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ABSTRACT

Current nuclear reactor technology relies heavily on computer codes
to calculate heat fluxes and temperature distributions in fuel and clad-
ding. Temperature distributions are usually assumed to depend only upon
the radial coordinate. This assumption is reasonable when intimate con-
tact exists between fuel and cladding, forming concentric cylinders. A
gap will exist between the fuel and cladding due to radial differences or
fuel densification. The fuel pellet now can be eccentrically located in
the cladding causing the temperature distributions to depend on the angu-
lar coordinate as well as radial, This thesis investigates the error in
heat flux and temperature distributions incurred by assuming concentric
geometry for situations involving eccentric fuel pellets.

A computer program was written to solve for temperature distribu-
tions and heat fluxes in the fuel and cladding. The major parameters
include thermal conductivity ratio of gas to fuel, relative radial dif-
ference of fuel and cladding, and degree of relative eccentricity.

The study indicated that diametrical clearance and relative eccen-
.tricity (given by ¢ = e/kf) were important parameters in determining the
degree of asymmetry in temperature and heat flux distiributions. In addi-
tion, a decrease in gas thermal conductivity, which is due to the dilution
of helium with fission product gases, increased the amount of asymmetry
when keeping other parameters fixed. The effect of varying comnvection

heat transfer coefficients was negligible, Maximum fuel temperatures were
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unchanged or smaller when comparing eccentric fuel pellets with concen-

tric fuel pellets.



CHAPTER I
INTRODUCTION

Current nuclear reactor technology depends heavily on the proper
design of reactor fuels and on an accurate analysis of the thermody-
namic aspects of heat generation, Water-cooled reactor fuel elements
commonly consist of uranium-dioxide (UOZ) fuel pellets contained within
a thin-walled cladding of stainless steel or zirconium alloy. A gas-
filled gap normally exists between the fuel pellet and inside c¢ladding
wall at room temperature. Helium is most often chosen for this fill
because of its non-corrosive behavior and its excellent heat transfer
properties,

In order to analyze fuel temperature distributions in reactor
cores, computer codes, such as CYGRD,1 FIGRO,2 FMODEL,3 TAFY,4 and
others are used, These codes assume that temperatures are a function of
only the radial coordinate, which implies that the fuel pellet is con-
centrically located within the cladding. This assumption is reasonable
at the beginning of operation where, due to thermal expansion of the
fuel at operating temperatures, the fuel and cladding are in intimate
contact. Recent invesﬁigations have discovered in some fuel elements
the occurrence of significant densification towards end of life opera-
tions.5’6 Intimate contact then no longer exists at all points on the

fuel surface. More likely, the fuel pellets will be stacked eccentric-

ally or cocked within the cladding, as shown in Figure 1. Should either
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of these cases occur, nelither temperatures nor heat fluxes are independent
of the angular coordinate and significant errors in code calcul#tion may
occur,

The purpose of this investigation is tc examine heat transfer in
fuel elements with fuel pellets located eccentrically within the cladding
and determine the extent of error in those calculations that assume con-
centric behavier., To this end, an analytical solution was obtained for
fuel temperature distributions and heat fluxes for the situations de-
scribed above. Accurate determination of these quantities is essential
for further analysis of reactor fuel behavior. Thermal stresses, fuel
or cladding melting, and departure from nucleate boiling (DNB) are ex-
amples of calculations that rely on accurate calculation of heat fluxes and
temperature distributions. A parametric study was performed by varying
major variables over values that could reasonably be expected during the
operation of a reactor. Among these parameters are the ratio of gas-to-
fuel thermal conductivity (Kg/Kf), the degree of relative pellet eccen=-
tricity (e = e/Rf), and the ratio of average gap width to pellet radius
(Ar/Rf). Results of this study were compared to equivalent systems with
concentric loading so as to evaluate errors that arise due to the one-
dimensional assumptions,

