 1-133 
activity to 1-131 activity in the core is 2.19 (6. 62/3. 02), the ratios of their 
fission yields. From Fig. 4. 4, the amount of 1-133 added is therefore

2. 19 x 0. 7 x 10* = 1. 53 x 10* dpm/ml

It is not certain that such a small addition would be noticed. The 
half-life of 1-133 is 20.8 hr. The decay factor at the time of sampling 
was 0. 905 (3 hr). Thus, the total 1-133 activity in the coolant would be:

0. 905 (1.02 x 105 + 1.53 x 10*) = 1.06 x 105 dpm/ml

Actually, the level would be expected to be slightly higher due to the decay 
of Te-133. The level observed 4 hr after shutdown was 1.06 x 10  ̂ dpm/ml.

Fifteen hours after shutdown, the 1-133 lever decreased with an ap
proximate 20-hr half-life for about 40 hr. The level then increased with 
respect to the decay curve. This increase occurred at the same time the 
1-131 level increased for the second time.

Based on the second increase in 1-131 of 0. 8 x 10* dpm/ml (Fig. 4. 4) 
above the apparent equilibrium level of 2.1 x 10* dprn/ml, the increase 
in 1-133 level over the decay curve was calculated to be 2.06 x 10** dpm/ml. 
This was calculated by:

Al-133 = h .3  % 133‘ Al-131  
r  A1311 
'131 e -

( 12)

where
= increase in the respective levels above thte baselines 
= fission yields 
= decay constant, and 
= time elapsed since shutdown

This calculation assumes that the source is the core. The calculated 
increase in 1-133 above the decay curve agrees fairly well with the observed 
increase. This increase appears, therefore, to be a second massive release 
of fission products from the core. This could happen if a defect were clogged
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with crud at shutdown, and eventually cleared by the action of circulating 
coolant.

The sharp drop in the iodine levels about 15 hr after shutdown is 
probably due to an error in correcting for dilution. The maximum 1-131 
activity increase at shutdown can be calculated from the defect model 
given in Section 4. 2. 1. 2. At equilibrium, the 1-131 is giver, by

Nv .  * 0 0  (13)

where

N = atoms of iodine-131 in the coolant

Nv * atoms of iodine-131 in the void.

Using the value of J3 from Table 4. 6, the amount of 1-131 in the void at 
equilibrium during the November-December 1959 test was calculated to 
be 9 .6  x 1014 atoms. The amount of 1-131 in the coolant was 6. 7 x 1014 
atoms. The maximum level of 1-131 in the coolant after shutdown could 
then be 2.4 times (9. 6 + 6. 7] the equilibrium level. The maximum ob-

6. 7
served level was 2. 2 times the equilibrium level. Since the shutdown test 
terminated before an equilibrium shutdown level was attained, the actual 
increase is not known.

Using the average value of Ka from Table 4. 6, it is possible to calcu
late a surface area for the void. By assuming a hemispherical void behind 
the cladding defect, the equivalent radius of the void was calculated to be 
2.4  cm. It is not proposed here that the void is or is not hemispherical, 
since the UC>2-slain less steel meat is only 20 mils thick. The calculation 
is made only to obtain some idea of the total void size.

It is not advisable to depend on startup and shutdown data as the 
primary method to detect a cladding defect. It should only be used as 
supporting evidence. The best method for detecting the occurrence of a 
defect is the establishment of a fission product baseline by measuring the 
surface contamination on the core, establishing a baseline level during 
the initial startup, and continuously monitoring the fission product level 
during operation. .

4. 3 AIRBORNE ACTIVITY

Fission product nuclides may be released into the primary coolant 
through a defective fuel element or by recoil from fissionable material 
cladding contamination. Airborne activity refers to any activity released 
to the atmosphere whether it is volatile (xenon, krypton) or associated
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with a carrie r such as steam. Airborne fission products are particularly im
portant because of possible hazard to plant personnel during sampling and 
in the case of a primary to secondary leak. The disposal of such wastes 
requires knowledge concerning the nature and extent of the activity involved. 
Specific activities, decay characteristics, and discharge tolerances of 
principle nuclides musi be known.

4. 3. 1 Gaseous Activity

The gaseous radionuclides that have been identified during SM-1 
Core 1 operation are given in Table 4.8.

TABLE 4.8
GASEOUS NUCLIDES IDENTIFIED IN SM-1 CORE I 

PRIMARY COOLANT _____ _

Radioisotope Half Life Activity Range, dpm ml

Kr-85m 4. 4 h 1. 2 x 104 - 1. 1 x 105
Kr-88 2 .8 h 1 . 1 - 2 . 0 x 1 0 5
Xe-135 9. 1 h 7. 5 x 103 - 1. 1 x 105

While Kr-85m, Kr-88 and Xe-135 were actually measured, the entire 
fission spectrum of these gases is undoubtedly present in the primary 
coolant. At elevated temperatures, iodine activity is also volatile.
The various nuclides of krypton, iodine and xenon are given in Table 4. 9 
together with half-lives, fission yield, and major gamma energy.

