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EXPERIMENT ON CONTINUOUS FELEASE OF FISSION GAS DURING IRRADIATION 

R. M. Carroll  C. D. Bawnann 

A f a c i l i t y  has been constructed i n  which f u e l  materials may be ir- 
radiated t o  determine t h e i r  a b i l i t y  t o  r e t a in  gaseous f i ss ion  products 
during i r radiat ion.  

i s  adjusted by moving the fue l  i n to  and out of the reactor neutron flux. 

A t  constant power the  temperature of the  f u e l  i s  regulated by a i r  cooling. 
Fission gas from the  fuel i s  entrained i n  an inert-gas sweep and carr ied 

outside the  reactor  f o r  analysis. 
determined by argon activation. 

The fue l  i s  heated by i t s  own f i s s ion  power, which 

The neutron f lux  a t  the f u e l  may be 

To date, two samples of ceramic fuel ,  ThO2-UO2 and U02, have been 

i r rad ia ted  i n  the  f a c i l i t y .  
gas from both samples w a s  dominated by short-l ived isotopes. Measurements 

from 1000 t o  2000°F show t h a t  iodine, xenon, and krypton were released by 
a temperature-dependent process above 1300°F. 

calculated f o r  the  U02 sample. There w a s  no change i n  thermal conductivity 
of 95% density U02 up t o  2300 Mwd/metric ton burnup; i n  the  1000 t o  2000°F 

range, K = Koe -1*21Tx10-3 ( T  = OK). An in-pi le  oxidation of UO, was indi-  

cated by a stored-energy release and a large increase of fission-gas re- 

lease.  
and decreased fission-gas release. 

The t o t a l  ac t iv i ty  of the  released f i s s ion  

Diffusion coeff ic ients  were 

A 3% hydrogen addition t o  the sweep gas p a r t i a l l y  reduced the  f u e l  

INTRODUCTION 

The escape of f i s s ion  gas from a ceramic fue l  takes place by means 
of three main processes: diffusion through the  fue l  material, escape by 

moving along grain boundaries or  defects i n  the  f u e l  such as micro cracks, 
and r eco i l  from the  f u e l  i n  the  moment of f i ss ion .  Nearly a l l  the ceramic 
fuels  now used o r  proposed are  formed from a compacted and s intered powder. 

This method of formation does not y i e ld  a homogeneous structure,  and grain 

s ize  as well as the amount of porosity w i l l  vary widely according t o  the 

method of s in te r ing  and compacting and the  type of powder used. 

ables affect ing the escape of f i s s ion  gas from a ceramic fue l  include the  

The vari- 
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density, temperature, grain size,  surface-to-volume ra t io ,  burnup, im- 
pur i t ies ,  and ( f o r  U02) oxygen content. Two samples, one of Th02-U02 

and one of U02, have been studied. Fission-gas release as a function 
of temperature has been explored, and, t o  a l e s se r  extent, i t s  depend- 

ence upon oxygen content and burnup. This interim report i s  issued p r i -  

marily t o  r e l a t e  the experimental procedures and the i n i t i a l  general ob- 

servations. 

The authors are grateful  for the assistance of G. S. Suessmann, a 

guest from Germany, i n  compiling and evaluating data. 

EXPERIMENTAL, METHOD 

The fue l  samples are placed within a capsule and hung ve r t i ca l ly  

within the l a t t i c e  of the Oak Ridge Research Reactor. The fue l  i s  heated 
by i t s  own f i ss ion  heat, and the power generated i n  the sample i s  regu- 

la ted  by moving the capsule up or down u n t i l  the desired neutron flux i s  
obtained. The sample temperature, recorded by attached thermocouples, 

i s  controlled by cooling the outside of the  capsule with an a i r  stream. 
The f i ss ion  gas evolved from the fue l  i s  entrained i n  a moving stream of 
ine r t  gas and carried t o  a shielded cubicle outside the reactor f o r  anal- 

y s i s  by gamma-ray spectroscopy. 
sample may be varied over a limited range without changing the average 

temperature of the fuel ,  and the temperature may be varied while the 

sample i s  a t  constant power. The r a t e  of flow of  the inert-gas sweep 
may be changed so  tha t  the time of t r a n s i t  fo r  the f i ss ion  gas between 

fue l  and analyzer i s  variable (see Figs. 1 and 2) .  
controls, except f o r  sweep gas, are located on the instrument panel (see 

Fig. 2) .  The temperature and ac t iv i ty  recorders as well as the pulse- 
height analyzer fo r  the gamma-ray spectroscope are i n  the same room. 

The in-pi le  portion of the f a c i l i t y  consists of two par ts :  the 

With t h i s  arrangement the power i n  the 

A l l  of the experiment 

stationary section tha t  contains the air-cooling system and the movable 

section tha t  contains the fuel ,  thermocouples, and inert-gas sweep sys- 
tem. The air-cooling section i s  constructed of s ta in less  s t e e l  and i s  

formed of two concentric tubes. 

i s  controlled by regulating pressure a t  the instrument panel. 
The cooling a i r  i s  f i l t e r e d  and the  flow 

A i r  t rave ls  
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down the inner tube, over the sample capsule, and up the outer tube, 

which i s  i n  contact with the reactor cooling water. The a i r  i s  monitored 
i n  the cubicle for radioactivity and then passed in to  the reactor off-gas 

system. The movable inert-gas sweep system a l s o  i s  formed of two- concen- 

t r i c  tubes. Ine r t  gas i s  passed down the inner tube, which also contains 
the thermocouple leads, over the fue l  sample, and up the outer tube, which 

i s  cooled by the a i r  stream. The sweep gas, with entrained f i ss ion  gases, 

flows through tubing surrounded by pool water u n t i l  it reaches the shielded 

cubicle, where it i s  monitored fo r  ac t iv i ty  and passed on t o  the analysis 
apparatus. 