Few heat transfer investigations have Been published studying fuel
pellets located eccentrically in the cladding, A study by R, Nijsing7
examined non-uniform heat fluxes and temperature distributions due to

variable internal heat generation, non-uniform heat-transfer coefficient,

as well as eccentrically located fuel pellets. He obtained an infinite



series solution for temperature distributions similar in form t§ the one
obtained in Appendix A, though with some notable differences. The con-
tact heat-transfer coefficient was based on accommodation factors and not
on the thermal conductivity of the gas in the gap. As will be discussed
in Chapter I1, data for accommodation factors are not Plentiful and cannot
be relied on with the same confidence as the experimentally determined
values used in this study. Nijsing's study arbitrarily increased the
nominal value of the contact resistances, but without regard for changes
in fill gas themmal éonductivity. The major thrust of his investigation
examined temperature changes and not cladding heat flux distributions,
The solutlon was not normalized to be independent of volumetric heat
generation, q" . The results of Nijsing's analysis showed up to 10%
variations in heat fluxes due to fuel pellet eccentricity.

A second investigator, A. J, Brook,8 took a portion of Nijsing's
analysis to discuss the problems of fuel pellets moﬁnted eccentrically in
the cladding. Brook maintained that his temperature and heat flux varia-
tions were not as severe as the data indicated because high temperature
and the accompanying thermal expansion would cause intimate contact be-
tween fuel and cladding, thus diminishing the degree of eccentricity.

As mentioned, this is not a reasonable assumption with densified fuel
since gaps do appear. Like Nijsing's, Brook's values were not normalized
to include independence from the power level term ¢'"', Brook reported
6l% temperature variations around the pellet surface with the pellet in
the maximum eccentric position.

A later investigation by Grillo and Testa9 was directed towards



variations in temperature and heat flux due to non-homogeneity of pressed
and vibrationally compacted mixed oxide (UOZ-PuOZ) fuels. They briefly
considered the effects of cladding ovality and pellet eccentricity. The
solution used only an approximation for the gap heat-transfer coefficient
and failed to indicate the method used for obtaining heat fluxes. The
solution assumed perfect contact between fuel and cladding and does not
appear to have been normalized either dimensionally or to power levels.
Although they considered an end of exposure situation, the nominal values
of contact resistance were assigned rather than calculated on the basis
of fission gas content. They reported a value of 1.255 for maximum-to-
average ratio of heat flux at end of exposure of the fuel.

Another approach to the problem of angular dependence was performed
by Wolf and Johannsen:lo This mathematical analysis was directed toward
solution of temperature distributions in sodium-bonded fuel pellets located
eccentrically within the cladding. The heat conduction equation was solved
for hollow c¢ylinders using bipolar ccordinates. These coordinates were

defined by:

e = ({a-e)? 4 yollee)? + y2IT I 0sgs=1

M = arc tan — 2c§ 3

X +y + ¢

where ¢ = x coordinate of center of the cylinder. They obtained a series
solution, but it was mainly concerned with T|~-dependent contact coefficient
of the bonding and q'"'. However, with proper adjustment for geometry and

normalization, the solution could be applied to a gas-filled element.



CHAPTER YI
FORMULATION OF MODEL

The basis for the parametric study is a computer program written

by the author to solve the equatiom

o

8E,8) = - §2 + z avgv cosv@ {2.1)
yE0
This equation solves for the non-dimensional fuel temperature distribu-
tions for a pellet as shown in Figure la. The term € is the non-
dimensional radius (r/Rf) and ¢ is the non-dimensional temperature given

qlliR

-£
where Tb = bulk temperature of coolant
Rf = pellet radius
Kf = thermal conductivity of fuel

q'"" = volumetric heat generation
The expression assumes negligible axial heat conduction and constant Kf
and q"" . The set of constants a arises from the application of the sur-
face boundary condition of the problem, The derivation of this equation
can be found in Appendix A along with the application of the surface
boundary condition for the solution of the set of constants a_ .