At the SM-1, gaseous activity in the hot waste tank is allowed to 
decay for a period of time and then be released to a monitored stack With 
the exception of Kr-85 all of the Kr and Xe nuclides given in Table 4-9 
decay away within 4 months. It is felt that additional storage capacity 
and longer storage times will insure that MPC levels are achieved at 
discharge since only one nuclide will be present.
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TABLE 4 .0
MAJOR GASEOUS FISSION PRODUCT NUCLIDES OF

KRYPTON, IODINE, AND XENON

Fission Yield M ajor Gamma Energy
Nuclide Half Life (Percent) (Mev)

Kr-85m 4.4  h 0. 29 0.18
Kr-85 10.4 y 0. 29 none
Kr-87 78 m 2.5 0.56
Kr-88 2 .8  h 3.6 2.07
1-129 10? y 0.9 0.04
M S I 8.05 d 3. 1 0. 39
1-132 2.4  h 4.7 1.99
1-1*3 20. 5 h 6.9 0.56
1-134 52. 5 m 7.8 1.27
1-135 6. 7 h 6.1 0. 27
Xe-131m 12 d 2.9 0.16
Xe-133m 2.3  d 6.6 0.23
Xe-133 5. 3 d 6.6 0.08
Xe-i35m 15. 6 m 6. 3 0.52
Xe-135 9.1 h 6.2 0.27
Xe-138 17 m 5.7 none

4. 3. 2 P articu late  Activity

Particulate activity was checked by operating an a ir  sam pler in 
the vicinity of an open sample point upstream  of the dem ineralizer during 
prim ary coolant sampling. The particulate activity was collected on a 
Hollingsworth filte r. The level of each nuclide was m easured by count
ing a characteristic photopeak using a  scintillation spectrom eter. The 
results are shown in Table 4.10.

The effect of airborne particulate activity on overall plant opera
tion is presently under study and will not be discussed in this report.
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TABLE 4.10 
OBSERVED DURING SM-1 CORE I OPERATION^3*

Nuclide Level (/ic/cc) MPC (U c / c c )♦

Mn56 ND** 3 x 10-7

» cr 00 00 5 x 10“8 . . .  . . . .

Rb89 9 x 10’9

Sr90 « C s 137’ ** 1 x 10-9

jl31 ND 9 x 10-9

,133 ND

Cs137 1 x 10-“ **** 6 x 10-7

Cal** 1 x 10-®

Ba139 <Csl3B***

* Code of Federal Regulations, January 1, 1958.
** Not detected.

*** Concluded by comparing the half-lives of the respective gaseous precursors 
**♦* Calculated from Rb®9 which has a gaseous precursor of approximately 

the same half-life as Xe137,

4.4 FISSIONABLE AND FERTILE MATERIAL SURFACE CONTAMINATION

The amount of fissionable material surface contamination on fuel 
element cladding is important because of the recoil escape of fission frag
ments into the reactor coolant. Significant contamination may result in a 
radiation hazard to plant personnel necessitating shutdown. In the present 
study contamination from uranium-235 and thorium-232 was measured.
While Th-232 has a small cross section for f is s io n  by thermal neutrons, i t

i

can be converted to fissionable U-233 in a nuclear reactor core.

4. 4.1 Alpha Contamination of SM-1 Core II

EisenacherU2) has shown that IJLfe of enriched uranium (ca. 93% U-235) 
emits 149. 5 alpha disintegrations per minute. If this amount of uranium is 
distributed on the surface of a fuel plate or fuel element subassembly (surface 
contamination), only 50 percent of the radiations reach a detector mounted on 
the surface. However, if the uranium is distributed within 1 alpha recoil
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length oi the surface (cladding contamination), only 25 percent of the alpha 
radiations a re  detected. The efficiency of the detector is assumed to be 100 
percent for both cases. As cladding contamination is more likely, the 
SM-1 core 11 alpha counting re su lts  are expressed in term s of m icrogram s 
uranium-235 per square foot of plate surface as cladding contamination. 
Results a re  given in Table 4. 11 at the 95 percent confidence level. The 
wide range in the results is due to poor counting sta tistics. Where the 
sample counting rate was less than background, the contamination has been 
reported as none.

TABLE 4.11
RESULTS OF ALPHA COUNTING SM-1, CORE Q 
FUEL ELEMENTS (95 PERCENT CONFIDENCE)

Element
No.

Mg U- 235/ft2 
of cladding

Element
No.

