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D~AY BEAT rnroSITION FROM IRRADIATED FI'R FUEL BUNDLE 

W. L. Bunch 

INTRODUCTION 

Heat generated by irradiated FIR driver fuel is an important consideration 

in the design of equipment and facilities for storing and handling this 

material. Energy is liberated after the fuel has been irradiated as a result 

of the decay of the radioactive fission products. In facilities where the 

irradiated fuel is handled or stored, adequate cooling must be provided to 

remove this energy in order to maintain the fuel within prescribed temperature 

limits. The photons released in many of the decay processes transport part of 

the energy some distance before it is dissipated in the form of heat. It is 

necessary to consider the energy deposition pattern in order to determine 

cooling requirements for specific fuel handling processes. The present study 

has been directed at a preliminary evaluation of the decay energy deposition 

pattern in the fuel bundle to provide a basis for determining these cooling 

requirements. Because the deposition pattern is geometry dependent, more 

detailed studies might be indicated as the design of the fuel pins, bundles, 

and structure becomes more firmly established. 

SUMMARY OF RESULTS 

The calculated decay heat associated 'i,rUh FTR driver fuel is shown in 

Figure 1. The three curves indicate (a) t.he total decay energy, (b) the total 

internally absorbed energy under the assmnption that all fission products "ill 

be retained within the fuel, and (c) the total internal1;'l absorbed energy l.mder 

U.e assumption that the halogens and noble gases will diffuse from the fuel into 

a remote plenum. The decay heat values are based on fuel operated continuously 
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at a fission power level of 5 MW to a goal exposure of approximately 45 MWD/kg. 

Values for other fission power re~es can be scaled directly; exposures in 

a wide range of interest for FTR would not be expected to affect the results 

significantly. Estimated axial distribution along the fuel region is shown 

in Figure 2 for the same three assumed conditions, based on a chopped cosine 

power distribution. All results are based on gamma escape from a homogenized 

cylindrical representation of the fuel bundle rather than from a discrete pin 

structure. 

DISCUSSION 

A. Nuclear rata 

An analysical treatment of the production of decay heat in irradiated 

fuel is dependent on, and can be no better than, the nuclear data employed 

in the calculations. For this reason, a great deal of attention has been 

given to developing the nuclear data library for these calculations. Decay 

heat is related directly to the fission product inventory in the fuel. Since 

there are of the order of 450 different radioactive isotopes that can be 

formed in the fuel, a large quantity of nuclear data is required. For most 

isotopes, experimental data do not exist and it is necessary to use theoretical 

models normalized to available information. Because of the large number of 

isotopes involved, realistic theoretical models should provide valid bulk 

results because of the statistical averaging process that takes place. However, 

a relatively large uncertainty might be associated with any particular species 

due to anomalies not predicted by the model. 

Key nuclear data for calculating the fission product inventory are the 

fission product yield factors. In a given fission event, a heavy and a light 
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fission fragment are usually formed (ternary fission occurs in a negligible 

fraction of the events).(l) Fission product yields have been measured in some 

detail for the thermal fission of 235U, and to a lesser extent for the thermal 

fission of 239Pu• In addition, some measurements have been made for high energy 

(lL~ M3V) neutrons. It has not been possible to measure the direct yield of the 

short half life isotopes; therefore, cumulative yields of the stable or longer 

half life isotopes are the only ones obtained. Theoretical interpolation of the 

available information is required to provide direct yield values for all of 

the isotopes of interest. The present calculations are based on theoretical 
(2) 

yield factors generated by Anderson. Earlier stUdies of fission products 

in FTR fuel (3) were based on a purely empirical fit of available data. (4) 

In both studies the total fission yield was normalized to two fission products 

per event; however, the direct yield factor for specific isotopes may differ 

significantly. 

Fission products formed early in the irradiation can subsequently 

undergo a number of capture and/or decay events prior to discharge from the 

reactor. In order to include the effect of these events on the fission product 

inventory, cross sections and decay constants are reqUired for each of the 

isotopes. Decay and capture are competing events whose relative importance 

can be influenced by the flru{ level, i.e., by the relative magnitude of 

the product of the flux and the capture cross section compared to the decay 

constant. 