The major objective of this investigation is a parametric study to

determine the effect of various parameters on heat transfer in eccentric-



ally loaded fuel pellets. The major non-dimensional parameters that
affect the system are:
¢ = relative eccentricity factor (e/Rf)

G = temperature jump distance (31+32/Rf)

ﬁr/Rf = difference in radii (Ri-Rf/Rf)
Kg/Kf = thermal conductivity ratio (gas to fuel)
Kc/Kf = thermal conductivity ratio (clad to fuel)

thw/Kf = ¢ladding surface Nusselt number

An important quantity in the calculation of the constants is the
value of the "contact' heat-transfer coefficient hc(e) in Btufhr-ft2-°F.
The major heat transfer mechanism in the gas-filled gap is conduction,
since there would be little free convection across such a small gap width,
However, the use of an effective hc(B) at the fuel boundary allows a
method of calculation to be applied. A4s will be seen, the values of
hc(e) are strongly dependent upon the gas themmal conductivity, Kg.

Two expressions for the heat-transfer coefficient that have rea-
sonable agreement with actual experimental values were proposed by R.
Nijsingll and by A, M. Ross and R. L, Stoute.12 Both are similar in

form., Nijsing uses

1
hc(e)ce L@) (2.2)

where L(8) = gap width = (Ri-Rf)(1+ecose)
provided a nominal gap Ri'Rf corresponds to a nominal contact resistance

for the fuel, Bo' So,



o —L
hc(e) - B°(1+ec039) 2.3)
The coefficient is rewritten in the fomm hc(e) = 1/vtw cos®. An average

heat-transfer coefficient is found by
- 1
h = -I h_(8)a®
c k1) o c

which leads to a modified heat transfer coefficient

2.2
h, @) = L (2.4)

¢ V+Wcosh
The Nijsing expression for hc(B) was not used in this analysis, because
experimental data for values of Bo were not readily available. Addition-
ally, this factor was proposed as a function of fuel material where,
actually, contact resistances depend on the surrounding gas as well as
the fuel material.

The Ross and Stoute correlation for heat transfer coefficient is

given bylz
gg__ Kﬁ? :
e ®) = TEW e, re, T Iy 2.5)
vhere | Kg = thermal conductivity of gas in gap
L = actial gap at 8
31+g2 = temperature jump distance
P = contact pressure



The contact pressure will always be assumed negligible in this investiga-
tion and, consequently, the second term will be zero., The jump distances,
81%8p> are functions of the gas in the gap and represent the increase in
gap at each surface due to accommodation effects. Values for g,%8> have

been experimentally determined by Ross and Stoute and are shown in Table 1.

Table 1. Temperature Jump Distances12

Gas (g.+2.) Temperature
1 =2
Range
(cm) (°c)
Helium 10 x 1074 150-250
Argon 5% 1074 180-230
Krypton 1% 10_4 180-330
Xenon < 1x 10“4 180-330

L(8) for this problem, as indicated in Figure la, is closely ap-

proximated by

L{B) = (Ri- Rf) - ecos® (2.6)

This determination was made by comparing hand calculated values from the
above statement to a computer trigonometric solution for the exact gap at
discrete ©'s. The correlation w&s always within a 1% error for all 6.

A computer program for this calculation was written by the author in
FOCOL-F and is listed in Appendix B along with a sample output of results.

The Ross and Stoute heat-transfer coefficient was used in this
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investigation because of its dependency on the gas conductivity as well
as the surface condition in the determination of g1+32.

It should be noted here that data for temperature jump distances
were not available at each temperature and gas composition used in the
parametric study and this could have an effect on the results of this
study. It was ultimately decided that the data would be affected equally
by the available 8,8, values since a parametric study is as much inter-
ested in comparison of the variables as it is with exact values. The
Ross and Stoute expression for hc(e) has become widely accepted because
of its ease of application and the high quality of experimental investi-
gation from which it was derived. In this light, the author chose Eq. 2.5
as being the best available. Other expressions have been proposed by
Tong and Wéisman13 and by R. A, Deanla; however, these were not considered
as accurate as the Ross and Stoute expression.