Mg U-235/ft2 
of cladding

Element /Ug U-235/ft2 
No. of cladding

2V (S) 0.0-0.20 19V (S) 0.0 35V (S) 0 .0 -0 .11
4V(S) 0.0-0.24 20 V (S) 0.0 36V (S) 0 .0 -0 .1 4
5V <S) 0.0 21V (S) 0.0 37V (S) 0. 0
6V (S) 0.0 22V (S) 0.0 38V (S) 0 .0 -0 .18
7V (S) 0.0-0.18 23V (S) 0.0 39V (S) 0. 0
9V (S) 0.0-0.17 24V (S) 0.0 40V (S) 0 .0 -0 .18
10V (S) 0.0-0.23 25V (S) 0.0 41V (S) 0 .0
11V(S) 0.04-0.27 27 V (S) 0.0-0.21 43V (S) 0 .0 -0 .12
12V (S) 0.0-0.20 28V (S) 0.0-0 .12 CR-2-S (C) 0. 0-0. 25
13V (S) 0.0 29V (S) 0 .0-0 .13 CR-3-S (C) 0 .0 -0 .2 0
14V (S) 0.0-0.18 30 V (S) 0.0-0 .08 CR-4-S (C) 0 .0 -0 .21
15V (S) 0.0 31V (S) 0.0 CR-5-S (C) 0 .0 -0 .1 3
16V (S) 0.0-0.19 32 V (S) 0.0 CR-6-S (C) 0. 0-0.18
17V (S) 0.0-0.13 33V (S) 0 .0-0 .14 CR-7-S (C) 0 .0 -0 . 22
18 V (S) 0.0-0.16 34V (S) 0.0 CR-8-S (C) 0 .0 -0 .2 4

(S) = Stationary elements.

(C) = Control elements.
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The resu lts indicate an average range of alpha contamination equivalent 
to 0 - 0.11 g U-235/ft2 of surface. An irradiation test had been planned to 
verify the alpha counting data. The test involved irradiating a fuel element 
subassembly at low power for a short time in the Alco C ritical Facility. The 
extent of uranium-235 contamination was to be determined by radiochemical 
analysis of 32-minute cesium-138 fission product. However, it was concluded 
that the small amount of uranium-235 contamination p resen t did not afford 
a sufficient amount of cesium activity for an experiment. The maximum 
saturation activity available from fuel element subassembly 11V was calcu
lated to be approximately 500 dpm. If one assumes one hour for radio
chemical separation, a 75 percent chemical yield, and a 20 percent counting 
geometry, the resulting counting ra te  would be 19 cpm. This counting rate 
was not considered sufficiently great to insure reliable verification of the 
alpha counting data.

4. 4. 2 F ission Product Activity Due to Fuel Element Contamination

The two sources of fission products in the prim ary coolant system 
are from a fuel element defect and reco il escape from fissionable m aterial 
contamination. The fission product concentration due to reco il escape from 
fissionable m aterial contamination can be predicted from cladding contamina
tion data and theoretical equations.

4. 4. 2. 1 Equations for Recoil Escape

The rate of change of active f irs t member fission atom s in the coolant 
due to cladding contamination can be expressed by:

dNi

"dT
No Cft<t>jT

-( A+oc + 6 + ^  vt crc0)N,

where

(14)

Ni

No

a
0
7

- r '7

A

= active atoms in the coolant of effective f irs t  member fission 
product (atoms/cc)

= atom s of U-235 per alpha recoil length.

= fission cross section (cm /atom)

= therm al neutron flux (neutrons/cm^-sec)

= fission yield

= reco il factor (0.85 for light fragments,
0. 56 for heavy fragm ents.)

= decay constant (sec- *) 37



(X * purification constant (sec-1)

(5 » deposition constant (sec- *)

Vc * volume of core (cc)

Vt * total volume of primary system (cc) 

Cfc = capture cross section (cmfyatom)

For cladding contamination only 25-percent of the alpha particles within 
one alpha recoil length reach the surface. The average recoil length of a 
light or heavy fission fragment is usually assumed to be equal to the alpha 
recoil length. However, it is more accurate to define a recoil factor term, T , 
which is the ratio of a light or heavy fission fragment recoil length to the 
alpha recoil length.

According to the equation, equilibrium is approached rapidly for all 
nuclides except those with long half-lives like Kr-85. Under steady state 
conditions the equation reduces to

NnCTf0 y r A ___________
( A♦ 6 + Xc- Cfc0  ) 4 vt

expressing the activity in terms of dps/ml. The equation for the latter chain 
members is similar and includes one additional term to account for the decay 
of the parent nuclide:

dNi _ n06i<t>Tr 
dt 4Vt + Ni A i  -  ( A j +(X+ 6 Cfc <t»

under steady state conditions, the equation reduces to

^ j Nj 1 Nu(? i(P 7 r ^ i-----------------  + N, A j___________
(Ai+cx+Oi + Yt 0 ^ 0 ) 4 Vt (Aj+a+5j + Xc cTc0 )

The principal SM-1 system parameters used in the calculations were

= 372 barns (corrected for temperature and Maxwell-Boltzman) 

= 8.82 x 10*^ neuts/cm^-sec (anticipated 70 percent load)

as follows:

Of
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T =0.85 for light fragments (A < 116) 
0. 56 for heavy fragments (A > 116)

OC = 8.52 x 10~6 s e c '1 (0.6 gpm)

Vt = 4.44 x 106 ml (1174 gals)

6  = assumed to be negligible

The activity of certain fission product daughters such as La-140,
Nb-95, Pr-144 can be calculated from transient and secular equilibrium 
relations.