1. Earl K. Hyde, The Nuclear Properties of the Heavy Elements, Vol. III, Fission 
Phenomena, Chapter 4, Prentice-Hall, Inc. Englewood Cliffs, N. S., 1964. 

2. C. A. Anderson, Jr. "Fission Product Yields from Fast Neutron FissicEl of 
Pu-239" LA-3383, Dec. 20, 1965. 

3. W. L. Bunch, "Shielding Calculations for Irradiated FIR Fuel, fI BNWL~32~2, 
December 1966. 

4. w. L. Bunch, and D. R. Marr, "Fast Reactor Library for Use with RIED,!1 
BNWL-Cc-868, October 1966. 
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Decay constants, which are inversely proportional to the half life, 

have been measured for nearly all of the fission products,(5) though there 

is a great deal of uncertainty associated with some of the short half life 

values. The latter uncertainty is of little practical importance in the 

present analysis, since the decay would take place prior to discharge of the 

fuel from the reactor. Also, the large decay constant associated with the 

short half life makes the decay process so dominant over the capture 

process that capture is effectively suppressed. 

Energy dependent capture cross sectjonshave been measured in detail 

for very few fission products. Many cf the fission product isotopes have 

relatively large low energy or resonance capture cross sections that influence 

both the reactivity and the fission product inventory in thermal reactors. 

Such resonances are not expected to be important in the neutron energy 

spectrum of a fast reactor system. Fast reactor capture cross sections 

have been generated by Schenter(6) for the FTR spectrum based on a 

compilation of existing data. Although these cross sections should be 

realistic, a significant uncertainty must be associated with any given 

isotope. Capture events are most important in stable isotopes or those with 

li)ng half lives, since only i.n those cases can capture compete favorably wi.th 

the de8ay process. 

Other nuclear data required for each isotope are the mode of decay 

and the energy associated with the decay proqess. For gross deee: I'l"''1t 

5. David T. Goldman, "Chart of the Nuclides," G. E. Co., Schenectady, N. Y., 
1965. 

6. R. E. Schenter, to be published, Battelle Northvlest, Richland, IV8eh. 
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it is sufficient to know the total energy associated with the process. For 

evaluating the energy deposition pattern it is necessary to know the energy 

split between beta particles and photons, plus the photon spectral distrj.butio~·1. 

As discussed later, gamma deposition patterns are intimately related to the 

spectral distribution. A great deal of data of this type has been obtained 

and reported(7); however, in many cases the reported values are inconsistent 

and/or imcomplete so that a selection must be made. 

In addition to the nuclear data discussed above for each of the fission 

product isotopes, it is necessary to know the total energy associated with a 

fission event. The production rate of fission products tc d:i.rcctly propo:·"tional 

to the fission rate, hence to the heat production rate of the fuel. The 

heat of fission is related to the reactor system. In uranium-fueled, graphite-

moderated thermal reactors, the heat of fission is calculated to be about 200 -

205 MeV per fission event. In the plutonium fueled fast test reactor, the 
(8) 

heat of fission is calculated to be 215.5 r~v. The latter value has been 

used in the present study, whereas an arbitrary value of 200 MeV was used in 

the earlier work. (3) The larger value for the heat of fission means pro:portionat,,;;ly 

fewer fission products will be generated in a plutonium-fueled reactor than in a 

uranium-fueled reactor at the same operating power. 

B. Des ign Assumptions 

The inventory of fission product present in the fuel will depend on 

the operating history. Two operating parameters are important: the specific 

power level and the operating time. As indicated previously, the productior. rate 

7. "Energy Levels of Nuclei: A:: 5 to A = 257, " Landolt-Bornstein, N'.unerical 
Data and Ftmctional Relationships in Science and Technology, Ne,·r 8e1'ies, 
Vol. I, edited by K. H. Hellewege, Springer-Verlag, Berlin 1961. 