To prevent neutron streaming, the in-pi le  portion of the air-cooling 
When the system contains a curved of fse t  jus t  above the reactor l a t t i c e .  

fue l  i s  moved up or down, the movable section must f l e x  around t h i s  curve. 

The inner tube of the inert-gas system i s  therefore aluminum, except f o r  

a 10-in. Inconel section i n  the high-temperature zone, and the outer tube 

of s ta in less  s t e e l  contains a f lex ib le  bellows section. 

Positioning System 

A hydraulic positioning device with an 18-in. t r ave l  i s  used t o  move 

This posit ioner i s  sub- the fue l  t o  the desired f lux leve l  (see Fig. 3 ) .  
merged i n  the reactor pool and i s  powered by l i n e  water pressure. 

s ta in less  s t e e l  hydraulic cylinders are used t o  obtain a balanced thrus t .  

The water pressure t o  the cylinder i s  controlled by solenoid valves which 
are  normally operated manually, but the instrumentation i s  arranged so 
tha t  an approach t o  a dangerous condition w i l l  r e su l t  i n  automatic with- 
drawal of the sample from the high-flux region of the reactor.  This move- 
ment of the sample has almost no e f fec t  upon the reac t iv i ty  of the reactor. 

Neoprene chevron packings are used a t  the s l id ing  jo in t  t o  prevent the 

pool water from leaking in to  the air-cooling system. 

Two 

A s ta in less  s t e e l  cable i s  fastened t o  the movable section of the 

f a c i l i t y  t o  transmit the motion t o  a selsyn master. 

i s  maintained by a continuous-stall motor which, along w i t h  the selsyn 

master, i s  mounted on 8 header box above the reactor pool water. 

t h ro t t l i ng  the water flow of the positioning cylinders t o  obtain flow 
movements, the posit ion of the fue l  can be s e t  t o  within 0.1 in .  By 

varying posit ion and a i r  flow, any desired temperature can be obtained. 

4 
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Fig. 3. Positioning Apparatus. 

The rmo c oupl e s 

The thermocouples, R vs Pt - lO$  Rh, are pressed against the fuel. 

Outside the hot zone the thermocouples are attached to lead wires which 

are passed along the innermost tube of the inert-gas sweep system. A 
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blocking box, located a t  the top of the movable section, contains a gas- 

tight sea l  t o  prevent leaks of active gases along the thermocouple con- 

dui t .  The thermocouple lead wires pass through t h i s  seal ,  along a flex- 
i b l e  hose, and t o  the header box located above the pool water. This 

header box i s  also gastight and contains a connection t o  the reactor 

off-gas system. The thermocouple lead wires are  passed through a second 

sea l  i n  the header box and then through conduit t o  the instrument panel. 

Sweep-Gas System 

The sweep gas i s  usually helium, but sometimes argon i s  used. The 
bot t led sweep gas i s  pressure-regulated and passed through a purif'ying 

system. 
charcoal column and a glass-bead-packed column f i l l e d  with NaK. 

temperature calcium turnings were used t o  purify the argon. 

now being removed from the sweep-gas stream by a 3% addition of hydrogen 
t o  the bot t led  supply and then catalyzing a reaction between the hydrogen 

and the oxygen present. 
alumina and passed through a column of high-temperature (1400'F) copper 

turnings. The gas i n i t i a l l y  contains from 1 t o  10 ppm oyygen, and t h i s  
treatment reduces the oxygen content below 1 ppm, which i s  the l i m i t  of 

analysis. The excess hydrogen i n  the sweep gas a lso tends t o  r e t a in  the 

fue l  i n  the reduced s t a t e .  

The helium purifying system original ly  consisted of an activated- 

H i g h -  

Oxygen i s  

The gas stream i s  then dried with activated 

The flow ra t e  of the sweep gas i s  measured with a calibrated rota- 
meter. After passing over the fue l  and entraining the f i ss ion  gases, the 
sweep gas flows t o  the cubicle, where it i s  monitored for t o t a l  ac t iv i ty  
with a high-level G-M counter, and is  then f i l t e r e d  and passed t o  a valv- 
ing system used t o  d i rec t  the flow of sweep gas. 
operated with solenoid valves and controlled from the instrument panel. 

With one posit ion of the valving system the sweep gas enters a U-shaped 

counting tube which i s  inserted i n  a lead shield tha t  contains an N a I  

c rys t a l  coupled t o  a photomultiplier tube. The spectrum of the gamma 

rays i s  obtained with a pulse-height analyzer located on the instrument 

panel. The gas then passes t o  a charcoal holdup tank tha t  delays the 
f i s s ion  gases and reduces the ac t iv i ty  dumped in to  the reactor off-gas 

system. 

This valving system i s  
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The flow ra t e  of the sweep gas ranged from 1 t o  10 cc/sec, which 

was low i n  comparison with the cooling-air flow. 
of the sweep gas had no measurable e f fec t  upon the fue l  temperature, s o  
the heat generated i n  the f u e l  w a s  removed by the cooling a i r  ra ther  than 

by the sweep gas. Varying the sweep-gas flow ra t e  accomplished two pur- 

poses. F i r s t ,  the fission-gas "density" ( the  number of atoms of f i ss ion  
gas per cc of helium), which i s  inversely proportional t o  the flow rate ,  

was changed. Since the counting tube has a fixed volume, increasing the 

flow ra t e  would reduce the count r a t e  measured by the gamma spectrometer. 