The maximum fission product level which could be sustained in the 
SM-l by the observed alpha contamination of Core II was calcuated using 
the above equations. Calculations were made for 40 principal fission 
product nuclides. Xe-138 was the shortest-lived nuclide considered. There
fore, extremely short-lived nuclides with high specific activities were not 
considered. The equilibrium fission product levels in the coolant due to the 
upper limit of cladding contamination were decayed for 2000 hr to establish 
criteria for waste disposal. Results are given in Fig. 4-7.

The data indicate maximum fission product levels of 4 x 10~4 /Xc/cc 
after 10 hr decay, 7 x 10"5 after 100 hr, and 1. 5 x 10'^ after 1000 hr.
It is not possible to establish a reference fission product level for SM-1 
Core II operation due to the re-release of fission products from primary 
system walls and the possible contribution from defective fuel elements.
If the chemical decontamination of the SM-1 steam generator is performed, 
and a new core is inserted, then approximately 90 percent of the total 
primary system should be free of deposited fission product activity. The 
crud level during subsequent operations will be due to both the contaminated 
(10 percent) and decontaminated areas (90 percent).

Assuming corrosion release of the remaining deposited activity, the 
coolant activity is given by

C = D x L x F

where
C = coolant activity, dpm/cc
D = specific activity of deposited material, dpm/mg
L = crud level, mg/cc
F = active fraction of released material

Assuming a crud level of 10'  ̂ mg/cc and an active crud fraction of 0.10
then

C = D x 10"4
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The fission product specific activities of the deposited material remaining 
after decontamination were assumed to be the same as the iission product 
specific activity of the Croloy 16-1 specimen referred to in Section 4. 2.2.
These values were decayed for a six-week period. The calculated values 
for specific activity were assumed to be the specific activities of the de
posited material at Core II startup. The values are listed in Table 4.12 
together with calculated values for coolant activity corresponding to de
posited activity at Core II startup.

TABLE 4. 12
CONTRIBUTION OF CERTAIN DEPOSITED FISSION PRODUCT 
NUCLIDES TO SM-1 CORE II PRIMARY COOLANT ACTIVITY

D (dpm/mg) ___ C

Nuclide
Croloy 16-1 Data 
(end of Core I life)

Six Week Decay 
(Core II startup) dps/cc uc/cc

Y-91 1.1 x 105 6. 4 x 104 1.1 x 10-1 3.0 x KT6
Zr-95 4.0 x 105 2. 5 x 105 4.2 x 10-1 1. 1 x 10-5
Ce-141 1.1 x 105 4. 2 x 104 7.0 x 10-2 1.9 x 10-6
Ce-144 7. 7 x 104 6.9 x 104 1.2 x 10-1 3. 2 x 10-6

Total 1.9 x 10’ 5

Therefore the contribution to the coolant activity from the long-lived fission 
product nuclides Y-91, Zr-95, Ce-141, Ce-144 would be 1.9 x 10~$ fjLc/cc.
In addition Core n  operation may be conducted with two Core I elements which 
could contribute substantial fission product activity. However, the amount of 
fission product activity from surface contamination is considered negligible 
whpn compared to that from a fuel element defect or from induced activity.

4. 4. 2. 2 Expected SM-1A Fission Product Levels Due to 
Alpha Contamination

The fission product concentrations in the SM-1 A primary coolant were 
estimated from alpha activity measurements on completed SM-1 A stationary 
fuel element assemblies and from SM-1 A design and operating parameters.
As previously indicated, the alpha data were obtained by Sylcor Corporation 
as part of their routine quality control measurements. Twenty-six fuel plates 
out of 38 assemblies were counted; this constituted 52 out of 1368 stationary 
fuel plate surfaces or a 4% sample. Unfortunately, Sylcor's sampling plan 
would not detect one or even two elements which might have significant U-235 
contamination. However, for the purpose of estimating SM-1A fission pro
duct levels, it was assumed that the alpha counting measurements were 
representative of all plates. These measurements indicate an average con
tamination of 0.1 A-cg U-235 per ft^ of plate with an upper limit of 0. 3/Xg 
U-235.
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Fission product calculations were divided into first and second chain mem
bers. First chain members were calculated using the standard recoil equa
tion, assuming steady state conditions. Equilibrium concentrations would 
be achieved within one month of operation provided there were no fuel element 
defects Second chain members were calculated from chain decay equations 
and from transient and secular equilibrium relations. The principal SM-1A 
parameters used in the calculations were as follows:

Thermal flux = 1. 76 x 10*3 n/cm^-sec (weighted average and 70%
load factor)

Fission cross section (CTf) = 372 barns (corrected)

System volume (V̂  ) = 4.92 x 10® (1300 gal)

Purification rate ( (X) = 1.92 x 10"® sec- * (1. 5 gpm)

For short-lived nuclides, the equilibrium activity is controlled by the 
decay constant. For long-lived nuclides, the equilibrium activity is con
trolled by the purification constant. Therefore, the equilibrium activity 
for long-lived nuclides can be reduced 50% by doubling the purification 
constant.