8. W. L. Bunch, "Energy Deposition Distirubtion in the FTR," BNWL-563, Sept. 1967. 
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of fission products is directly proportional to the power level. The 

irradiation time is required to establish specific relationships reached 

in the various dec8.;)' and/or capture proce sse s. 

It has been assumed that a typical driver fuel element in the FTR 

vrill generate about 5 MW. This value is based on a reactor power level of 11,00 T(, 

with about 80 effective driver units. The exact number of driver channels has 

not been firmly established, but is conceptually considered to be about 76. 

In addition, fuel contained in the open and closed loop test positions will 

generate some fraction of the total power. The results presented can be 

scaled directly to estimate decay heat rates in assemblies operated at higher 

or lower powers. 

It has been assumed that the goal exposure of the driver fuel will 

be about 45 MWD/kg and that this exposure will be achieved in one continuous 

operating period. The latter assumption is conservative but realistic. For 

isotopes with half lives that are short compared to the operating period, an 

equilibrium or saturation value is achieved. The inventory of isotopes with 

very long half lives tends to integrate over the entire expOSUl"e. Those 

isotopes vTith half lives comparable to the length of the exposure are most 

strongly influenced by the actual exposure time and by the existence of 

operating cycles. For high operating efficiency, the cyclic nature of the 

operation is a second order effect that does not strongly influence the fission 

product inventory. Thus, the results need not be scaled for other goal exp0sures, 

but are realistic for a relatively wide range of exposures about the assumed 

goal. 
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The core and fuel loadings have not been firmly established at this 

time. Core analyses indicate that a typical loading will reCluire about 3000 kg 

of fuel for the split conical concept. It vrns assumed in the present study 

that each bundle would contain 37 kg of fuel; therefore, an irradiation time 

of 333 days waS used in the calculation. 

The exact fuel geometry is not well defined at this time. The 

present concept consists of a cluster of about 217 pins on a triangular 

pitch to form a hexagonal array. Each pin would be about 0.25 inches outside 

diameter and consist of sixteen mil thick stainless steel cladding encasing 

mixed uranium-plutonium oxide fuel. Wire wrap would be used to separate the 

pins to provide coolant space, and the hexagonal array of pins would be 

contained in a flow duct about 4.25 inches across flats. The final design 

is expected to evolve from this concept as a result of the fuel development 

program in progress. 

C. Energy Deposition Considerations 

The deposition pattern of the decay energy associated with the fission 

products is dependent on the system geometry. Energy associated with the beta 

particles is deposited in the immediate vicinity of the decaying isotope, 

whereas the photon energy can be deposited at some distance. Thus, to define 

the deposition patterns, it is necessary to know the energy split between beta 

particles and photons, and also the spectral distribution of the photons. Existing 

compilations of this type of data are both incomplete and inconsistent; therefore, 

energy deposition patterns are subject to greater uncertainty than is the total 

decay energy rate. 

Beta particles lose energy Cluite readily when passing through matter as 

a result of ionizing interactions with orbital electrons. Except for bydrogen, 
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equal masses of material contain approximately the same number of orbital 

electrons. Therefore, the range of beta particles is essentially the same 

(in units of g/cm2) in all materials and is dependent on the initial energy" 

To a first approximation, the range in g/cm2 is half the magnitude of the 

initial beta particle energy in MeV. Thus, the range of a 1 MeV beta 

particle is about 0.5 g/cm
2

• In oxide fuel with a density of 10 g/cm3, 

such a beta particle would travel about 0.C5 cm. The stainless steel 

cladding around fuel pins is expected to contain about 0.3 g/cm2; thus, 

it is realistic to assume that all of the beta energy will be deposited 

within the fuel and clad. 

Deposition of the energy associated with photons resulting from the 

decay process cannot be treated so easily. Of the dozen interaction processes 

whereby photons lose energy in traversing matter, only three (photoaelectric 

absorption, Compton scattering, and pair production) are expected to p:ay 

important roles in the attenuation of the decay photons. These processes 

are lumped together to form an energy-dependent interaction cross section for 

materials of interest. In narrow beam or "good geometry" cases, this cross 

section can be used to describe the exponential attenuaticn of a mcr:>,;'~n:;!'getl:; 

photon beam. The same cross section is used for bulk shields by the application 

of appropriate energy dependent buildup factors. This procedure :is prog::-ammed 

in ISOSHLD(9) using point kernel techniques fer specific geometri.es and 

T~~or buildup factors. 