Second, the f i s s ion  gases were carr ied from the fue l  t o  the spectrometer 

i n  a time inversely proportional t o  the r a t e  of flow. 

of short-lived isotopes may be determined by the ac t iv i ty  change as a 

function of t r ave l  time. 
had remained nearly constant, the decay of short-lived isotopes compen- 

sating f o r  the increased density of radioactive atoms when the sweep r a t e  

was reduced. 

Changing the flow ra t e  

The decay constants 

The t o t a l  ac t iv i ty  measured over the flow range 

Gas Separation and Switching 

The fresh f i s s ion  gas has a high ac t iv i ty  due primarily t o  short- 

l ived isotopes of xenon and kry-pton. 

flow ra tes  have been too complex f o r  analysis. 

the spectrum, a system of f i l t e r s  and charcoal adsorbers has been placed 

i n  the sweep-gas c i r cu i t .  This i s  par t  of the valving system which i s  

operated with solenoid valves and controlled from the instrument panel. 

For the  amount of charcoal used i n  the t raps ,  with a sweep-gas flow r a t e  
of 6 cc/sec, kry-pton passes through the t raps  with only a 5-min delay, 
while xenon i s  delayed nearly 2 h r . l  I n  t h i s  manner the isotopes of 

kry-pton i n  the f i ss ion  gas can be measured alone, and when the xenon 

breaks through, the combination of these two gases i s  measured. 
sion gas can then be shunted around the t r ap  system and the t raps  heated 
and purged with pure helium t o  reactivate the charcoal. A s  yet ,  no data 

have been obtained with t h i s  system. 

The spectra obtained with the higher 

To aid i n  the analysis of 

The f is-  

T 

'W. E. Browning, R. E.  Adams, and R. D. Ackley, Removal of Fission 
Product Gases from Reactor Off-Gas Streams by Adsorption, ORNL CF-59-6-47 
(June 11, 1959). 
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The term "fission gases" has been used here ra ther  loosely. I n  t h i s  

report ,  an atom which w i l l  remain i n  the ca r r i e r  gas stream after con- 

tac t ing  surfaces t o  which it could adhere w i l l  be termed a "gas." 
which adhere t o  surfaces w i l l  be considered t o  be plated, or sol ids .  

good example of this  i s  the mass-chain 135, i n  which iodine i s  formed. 

Iodine i s  "gaseous" a t  the experiment temperatures, but it can be plated 
from the gas stream with a simple f i l t e r  t h a t  provides contact surface. 
m e  iodine then decays with a 6.7-hr h a l f - l i f e  t o  Xe135, which i s  released 

from the surface where the iodine was plated.  The xenon decays with a 

9.2-hr ha l f - l i f e  t o  which w i l l  adhere t o  a surface t h a t  it con- 

t ac t s .  
same surf aces. 

Atoms 

A 

The daughter products of Cs135 apparently remain plated upon the 

Although the elements which w i l l  adhere t o  a surface are removed 

from the sweep stream before they enter  the counting tube, daughters of 

krypton and xenon p la te  upon the surface of the counting tube. 

solids are continuously formed from the decay of the f i ss ion  gases. The 

plated sol ids  are also radioactive, and some of these decay with the emis- 

sion of gamma rays. A s  a consequence, there are gamma rays emitted from 
the counting tube which are not due t o  flowing f i s s ion  gas. 
of plated sol ids  i n  the counting tube w i l l  vary with the h e 1  temperature, 
time of operation, sweep rate ,  e tc .  The gamma ac t iv i ty  due t o  these plated 
solids i s  generally about one-third the t o t a l  ac t iv i ty .  The major par t  of 
the gamma ac t iv i ty  from the plated sol ids  i s  due t o  cesium, and t h i s  type 
of contribution i s  called the cesium "background. " 
i s  measured by using the valving system t o  shunt the sweep gas stream 
around the counting tube and t o  simultaneously purge the counting chamber 
w i t h  a rapid flow of pure helium. A l l  gaseous f i s s ion  products are swept 
from the counting tube, and only the plated products remain. 

These 

The amount 

This cesium background 

Another kind of "background" i s  due t o  xenon formed from iodine 

plated i n  the l ines .  This xenon enters the sweep gas and cannot be dis-  

tinguished from xenon emerging from the fuel .  The amount of xenon con- 

t r ibuted i n  t h i s  manner can be determined by withdrawing the fue l  from 

the reactor flux, so tha t  the release of gas from the fue l  ceases, and 
then measuring the continued release of xenon. 

. 

. 
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Fission-Gas Analysis 

J 

The analysis of the sweep gas by gamma-ray spectroscopy is approached 

in two fashions. In the first, and more difficult method, the isotopic 

content of the flowing gas is determined on a steady-state basis. In the 

second, samples of the gas are trapped in containers so that the shorter- 

lived isotopes can decay and half-lives can be used to aid in identifica- 

tion. This sampling method utilizes medical serum bottles and a hy-poder- 

mic needle attached to the sweep-gas system.2 

pierce the soft rubber cap of the serum bottle, which is first evacuated 

and then filled with the sweep gas. The soft rubber cap of the serum 

bottle seals gastight. 

and inexpensive, are discarded after use. 

For the steady-state analysis of the fission gas, the sweep gas is 

The needle is used to 

These bottles, which are of nearly uniform volume 

passed through a counting tube which is near a 3 x 3 in. NaI(T1) crystal. 
The crystal is coupled to a Du Mont 6363 photomultiplier tube, and both 

are enclosed in a lead shield located in the cubicle. 

containing the flowing fission gas, is inserted in a hole in the shield- 

ing and essentially consists of a line source. 