The decay of the equilibrium fission product activity which can be due 
to the observed levels of alpha contamination is shown in Fig. 4.8 and 4.9. 
The concentrations are compared with an estimate of corrosion product 
activity after one year operation in Fig. 4.10. The results indicate that 
the upper limit of fission product activity due to cladding contamination 
is at least 100 times less than corrosion product activity. The principal 
nuclides after one month decay are Mn-54 and Co-58 which are estimated 
at 1.4 x 10~3 and 1.1 x 10"3/xc/cc respectively. Cobalt-60 activity is 
estimated at 2. 5 x 10~5 fxc/cc.

4. 4. 3 Welded Fuel Elements

In an SM-1 type core the individual fuel plates are brazed to the side 
plates with Coast Metals' ”NP" Brazing Alloy. At the conclusion of Corel 
operation, the core was rearranged in order to obtain additional burnup data. 
The core was "spiked" with two new elements, one of which was an SM-2 
welded element. Core n  will include another new welded element in addition 
to the one from "spiked" core operation. A thoriated tungsten electrode 
(ASTM Specification B297-55t) was used in fusion welding. Experience at 
KAPL had indicated that thorium metal deposited in the weld could be a 
significant source of fission product activity. (13) Consequently, it was 
desirable to evaluate the extent of thorium contamination on SM-2 type 
welded fuel elements.
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The extent of thorium contamination was m easured by weighing the 
thoriated tungsten electrode before and after use and by alpha counting 
m easurem ents. The weight changes in the welding electrode which were 
measured during fabrication of dummy fuel elements are given in Table 4.13. 
An average weight change equivalent to 16 m icrogram s (/xg) of thorium was 
measured on four different fuel elements, based on a 2 percent nominal 
thorium concentration in the electrode. However, according to the specifica
tion, the allowable thorium range is 1. 7 - 2. 2 percent.

TABLE 4.13
WEIGHT CHANGE OF THORIATED TUNGSTEN ELECTRODE DURING SM-2 

FUEL ELEMENT FABRICATION (288 welds = 1 Fuel Element)________

Electrode
Weight Change 

(mg)
Number of 

Welds
mgs per 

Fuel Element
pig Thorium per 
Fuel Element

A 0. 87 288 0.87 17.4
0.73 204 1.03 20.6
0.49 242 0. 58 11.6

B 0.44 174 0.73 14.6
2.64* 137* 5. 55* 111.0*

Average 0.63 227 0.80 16.0 + 8

* Omitted from  average

It is possible that only a fraction of the electrode weight loss was de
posited on the weld. An undeter mined amount could have been vaporized and 
splattered away. However, for purposes of calculation the maximum thorium 
concentration was taken to be 24 /Xg (16 + 8) per fuel element. A number of 
welds were counted in an NMC Proportional Counter. These weld sam ples 
were portions of standard SM-2 dummy elements which had been sectioned 
for corrosion testing. The counting rate was found to be 77 + 33 cpm per 
fuel element (95-percent confidence). The thorium specific activity was 
checked by counting a sample of thorium metal. By calculating the alpha 
recoil length in the metal and assum ing only one-fourth of the alpha partic les 
within this range reached the counting gas, a specific activity of 2.25 x 10® 
dpm/gm (2. 25 dpm//xg) was obtained. This value is sim ilar to published 
values. A radiochemical analysis on the thoriated tungsten electrode gave 
a value considerably lower, i. e. 5. 6 x 10^ dpm/gm. However, as the thorium 
assay in the sample did not agree with specification, it was assumed that 
the specific activity found by radiochemical analysis was incorrect.
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If one assumes that the thorium contamination is present as surface 
instead of cladding contamination, one could expect a maximum counting rate 
of 27 cpm per fuel element (24 x 2. 25/2). The value of 77 + 33 cpm per fuel 
element represents the recoil alpha activity from either surface or cladding 
contamination. Therefore, the actual amount of thorium metal deposited on 
the weld could be considerably more. A very rough weld surface could give a 
higher counting rate. Since we are only concerned with the activity within 1 
recoil length or on the surface, a value of 24ptg/fuel element was used in 
the calculation.

4. 4. 3.1 Fission Product Activity Due to Thorium Contamination

The Cs-138 fission product level which could be sustained by 24//.g 
thorium per fuel element (1. 3/Xg/ft^ cladding) was calculated from the 
amount of U-233 present after various periods of reactor operation. The 
fissionable U-233 is produced in a nuclear reactor according to the reactions:

SO™ 232 + on

90Th233
23. 5m

9lPa233
27.4d 92U 233

A differential equation can be derived for the concentration of U-233 as a 
function of time. The results of the calculation are shown in Table 4.14.