The microscopic detail of the energy deposition asso(;iated w·Uh tbe 

photons is obviously dependent on the geometry of both the iL:li.vidua:!. fUf31 

9. R. L. Engel et a1., II ISOSHLD - A Computer Code for General PL.z'Pcs!,; 
Isotope Shielding Analysis, Ii BNWL-236, JtL'1e 1966, 



-11- BNWL-648 

pins in a bundle and the arrangement of the pins wi thin the bundle. As 

indicated, these details are not firmly established for the FTR, but are the 

subject of a continuing program to optimize the many parameters. Treatir~ 

an exact pin geometry in detail is a complex and time consuming task; there-

fore, it was considered adequate for this preliminary calculation to approximate 

the bundle by a homogeneous cylinder containing an appropriate quantity of 

fuel, cladding, and space. An estimate of the importance of the bundle compaction 

was made by varying the radius and density of the homogeneous mixture. It 

is deemed unlikely that details of the fuel pin arrangement will significantly 

influence the fraction of the photon energy deposited within the assembly. 

D. Calculation Parameters 

The fission product inventory was calculated using the computer program 

RIBD. (10) Input parameters required for the calculation include the neutron 

flux, the strength of the shutdown event, the neutron lifetime, and the kind 

of fuel. A value of 5 x 1015 n/cm2sec was assumed for the neutron flux. Flux 

is required in order to include the effect of neutron capture in the fission 

products, and is always used in conjunction with the capture cross section ruld 

decay constant for a particular isotope. Parametric calculations indicate that 

the total decay heat is relatively insensitive to the flux value in the range 

of interest for FTR studies. However, the concentration of indj,vidual isotopes 

might be affected if the flux-cross section prod'uct is large c;ompared to t:te 

decay constant. 

It was assumed in the calculations that a t~~ical FTR shutdOwn 'would 

be achieved by insertion of 30 mk of negative reactivity. The actus.:;. value for 

10. R. o. Gumprecht, Unpublished Data, lX>uglas United Nuclear, R::t::.hlarcd., 
Washington, Feb. 1966. 
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any given shutdown will depend on the previous operatir~ history and the 

particular situation at the time. The strength of the shutdown mechanism 

only influences the decay heat rates for the first few minutes (while delayed 

neutrons sustain the fission process) and does not affect the present study. 

A neutron lifetime of 1 microsecond was used in the calculations, since this 

is the smallest value the program will accept. Core analyses indicate an 

actual value of about 0.3 microseconds. The neutron lifetime influences 

decay heat only for the first few minutes following shutdown when a 

significant number of fission events are still occurring due to the delayed 

neutrons. 

Fission product yield factors are included in the RIBD library for 

both ,235U and 239
Pu• It is possible to generate the fission products for 

a reactor fueled with either of these isotopes or with any combination of 

them. It was assumed in the present study that essentially all fission 

events would be due to 239Pu • It is also assumed that fission of 238
U "rill 

produce the same fission product distribution as fission of 239Pu• 

It was assumed in most cases that the fueled portions of the pins woul,d 

be 90 em long. On the basis of core calculations, an effective extrapol.ati():r~ 

length of 28 cm was used with a cosine fUnction to approximate the axial p'Jwer 

distribution. A flat radial distribution across each bundle was assumed. 