The counting tube, 

The counting apparatus was standardized by using dummy counting tubes 

filled with radioactive solutions of known activity. The activity results 

are presented as photons cm-3 sec". 

sion products is an inverse function of the sweep-gas flow rate, the ac- 

tivity is normalized by correcting to a flow rate of 1 cm3/sec. 

Since the concentration of the fis- 

The output of the photomultiplier tube is fed to a preamplifier and 

then to a DD-2 amplifier. The amplifier pulse is passed to a single- 

channel pulse-height analyzer and recorded on an x-y recorder. The single- 

channel analyzer was found to be inadequate f o r  the analysis of the complex 

spectra, and a 256-channel pulse-height analyzer has just been obtained 

which should permit a steady-state quantitative analysis of the fission 

gas. 

2F. J. Brutschy, GE-Vallecitos, personal communication, Jan. 5, 1960. 
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Safety System P 

The f a c i l i t y  w a s  designed t o  operate as an m a n n e d  experiment. 

the event of l o s s  of e l ec t r i ca l  power, a i r ,  water, or sweep-gas pressure, 
an alarm i s  sounded i n  the reactor control room and the sample i s  auto- 
matically withdrawn from the reactor. I n  the event of high ac t iv i ty  i n  

the air-cooling o r  sweep-gas system, the system i s  isolated by solenoid 
valves so tha t  the ac t iv i ty  w i l l  not leave the reactor shielding, the 

alarm i s  tripped, and the sample i s  withdrawn. 
peratures the sample i s  first withdrawn; then, i f  the temperature con- 

t inues t o  rise, an alarm i s  sounded and f ina l ly  the reactor i s  s e t  back. 

The temperature recorders are arranged so tha t  l o s s  of continuity i n  a 
thermocouple w i l l  r e su l t  i n  a reactor setback. The sample i s  withdrawn 

automatically i n  case of an alarm, but it must be inserted in to  the re- 

actor manually. 
alarm mode. 

In 

I n  the event of high tem- 

The sample cannot be inserted when the system i s  i n  the 

The reactor has never been s e t  back by the experiment, and the en- 

t i r e  operation has been remarkably f ree  of trouble. It i s  especially 

gratifying ( t o  both the experimenter and the reactor operators) t o  be 
able t o  vary the neutron f lux  a t  the experiment without changing the re- 

actor  power. 
the reactor, the sample i s  moved without notifying the reactor operators. 

Since moving of the sample has no detectable e f fec t  upon 

Flux Measurement 

To determine the r a t i o  of r e l e a s e d t o  retained f i ss ion  gas on a 

steady-state basis,  it i s  necessary t o  know the steady-state formation 

of the f i ss ion  gas. 
ured, since the enrichment and the f i s s ion  cross section are  known. 
neutron f lux cannot be measured sa t i s f ac to r i ly  by f o i l  activation because 

the f lux i s  loca l ly  perturbed by the experiment. 

with time according t o  the reactor loading and the control-rod positions. 

This can be calculated i f  the neutron f lux  i s  meas- 

The 

Also, the f lux  varies 

An argon activation method has been developed t o  avoid the above 

d i f f i cu l t i e s .  Argon i s  purif ied and thro t t led  in to  the sweep-gas sys- 

tem t o  replace the helium as a sweep gas. The argon i s  activated by the 

same f lux  which produces f i ss ion  i n  the fuel.  Argon-41, which contributes 

. 
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the  only s i g i f i c a n t  gamma-ray ac t iv i ty ,  has a 1.8-hr h a l f - l i f e  and emits 

a single 1.3-Mev gamma ray. 
s t a t e  basis  proportional t o  the neutron f lux  and the time of exposure. 
The r a t e  of activation of the argon can be determined by e i ther  continu- 

ous analysis with the multichannel analyzer, or, more simply, by taking 

grab samples and allowing the short-lived components of the f i ss ion  gas 

t o  decay before making a gamma-ray analysis. 
ments need t o  be made only once fo r  a par t icular  fue l  sample. This i s  
because the temperature of the fue l  i s  a function of the neutron flux 
and the a i r  cooling. 
f lux  a t  a given cooling rate ,  the f lux  may be determined a t  some l a t e r  
date by temperature measurement (correcting fo r  burnup). 

The flowing argon i s  activated on a steady- 

Usually, the f lux measure- 

By correlat ing the fue l  temperature t o  the measured 

When argon was substi tuted f o r  helium as a sweep gas, the temperature 

of the fue l  increased due t o  the lower thermal conductivity of the argon. 

The temperature increase was proportional t o  the power generation and was 
sometimes as high as 500'F. By using t h i s  method of increasing the fue l  

temperature, as well as regulating the cooling-air flow, a wide range of 

temperatures was attained a t  constant f i s s ion  power. 

FUEL SAMPLES IRIUDIATED 

The Th02-U02 sample was a sol id  solution of Tho2 with 4.7% UO,, fu l ly  

enriched. It w a s  i n  the form of a r igh t  cylinder 0.5 in.  OD and 0.5 in .  
long with a 0.26-in. ax ia l  hole (see Fig. 4). 
density of 9.7 g/cm3 (96.8% theoret ical)  measured by C C l 4  vacuum impreg- 

nation techniques. 