This table gives the SM-1 coolant cesium-138 activity due to a core 
consisting of:

a. 45 SM-1 type brazed elements with 0 .11/xg U-235/ft^ cladding 
contamination, or

b. 45 SM-2 type welded elements with 1.3 /Jg Th-232/ft^ cladding 
contamination.

These values are compared with the observed cesium-138 activity 
after 18 months of SM-1 Core I operation.
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TABLE 4. 14
SM-1 EQUILIBRIUM CESIUM-138 FISSION PRODUCT LEVELS DUE 

TO A CORE CONTAINING 0. 11/Xg U-235/ft2 AND 1. 3 
Mg Th-232/ft2 EACH OF CLADDING CONTAMINATION_______

Activity 
Due To

U-235

Th-232

Total U-235 4 Th-232

Th-232/U-235

SM-1 Value 
(Measured)

Months of Reactor Operation 
6 12 18

13.0 dps/cc 

16. 8 dps/cc 

29. 8 dps/cc

13.0 dps/cc 

37. 5 dps/cc 

50. 5 dps/cc

13. 0 dps/cc 

53. 4 dps/cc 

66.4 dps/cc

1.3 2.9 4.1

3. 7 x 10^ dps/cc

The results indicate that the m easured amount of contamination on SM-2 
welded fuel elements can sustain a higher fission product level than the 
measured amount of U-235 contamination found on SM-1 Core II fuel elements. 
After 18 months of reactor operation the Cs-138 level due to thorium con
tamination is m ore than four times that due to U-235 contamination. Since 
an SM-2 welded elem ent could have uranium contamination, the activity 
level due to both should be considered. After 18 months of reactor opera
tion, the total Cs-138 level would be about 50 times less than the observed 
SM-1 Core I level. However, a fuel element defect was shown to exist at 
the time the Cs-138 level was m easured. The presence of two welded ele
ments in the Core II loading will resu lt in 2/45 of the C esium -138 activity 
shown in Table 4. 14 to be due to thorium contamination. Nevertheless, 
the magnitude of fission product activity from a complete core loading of 
welded fuel elements could be significant.

4. 4. 3. 2 Specification for Alpha Contamination on Fuel Elements

Future specifications for fuel p lates should include a provision for quan
titative m easurem ent of possible alpha contamination. This will permit cal
culation of a reference fission product activity level in the prim ary  system 
of the firs t core and give a general indication of alpha contamination in 
subsequent cores.

2
A maximum lim it of 0. 5Mg U-235 p e r ft of plate has been established 

for SM-1 fuel elem ents. This is equivalent to a counting ra te  of 80 alpha 
dpm per ft2 surface. Such a specification will result in a negligible fission
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product level in comparison to corrosion product activity. The specification 
can be met without difficulty by exercising care during fabrication. In the 
past, 10 percent of the fuel plates were checked for alpha contamination.
In addition each plate was checked visually for inclusions and other defects. 
However, a 10 percent sampling plan does not detect 1, 2 or even 3 plates 
which might have significant amounts of contamination. This was verified 
by calculating-the probability of finding a given number of defects (contaminat
ed plates) in various samples taken from a fabrication process which produces 
a certain percentage of defects (1 and 10 percent). The probability was 
calculated by the binomial distribution relation. A normal SM-1 type core 
loading consists of approximately 800 plates. For a fabrication process that 
is 1 percent defective, the probability of finding no defects is 0. 68 (68 times 
out of 10G| for a sample of 40, 0. 55 for a sample of 60, and 0. 45 for a sample 
of 80. It would appear desirable to conduct 100 percent sampling for alpha 
contamination. However, such a check may require considerable time and 
expense. A general indication of alpha contamination can be achieved with 
a 5 percent sample.

No specification can be established for Th-232 on SM-2 type fuel ele
ments A definite fission product level will result from the use of thoriated 
tungsten electrodes in the welding process. This fission product level will 
be equivalent to about 0. 3 of U-235 per ft2 of plate after one year of 
reactor operation. While such a level will not present any radiation hazard 
or health physics problems, alternative welding electrode materials should 
be investigated.
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5.0 PROBLEMS ASSOCIATED WITH FISSION PRODUCT ACTIVITY

5.1 WASTE DISPOSAL

During the operation of SM-1 Core I, no reactor shutdowns were necessitated 
because of fission product activity. The waste disposal system was adequate 
for all prim ary coolant activity (induced and fission products). Discharge 
tolerances were achieved by decay and dilution. Certain precautions have 
been established for gaseous fission products particularly  when sampling 
the prim ary coolant. Gaseous fission products in the p rim ary  waste tank 
have been allowed to decay prior to their release through a stack monitor 
to the atmosphere. The adequacy of the present waste disposal system for 
gaseous and particulate fission product activity is presently  under study.

5.2 PURIFICATION EFFICIENCY FOR FISSION PRODUCT ACTIVITY

The efficiency of the prim ary system  demineralizer for fission products 
was evaluated during Core I operation. Prim ary coolant samples were 
taken upstream of the demineralizer (P) and in the make-up tank (M) during 
full power operation. The samples were analyzed for Sr-89, -90, 1-131,
Cs-137, and Ba-140 and the ratio (P/M ) at the two points calculated.
The results are  shown in Table 5. 1.