Input infonnation is summarized in Table I for the ISOSHLD caJ,cu.latior~s t:. 

estimate the fraction of gamma energy deposit2d in the fuel. These values 

are .based on a 217 pin assembly with ].6 mil steal cladding and a mixed oxide 

fuel density of 10.0 g/cm3• 

Three ISOSELD calculations were made for each of the gecmet:r.ies assumed, 

In the first case it was assumed that all of the fis.::ion products 'were present. 
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Table I 

INPUT PARAMETERS FOR ISOSHLD C.AI.CULATIONS 

Common to all Calcu1at~ 

Operati~~ Power of Fuel 

E:i-.rposuxe Time 

Neutron Flux 

Heat of Fission 

Fueled Length 

Fuel 

BuncUe radius, e,n 

BuncUe density, 8/em3 

Shroud thickness, em 

Shroud density, g/em3 

5MW 

333 days 

5x1015 n/cm2sec 

215.5 r.IK=V 

90 cm 

239Pu 

Configuxation 
1 2 

5.5 6.0 

6.86 5·73 

Bl\1"\olL-648 
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In the other cases it was assumed that only the halogens or the noble 

gases were present. By an appropriate combination o~ the results, the 

deposition ~action o~ interest was obtained. The two di~~erent assumed 

~ue1 compactions yielded a di~~erence in the gamma ~raction absorbed of 

the order o~ 10%, which gives an indication o~ the relative importance 

o~ the fuel design. The more conservative values were assumed in the ~inal 

analyses. The more optimistic values would reduce the plotted internally 

absorbed energy values by about 5'fo. 

E. Results 

Results o~ the calculations are sunnnarized in Tables II and III and 

in Figures 1 and 2. Table II summarizes the results o~ the RIBD calculations 

to estimate beta and gamma decay heat as a ~ction o~ time a~er irradiation. 

The halogens and noble gases are listed separately ~om the other ~ission 

products to indicate the relative contribution o~ these elements. Table III 

sunnnarizes the ISOSHLD calculations to estimate the fraction o~ the gamma 

energy absorbed in the fuel array. Two di~~erent fuel arrays were considered, 

one in which the pins would be spaced to approximate a cylinder 5.5 em in 

radius and the other 6.0 cm. In both cases it was assumed the bundle would 

be encased by a 0.5 cm thick steel shroud tube to direct the ~ow o~ coolant. 

As indicated by the results, gamma energy absorbed by the fuel will be 

influenced slightly by the compaction o~ the-pin array. 

By an appropriate combination of the informat:i.on presented in Ta.ble II 

and III, the curves in Figure 1 were generated. Curve A is the total energy 

associated with the beta-gamma decay o~ the ~ission products. Curve B is 

the calculated se1~ absorbed energy under the assumption that aJ.l ci the fissl,on 

products will remain within the fuel. CUI"'le C is the absorbed energy wI'thin the 
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Table III 

FRACTION OF GAMMA RADIATION ABSORBED DT THE FUEL 

DECAY TD1E - DAYS 

0 ~ 20 .29..- .i.2-. 
All Fission Products 

5.5 em radius .659 ·729 ·737 .742 .745 
6.0 em radius .634 .708 ·717 ·721 .724 

Halogens Only 

5.5 em radius .6e8 .672 .782 .816 .886 
6.0 em radius .581 .651 .766 .800 .875 

Noble Gases 

5.5 em radius .743 ·969 ·969 .969 .967 
6.0 em radius .724 .971 ·971 ·971 .969 



BNWL-648 

fuel under the assumption the noble gases and halogens will evolve from 'the 

fuel into a plenum region. 

Figure 2 presents estimates of the axial energy deposition distrftutlon 

along the fuel bundle ten days following shutdown. The three curves are f':Jr 

the same three cases as above; i.e., total energy, absorbed energy, and 

absorbed energy without halogens and noble gases. These distributions are 

based directly on a chopped cosine power distribution. The desposition rate 

would be expected to drop slightly at each end of the bundle because of gammB. 

leakage; however, the effect was considered to be nagligible from the standp,~/i.:::~1; 

of heat removal requirements and wa.s not pursued i,n detail. 

Calculations were also made for 80 em long fueled regions 0 These ylelded 

essentially the same fractional gamma absorption within the fuel. Thus" a:lCi,al 

distributions in other fuel lengths in the range 80 = 90 cm can be approximB;":;ed 

by: 

p(x) P cos 
:: 

(2L + ll2) si~ ( TTL 

TT 2L + 112 

where P is the total decay heat of i,nteresi; ass<:'::~iat;ed with the :ftJBl ar.i T, 

is the fueled length in cm. 
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