The sample had an immersion 

Fuel surface temperatures of more than 1900'F could not be maintained 

with the !I'h02-U02 sample, because the Inconel capsule f i t t e d  t igh t ly ,  and 
a t  t h i s  temperature the Inconel was s l igh t ly  above 1500'F ( a  nominal safe 
l imi t  i n  contact with a i r ) .  The cylinder of ThO2-UO2 was so  short  that 

end losses were very high, and the inner surface was very l i t t l e  ho t te r  

than the outer surfaces. This sample w a s  i r radiated t o  t e s t  the f a c i l i t y  
and t o  determine the ra te  of fission-gas release a t  various temperatures. 
One of the primary disadvantages of t h i s  sample was the high temperature 

differences between the surfaces and the in t e r io r  of the fue l .  Because 
of t h i s ,  it was d i f f i c u l t  t o  assign a temperature t o  a given gas release. 

1 1  
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Fig. 4.  ThO2-UO2 Sample Positioned in Facility Tube. 

The U02 specimen was in the form of two thin plates, 1.0 in. long, 
The plates were assembled parallel 0.64 in. wide, and 0.032 in. thick. 

to each other with thermocouples sandwiched between them and pressed 

against the outer surfaces. The UOz was 97% theoretical density, with 
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a surface area (measured by gas adsorption methods) about four times the 

geometrical area. The ovgen-to-uranium ratio was 2.01. The plates con- 

tained 0.028% C, 40 ppm Fe, 25 ppm N, and less than 15 ppm Ni, Cr, and 

si. The U235 enrichment was 4% and each plate weighed 3 .3  g (see Fig. 5). 
The thin-plate shape was selected for the following reasons: 

1. The temperature differences through the fuel would be small, and a 
specific temperature could be assigned to a fission-gas release. 

uo2 
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Fig. 5. UOz Thin-Plate Samples Positioned in Facility Tube. 

13 



2. 

3 .  

4.  

5 .  

Because of the small temperature differentials, thermal stresses 
would be low, and the fuel would not crack and expose fresh surfaces 
for fission-gas release. 

The thickness of the plate was small compared with the width; thus 
edge losses for heat and fission gas could be neglected. 

The space between the plates would be at the highest temperature of 
the fuel, and no temperature gradient would exist in that region, so 
this temperature could be measured accurately. 

The plates were the only thin-cross-sectioned high-density shape that 
could be formed without extensive development - as contrasted with 
hollow tubes, hollow spheres, etc. 

THERMAL CONDUCTIVITY OF U02 

The thin-plate configuration of the U02 sample allows thermal con- 

ductivity measurements during irradiation, since the temperature drop 

across a plate with uniform internal power generation and no edge losses 

is 

m = -  L~ Q 
2K ’ 

where 

Q = power generated per unit volume, 

L = half thickness of the plate, 

K = thermal conductivity of the plate, 

AT = temperature difference between center and surface of the plate. 

The flux depression through the plates is small, so uniform power genera- 

tion can be assumed. 

the edge losses may be ignored. The AT is measured by directly opposing 
thermocouples located between the plates and on the outer surface. The 

thickness of the plates is known, and the power generation is calculated 

from the flux measurements. The heating by gamma-ray absorption is esti- 

mated to be less than 1 w/g, which is small compared with the usual op- 

eration power of 30 wig. 

Also, because the width-to-thickness ratio is 20, 

Absolute measurements of thermal conductivity are subject to the 

above assumptions and to the accuracy of the flux measurements (accurate 

to within 10%). Change in thermal conductivity during irradiation can 

be detected by temperature measurements; when the temperature of the 

surface of the assembly which contains the fuel is a constant (for a 

14 
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1 . given air flow), the power generated within the assembly i s  a constant. 
If the temperature inside the fue l  sandwich remains a constant with time 

under these conditions, %hen the thermal conductivity of the material has 

not changed with time. 

The variation of thermal conductivity with temperature can also be 
established, since the power generated i n  the fue l  can be maintained con- 
s tan t  while the temperature i s  varied up t o  1000'F. I n  t h i s  manner 

L ~ Q  1 
= [TI jf 

where the expression i n  brackets i s  a constant. 

I n  the 1000 t o  1800'F range the variation i n  thermal conductivity 
agreed (within instrument l imi t s )  with the relat ion given by Kingery3 

f o r  U02 of 95% theoret ical  density: 

- 1 . 2 1 ~ ~ 1 0 - ~  , K = e  
KO 
- ( 3 )  

where T = absolute temperature. The value of KO i s  given by Kingery as 
0.143 w c C 2  ( 'C)-l. This formula should not be extrapolated above 1800'F. 

No change i n  thermal conductivity of more than 15% ( the  instrument 

l i m i t )  was observed i n  the i n i t i a l  two-month period during an i r rad ia t ion  

of 1 .2  x 1020 nvt (thermal). 
tu re  re la t ions within the fue l  capsule (see Fig. 6). 

This i s  shown by the reproducible tempera- 

This a lso shows 

3V. J. Tennery, Review of Thermal Conductivity and Heat Transfer i n  
Uranium Dioxide, ORNL-2656, p 10 (Apr. 10, 1959). 
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t ha t  the plates  had not cracked or broken during t h i s  time, although they 

had experienced rapid changes of temperature due t o  reactor scrams and 

sudden withdrawals. 
Because of repairs t o  the reactor off-gas system, the sample had t o  

When the sample remain i n  the withdrawn posit ion f o r  over two months. 

was reinserted a t  the end of t h i s  time the temperature re la t ions had 

changed. 
e i the r  during the withdrawn period or upon the reinsertion. 
conductivity studies on t h i s  sample were then discontinued. 