TABLE 5. 1
EFFECTIVENESS OF SM-1 DEMINERALIZERS FOR 

REMOVING FISSION PRODUCT ACTIVITY

Nuclide P/M

Sr-89
Sr-90
1-131
Cs-137
Ba-140

8
35

1.7 x 103 
74

9.8 x 102

The resu lts indicate that the mixed bed dem ineralizer was most effec
tive in reducing 1-131 activity with a decontamination factor of 1700. The 
strontium activity was removed with the least efficiency. However, addi
tional data are required at varying periods of dem ineralizer life before 
any conclusions can be reached.

5. 3 FUEL ELEMENT RUPTURE DETECTION

The event of a fuel element rupture must be considered in the design 
of any nuclear power plant. Such an incident may result in problems of
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maintenance, waste disposal, and future operation. Consequently, radia
tion monitoring oi the primary coolant is desirable in order that the location 
and magnitude of fuel element ruptures be ascertained. There are three 
methods which can be used to monitor fission product activity in the primary 
coolant: measurement of radioicdine, measurement of gross activity, and 
delayed neutron measurements. The latter is used normally in the design 
of a failed element detection system.

5.3.1 In-Line Sampling

There are several commercial instruments which are designed to mea
sure radioiodine in the bypass purification line. These instruments are 
variations of a design by R. L. Heath for use in the MTR.(H) The instru
ment combines ion exchange techniques with gamma ray energy discrimina
tion to measure radio iodine. A continuous sample of the coolant is passed 
over a filter to remove particulate activity. A cation exchange column then 
removes the bulk of the soluble corrosion product activity while an anion 
column removes fission product iodine and other anionic species. The 
anion column is monitored with a pulse height discriminator for radioiodine 
(1-134, -135, -136). The side stream is then diverted back to the main 
purification line. The radioiodine monitoring system is said to give negligible 
response to non-fission product activity and satisfactory response to fission 
products. A disadvantage of the system is the necessity for frequent replace
ment of filters and regeneration of exchange resins.

Gross activity measurements involve either direct counting of some por
tion of the fission product spectrum or certain gaseous activity. In both 
cases two detection channels are used. One detection channel is used to 
establish the predominant background activity, i. e. nitrogen-16 or argon-41, 
depending upon the time delay. The other detection channel is made to 
respond to the fission product activity of interest. For SM-1 application, 
a portion of vapor could be taken from either the hydrogen blanket in the 
make-up tank or from the vapor in the top of the pressurizer. In both cases, 
the sample would be monitored for xenon and krypton activity. The instru
mentation involved in such monitoring would undoubtedly be complex and 
would require research and development.

5. 3. 2 Failed Element Detection Systems

Failed element detection systems are based on delayed neutron monitor
ing of several fuel element channels. Each channel is sampled continuously 
and, after some allowance for decay, is monitored for delayed neutron ac
tivity with BF3 counters. The two principal delayed neutron emitters are 
22-sec iodine-137 and 56-sec bromine-87. The theory of failure detection 
and location is well documented in the unclassified literature and will not 
be discussed in this report. (14, 15,16)
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5.4 DECONTAMINATION

The tendency for certain  fission  p roduct nuclides to deposit on p rim ary  
system  su rface s  has been d iscussed  in a previous section . The event of a 
fuel element ru p tu re  can re lease  considerab le  amounts of UO2 and associa ted  
fission product ac tiv ity . In any o pera ting  reac to r em ploying sta in less s tee l 
clad fuel e lem en ts, the tenacious p r im a ry  system  deposit is composed chiefly 
of m agnetite (F e g O ^  with sm a lle r am ounts of nickel and chrom ium  oxides. 
The UO2 and asso c ia ted  fission p ro d u c t activity a re  abso rbed  on the c o rro 
sion product s c a le . T herefore any chem ical decontam ination method which 
"vill remove co rro s io n  product sca le  should rem ove UO2 and fission product 
activity. The WAPD Oxidizing-Com plexing Solution (T able 5. 2) was de
signed specifica lly  for the rem oval of UO2 and fission p roduct activity. It 
has been used successfu lly  on a num ber of occasions (WAPD 29 loop).

TABLE 5.2
WAPD OXIDIZING-COMPLEXING SOLUTION FOR DECONTAMINATION 
_____________ O F UO2 AND FISSION PRODUCT ACTIVITY_____________

Chemical Concentration (g m s/lite r)

Acetanilide 0 .5

E thylenediam inetetraacetic Acid 0. 75

Sulfamic Acid 2. 5

H exam ethylenetetram ine 0. 5

Hydrogen P ero x id e  1. 5

An alkaline perm anganate-buffered  c itr ic  acid tre a tm e n t has been 
recom mended fo r a ll SM-1 type re a c to r s . The trea tm en t has been found 
to be p articu la rly  effective in rem oving activated co rro s io n  product scale 
from metal su rfa c e s . Its effectiveness in removing UO2 and fission p ro 
duct activity has not been dem onstrated . However, the oxidizing and com - 
plexing nature of the chem ical so lu tions involved indicate that it should be 
just as effective fo r UO2 and fission  p roduct activity.