This led  t o  the conclusion tha t  one of the plates  had cracked, 
Thermal 

FISSION-GAS EMISSION 

The amount of f i ss ion  gas measured i s  a function of fue l  composition, 

temperature, decay time, and power. When the temperature and the power 

were constant the release ra te  reached an apparent equilibrium i n  about 

2 hr .  A var ia t ion i n  the sweep-gas flow ra te  does not a f fec t  the f iss ion-  

gas release because the fue l  temperature does not change. Increasing the 

sweep-gas flow ra te  w i l l  bring the f i ss ion  gas from the fue l  t o  the spec- 

trometer i n  a shorter time, and a greater proportion of short-lived iso- 

topes w i l l  be present i n  the sweep gas, 
The term "fission-gas ha l f - l i fe"  i s  used here t o  designate the time 

i n  which the t o t a l  gamma-ray ac t iv i ty  of the gas would decrease by one- 

half  i f  the instantaneous decrease i n  ac t iv i ty  continued with a fixed, 
single decay constant. This means tha t  the gas has a ha l f - l i f e  t ha t  
varies with time. 
useful i n  tha t  it designates the half- l ives  of the isotopes dominating 
the ac t iv i ty  a t  t ha t  time. 
of the lapsed time since the formation of the gas by f iss ion.  

The designation of the f i ss ion  gas by a ha l f - l i f e  i s  

Also, the h a l f - l i f e  of the gas i s  a function 

The h a l f - l i f e  of the f i ss ion  gas can be measured f o r  a known t r ave l  

time between the fue l  and the spectrometer. This h a l f - l i f e  can be com- 

pared with the calculated4 ha l f - l i f e  of f i ss ion  gas as a function of time. 

Since the f i s s ion  gas may be delayed i n  emerging from the fue l  as well 

as i n  moving from the fue l  t o  the spectrometer, t h i s  comparison w i l l  in-  
dicate the length of time the gas was i n  the fue l  before it was released. 

4R. C. Bolles and N. E .  Ballou, Fig. 7-A, Nuclear Sci. and Eng. 2, 
179 (1959). 
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The t r ave l  time of the  gas from fue l  sample t o  spectrometer w a s  meas- 

ured by abruptly changing the flow ra t e  of the  cooling air. This produced 
a rapid temperature change i n  the  f u e l  which caused an immediate change 

i n  the fission-gas release rate .  

i n  the f u e l  and the ac t iv i ty  change measured a t  the spectrometer w a s  the  

t r ave l  time of the  gas. 

The time between the temperature change 

When the  temperature of the fue l  sample w a s  increased, a s tore  of 
f i s s ion  gas w a s  released. These bursts  sometimes peaked a t  twice the  

equilibrium ac t iv i ty ,  and subsequent ac t iv i ty  equilibrium w a s  a t ta ined 

within 2 hr .  
of the  i r rad ia t ion  and the  temperature change. 

The magnitude of these bursts  w a s  a function of the  his tory 

Tho2 -U02 Sample 

I n  the  gas from the  Th02-U02 sample the following isotopes were 

ident i f ied:  Krg8, Krg7, Kr85m, Xe138, Xe135, Xe133, 1131 Y La140, and 

Other isotopes were present which could not be ident i f ied.  The 

above products a l l  have half- l ives  greater  than 1'7 min, so  they cannot 

be the  dominating ac t iv i ty  of the  f i s s ion  gas which emerges from the f u e l  
with a h a l f - l i f e  of less than 1 min. 

The amount of iodine measured i n  the  gas stream was  highly dependent 

upon the  flow ra t e  of the  sweep gas, because a t  lower flow ra tes  there  i s  

a greater  probabili ty t h a t  the  iodine would contact and s t i c k  t o  the  sur- 
face of the  sweep-gas system. A f i l t e r  of metal and glass wool w a s  in-  
s t a l l e d  t o  provide a surface t o  which the  iodine (and other sol ids  i n  the  

sweep gas) could p la te .  
before the  gas reached the spectrometer. 

This f i l t e r  removed the iodine and other sol ids  

A t  a t r ave l  time of 1 rnin from sample t o  spectrometer t he  h a l f - l i f e  
of the  f i s s ion  gas i s  approximately 0.7 min. The calculated h a l f - l i f e  
of gross f i s s ion  product a c t i v i t i e s  1 min a f t e r  f i s s ion  i s  approximately 

0.7 min.4 The f ac t  t h a t  the  h a l f - l i f e  i s  t h a t  expected i f  there were no 

delay i n  release l ed  t o  the  speculation t h a t  the  greater  par t  of the f is-  

sion product re lease i s  by surface recoi l .  

dependent, and r eco i l  release should be a function of f i s s ion  r a t e  only, 

a study of sweep-gas ac t iv i ty  vs f u e l  temperature a t  a constant f i s s ion  
rate and constant sweep flow rate w a s  made (see Fig. '7). 

Since diffusion i s  temperature 

Above 1100°F 
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Fig. 7. Fission-Gas Activity as a Function of Temperature. 

the ac t iv i ty  of the gas was an exponential function of temperature. 

conclusion seems t o  be tha t  the major par t  of the f i s s ion  gas i s  released 

by a diffusion process a t  temperatures above llOO°F, but t h a t  the diffu- 
sion time from the instant  of f i s s ion  t o  the moment of release from the 
fue l  must be short. The s m a l l  amount of ac t iv i ty  due t o  the recoi l  proc- 
ess can be explained by the f a c t  t ha t  the stopping power of the sweep gas 

i s  small and most of the recoi ls  are embedded i n  the metal capsule walls. 

The 

The temperatures given f o r  the Th02-U02 sample are the surface tem- 
peratures of the fue l .  No calculations f o r  diffusion coefficients f o r  

t h i s  sample were made because of the unknown temperature dis t r ibut ion.  

Measurements of the release of krypton from the ThO2-UO2 show escape of 
about 0.06% of the 
range. The method of neutron f lux  measurement by argon act ivat ion had 

not been developed during the i r rad ia t ion  of t h i s  specimen, and the f lux  

was calculated by a heat balance method. 

steady-state formation i n  the 1700 t o  1900°F 

A 
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U02 Sample 

The f i s s ion  gas from the th in  plates  of UOz contained the same iso- 

topes as those from the ThO2-UO2 sample. 
operated a t  a low flow ra te  so tha t  the shorter-l ived isotopes would de- 

cay before reaching the spectrometer. 

The sweep-gas system was usually 

Because of the e f fec t  of the plated iodine upon the t o t a l  xenon pro- 

duction, a study was made of the temperature dependence of iodine released 

from the U02. 
experiment w a s  performed a t  various temperature levels .  

withdrawn from the reactor a f t e r  various lengths of time under constant 
conditions, and the xenon ac t iv i ty  was measured. The xenon ac t iv i ty  data 

obtained i n  t h i s  manner were plot ted (see Fig. 8) as a function of the 
temperature of the fue l  (before withdrawal) when the iodine was released. 

This measures the ra te  of iodine diffusing from the U02 during i r radia-  

t ion.  

For t h i s  study the f lux  was maintained constant while the 
The fue l  w a s  

The ac t iv i ty  of the xenon gas tha t  evolved from the fue l  (when 
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the fuel was in the neutron flux) was also plotted in the same manner 

for comparison. 

is an exponential function of reciprocal absolute temperature, the loga- 

rithm of the activity was plotted as a function of reciprocal absolute 

temperature. 

be a straight line. 

or more; furthermore, the iodine showed the same temperature dependence 

as xenon. 

Since for diffusrion release the amount of gas evolved 

If the release was by a diffusion process the plot should 
This was indeed the case for temperatures of 14OOOF 

At constant temperature and flux the rate of iodine release will be 

a constant. The amount of iodine within the sweep system should increase 

until the rate of iodine decay is equal to the rate of iodine release 

from the fuel. The numbers by the points in Fig. 8 give the hours at 
steady-state conditions before the fuel was withdrawn. 

that only 2 hr is necessary to obtain an equilibrium production of xenon 

from the plated iodine. If the iodine is deposited at a uniform rate, 

the amount of iodine deposited will increase for a time equal to about 

five half-lives of the iodine. 

tivity from the plated iodine is due initially to Xe135, which is pro- 

duced by the decay of I13? 

amount of 1135 should increase for about 30 hr before it reaches equilib- 

rium. Since, in fact, equilibrium production of xenon is obtained much 

earlier than 30 hr, the assumption of uniform rate of release of the 
iodine must be questioned. 

The total escape of xenon and krypton from the fuel, regardless of 

This demonstrates 

The greater proportion of the xenon ac- 

The 1135 has a 6.7-hr half-life, so the 

method of release, is of primary importance, 

gas release as a function of temperature, the flux was held constant and 

the fuel temperature set at an arbitrary level. When the gas activity 

was at equilibrium, samples of sweep gas were trapped and analyzed for 

Xe135 and 

random temperatures. The results of these samplings are given in Fig. 9. 

The numbers by the points give the sequence of measurement and demonstrate 

that the line represents an equilibrium value with time. 

taken at a higher flux but within the temperature range. 

gas evolved increased with higher flux, as would be expected. 

ples of gas, marked A and B on Fig. 9, were taken soon after the fuel w a s  

To determine the rate of 

The samples were taken over a period of several days at 

One point was 

The amount of 

Two s m -  
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Fig. 9. Temperature Dependence of Xe-Kr Evolution from U02. 

placed i n  the reactor.  

months l a t e r .  
interval ,  since the fission-gas release rate increased, even though tem- 
perature and f lux  were lower. The same data are given i n  Table 1 as 

f rac t iona l  release. 

The remainder of t he  samples were taken s ix  
Some change must have occurred i n  the  fue l  during t h i s  

Oxidation and Stored Enerm 

The f rac t iona l  release of krypton and xenon from the fue l  not only 
increased by more than a fac tor  of 100 since samples A and B were meas- 

ured, but the r e l a t ive  proportion of krypton and xenon released changed, 

so tha t  a greater  proportion of xenon was released. This change i n  fis- 
sion-gas release was thought t o  be due t o  oxidation of  the U02 ra ther  than 
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Table 1. Steady-State Release of Kr88 and Xe135 from a 
Thin-Plate Sample of U02 

Per Cent 
Flux Temperature Release 

e 8 8  ~ ~ 1 3 5  
(neutrons cm-2 sec-1) (OF) Time Gas 

Sample 

A 

B 

Oct. 1959 
Oct. 1959 

Apr. 6, 1960 
Apr. 6, 1960 

Apr. 6, 1960 
Apr. 8, 1960 
Apr. 8, 1960 
May 3, 1960 
May 4, 1960 
May 6, 1960 

Fuel Oxidized 

3.3 x lox2 
3.3 x 10l2 

3.3 x 10l2 
3.3 x 10l2 

3.3 x 10l2 

3.3 x 10l2 
3.3 x 10l2 
5.9 x 10l2 

1945 

1890 

1220 

1380 

1570 

1640 

1760 

1500 

1500 

1700 

0.031 0.036 

0.017 0.018 

0.3 1.1 

0.6 1.4 
1.5 3.2 
1.2 2.5 

2.2 5.7 

1.3 4.0 

1.2 2.9 

1.6 6.1 

t o  radiation damage. 
sion-gas release with increasing oxidation of U02. 

been oxidized by t race  amounts of oxygen i n  the sweep gas. 