55



6 .0  CONCLUSIONS

The following conclusions w e re  reached on the b a s is  of the work p e rfo rm e d  
under this p ro g ram .

1. F is s io n  product activ ity  w as observed in the p r im a ry  coolant and 
on sy stem  deposits du ring  SM-1 Core I o p era tio n . The nuclides 
S r-9 1 , Y-92, 1 -131 ,-133 ,Cs-138, and Ba-139, w ere found in the 
p r im a ry  coolant and each  had a specific ac tiv ity  g rea te r than 10* 
d p m /m l. The nuclides Y-91, Z r-95. B a-140, and C e-1 4 1 ,-144 
w ere  found in test coupon deposits and each had a specific activ ity  
g re a te r  than 10^ dpm /m g. P rinc ipal gaseous nuclides found w ere  
K r -8 5 m ,-88 and X e-135.

A sign ifican t increase in fission  product ac tiv ity  occurred  between 
Ja n u a ry , 1958 and May, 1958. The in c rease  could not be explained 
on the basis of fis3ion re c o il from su rface o r  cladding contam ina
tion by uranium -235, and was attributed to a fuel element cladding 
defec t.

2. T he behavior of rad ioiodine-131, -133 during reac to r  startup  and 
shutdown ("w aterlogging" effect) indicated th a t a cladding defect 
w as responsib le  for the high fission product activ ity .

3. It w as estim ated that sh o rt- liv ed  fission p ro d u c t activity, p a r t i 
c u la r ly  iodine 1-132 and -134, accounted fo r approxim ately
80 p e rcen t of the total sh o rt- liv ed  dose ra te  a t reac to r shutdown.

4. M easurem ent of alpha contam ination on SM-1 Core II fuel e le 
m en ts  indicated a contam ination equivalent to 0 -0 . 11 fjig of uranium  - 
235 p e r  ft^ of p late cladding. Such a level ot contamination can 
support a maximum fiss io n  product concen tration  of approxim ately  
l x 10‘ 3 p tc /cc  after 7 h r decay and 4 x lO '^ ^ c c /c c  after 10 hr 
decay . It is not p o ss ib le  to establish  a re fe re n c e  fission product 
level for SM-1 Core II operation  because of the re - re le a se  of 
fiss io n  products from  p r im a ry  system  w alls and the possible 
contribution  from defective fuel elem ents. The seconc core
w ill include two SM-1 C o re  I elem ents and welded and instrum ented  
e lem en ts  in addition to the norm al loading.

5. A lpha contamination d a ta  on SM- 1A Core I fuel elem ents indicated 
an average contam ination equivalent to 0. 1 /Xg of u ran ium -235 p e r  
ft^ of cladding with a m axim um  of 0. 3/J.g u ranium -235 per ft*.
The maximum level of contam ination can support a fission p roduct 
concentration  of 2 x 10~3 ^lc/ cc after 1 h r decay and 8 x 10-4
fjLc/cc  after 10 hr decay . However, these  concentrations a re  fa r
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below induced activity (Mn-56, W-187, Mn-54, Co-58, etc.) which 
was estimated at approximately 0. 5 fJic/cc after 1 hr decay (1 year 
reactor operation).

6. An SM-1 Core H loading of SM-2 type welded fuel elements would re
sult in two to three times as much fission product activity from sur
face contamination as that estimated for an SM-1 Core II loading of 
SM-1 type brazed elements. However, such a concentration would 
still be 50 times less than the induced activity present during Core I 
operation.

7. A maximum limit of 0. 5jxg of uranium-235 per ft^ of cladding has 
been established for SM-1 type fuel elements.
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7.0 RECOMMENDATIONS

1. A fission product monitoring system, preferably based on radio
iodine, should be included in future reactors and the feasibility 
of a failed fuel element detection system in SM-1 type reactors 
should be investigated.

2. Loop tests should be conducted to establish fission product escape 
rate coefficients for a defective SM-1 type fuel element.

3. The efficiency of the SM-1 purification system for various fission 
product nuclides should be determined and an evaluation performed 
if necessary, of methods for improved efficiency.

4. Studies of the effect of fission product activity on plant operation 
including waste disposal should bt. continued. This will include 
measurement of short-and long-lived fission product dose rates, 
the rate of buildup of fission product nuclides in primary system 
deposits, and the relative amounts of fission product (soluble 
and gaseous) and induced activity in the primary system after 
various periods of time following reactor shutdown.

5. All cores (stationary and control elements) should be checked 
for alpha contamination (uranium-235 or thorium). Such in
formation can be used to establish reference fission product 
concentrations in the primary coolant.
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