Other experimenters5 have reported an increased f is-  

The U02 could have 

During a routine inser t ion of the fue l  in to  the reactor, a tempera- 
t u re  excursion was observed t h a t  could only  be explained as a release of 
stored energy. 
i r rad ia t ion  a t  low temperatures) were duplicated, and a stored-energy re- 
lease w a s  again observed. 

600°F, and 4 t o  6 cal/g was released. Stored energy has been observed 
by Childs and McG~rn ,~  but only i n  i r radiated U02 with an O/U r a t i o  of 

2.08 o r  more. 

The conditions f o r  s tor ing energy i n  the fue l  (neutron 

The energy release began i n  the range 500 t o  

5C. B. Webster and F. J. Stubbs, U r a n i u m  Oxides, U.K. Research News- 
l e t t e r  No. 18, p 2 (April 1960). 

6B. C. Childs and J. McGurn, The Different ia l  Calorimetering of Ir- 
radiated U02 and QOg, CR Met-893, p 5 (December 1959). 
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The observation of stored energy as well as the increase i n  fission- 

gas release indicated tha t  the O/U r a t i o  of the fue l  ( i n i t i a l l y  2.01) had 

increased. 

hydrogen addition. 
a burst  of f i s s ion  gas released that gradually subsided over a period of 

about 8 hr. There was no temperature change a t  the time of the burst ,  

and t h i s  i s  the only burst  observed i n  this experiment not caused by a 

temperature variation. 

posit ion as the burst  subsided. 

decrease gradually over a period of two weeks, u n t i l  it was about a fac- 

t o r  of 3 l e s s  than before the hydrogen was added t o  the sweep gas. 

The sweep gas was made into a reducing atmosphere by a 3% 
When the hydrogen f i rs t  encountered the U02 there w a s  

The f i ss ion  gas did not change i n  re la t ive  com- 

The fission-gas release continued t o  

This decrease of fission-gas release i n  a reducing atmosphere demon- 

s t ra ted  tha t  the increased fission-gas release during i r rad ia t ion  was due 

t o  oxidation of the U02. 
t u re  relations,  t ha t  the thin-plate sample had broken and perhaps crumbled, 

and the experiment was removed from the reactor. Postirradiation examina- 

t i on  disclosed tha t  the fue l  w a s  i n  fragments of 0.050 in .  or smaller. 
This extreme fragmenting i s  not character is t ic  of i r radiated U02 and was 

most l ike ly  due t o  a s ize  change of the U02 during the reduction process. 

During t h i s  time it was  obvious, from tenrpera- 

Diffusion Calculations 

i 

One model7 i n  common use f o r  fission-gas diffusion i n  U O ~  involves 

the assumption tha t  a porous body may be described i n  terms of uniform 

small spheres, The radius of these spheres i s  chosen so tha t  the sur- 
face-area-to-volume r a t i o  i s  the same as t h a t  measured i n  the fue l  sample. 

This surface area i s  calculated from gas adsorption measurements and w i l l  
account f o r  in te rna l  surfaces tha t  are  d i rec t ly  connected t o  the external 
surface. The surface area measured i n  t h i s  manner may be orders of mag- 
nitude la rger  than the geometric surface (calculated from the dimensions 
of the fue l  sample). 

U02 u n t i l  it encounters the surface of the sphere, and it i s  then released 

instantaneously through the interconnected porosity. Any calculations of 

The f i ss ion  gas i s  assumed t o  diffuse through the 

7J. D. Eichenberg e t  a l . ,  Effects of I r rad ia t ion  on B u l k  UOz, W A F 5  
183, p 26-28 (October l’ijjS’77 
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diffusion coefficients based upon this model are highly dependent upon the 

surface - are a determination. 
The above model was not used to calculate the diffusion coefficients 

for the thin-plate, high-density U02 used in this experiment, because the 

surface area measured by gas adsorption methods was only four times larger 

than the geometric area, and the diameter of the equivalent sphere was 

nearly equal to the thickness of the plate. 

slab model was selected in which the plate was considered to be a homo- 

geneous structure with negligible edge losses. A time-dependent solution 

for the evolution of gaseous fission products from a thin plate, neglect- 

ing edge losses, has been developed by Litz.' When the sample is irradi- 

ated at constant conditions for a time greater than four half-lives of 

the isotope measured, this solution is no longer time dependent and be- 

comes 

Because of this, an infinite 

a2 
D = r, AT2 9 ( 4 )  

where 

D = diffusion coefficient, cm2 /sec, 

a = plate thickness, cm, 

A = decay constant of isotope, 

T = fractional release rate of isotope. 

Diffusion coefficients were calculated for Kr88 by using the slab model, 
and these data are presented in Fig. 10. The diffusion coefficients for 

Xe135 were not given in Fig. 10 since it was apparent that a large frac- 
tion of the Xe135 escaped from the fuel as 1135. 

Br88, which has a 15-sec half-life. 

diffusion. The diffusion coefficients show a reasonable temperature de- 

pendence, but they are more than four orders of magnitude larger than 

those measured f o r  samples A and B, as shown in Fig. 10. Diffusion co- 

efficients calculated for xenon and krypton for samples A and B were of 
the same order of magnitude. These calculations did not include a cor- 

rection for the xenon that was released from plated iodine. The activa- 

tion energy for the release of K i "  from the oxidized U02 is 30 kcal/mole. 

The parent of Kr" is 

This is short enough to neglect Br88 

? 

'L. M. Litz, Diffusion Equation f o r  Radioactive Species in Thin- 
Plate Nuclear Reactors, LRL-97, p 8 (March 1954). 
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