Large variations in the ratio Kg/Kf arise from changes in the ther-
mal conductivities of the gas and fuel. At the beginning of service, the
gas fill can be assumed to be pure helium. Kg can be obtained at operat-
ing conditions from tables of physical data. However, as noted in the
introduction, the eccentricity problems affect the system more significantly
towards the end of the fuel rod life. At this point, the gas is certain
to be contaminated with gaseous fission products making the calculation of
gas thermal conductivity a more difficult task. The important factor is
that the thermal conductivities of pure xenon and krypton, two major gase-
ous fission products, are several orders of magnitude lower than helium,

Physical properties of gaseous mixtures have been studied extensively
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through use of the kinetic theory of gases. Numerous analytical solutions
are available which agree adequately with experimental observations. An
early correlation by A. Wassiljewa15 gave the thermal conductivity of a

gaseous mixture as

K K

1 2
fix = 1+A (fl) ! 1+4A (El @7
12 \x%, 21 \%,
where Xys¥y = mole fractiom of components 1 and 2
A12’A21 = constants dependent on mixture and temperature
Other expressions have been proposed by Hirschfelder, et al.,l6 Lindsay

and BrOmley,l? and Srivastava and Saxena.la’19

Von Ubisch, Hall, and Srivastav20 have presented data for the ther-
mal conductivity of helium mixed with krypton and xenon. Their analysis
assumed the fission gas composition in the gap to be 15.3% krypton and
84.7% xenon. lodine and others were disregarded since, although they may
have high production rates, they do not escape the fuel to the gap in
sufficient quantities to affect the thermal conductivity. The relative
quantities of krypton and xenon produced are supported by data reported
by Russian scientists Zysin, Lbov, and Sel'chenkov.21 Actual fission
gases in the gap will probably be higher in krypton concentration since,
being the lighter gas, it will more easily diffuse through the fuel ma-
terial, However, at longer burnup times, the concentrations will closely
approach the values reported above. Von Ubisch, et al, used atmospheric
gases and not fiassion gases in their experiments. Although isotopic com-

positions are different, thermal conductivities would vary by about 17%.
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According to kinetic theory, thermal conductivities vary inversely as the
square root of the molecular weight of the species. Figure 2 shows some
results of the von Ubisch investigations.

From the von Ubisch results, the range of values for Kg for use in
the parametric study was determined., This range is Kg = 0,16 Btu/hr-£t-°F
for beginning of 1ife to Kg = 0,016 Btu/hr-ft-°F at large burnup condi-
tions. These values represent the range of possible values of interest in
a nuclear reactor and correspond to about 100% He and 10% He as the gas
concentratlons at the beginning and end of life, respectively.

For the purposes of this investigation, the value of e ranged from
zero for the concentric case to a value within 0.001 inch of the differ-
eﬁce in radii. This latter value accounted for an assumed average surface
roughness of cladding and fuel. It is unwarranted to assume smooth, metal-
lurgically perfect surfaces so that e would equal 4r. To do so would lead
to unrealistically large heat-transfer coefficients across the gap.

The range of values of Kf at operating conditions is of the order
of 1.8 - 2,2 Btu/hr-ft-°F. To calculate the quantity of interest, which
is the ratio Kg/Kf, the value for K. for U0, was held constant at 2.0 Btu/
hr-£t-°F. Then Kg can be calculated and will determine the ratio value.
Similarly, the value for thermal conductivity of the cladding Kc was as-
signed the value of 8.0 Btu/hr-ft-°F., It was found that the ratio Kc/Kf
had almost no effect on temperature distributions as compared to Kg/Kf,
and thus was not varied as a parameter.

The study was also concerned with variations in the diametral clear-
ance, This value will vary with design and manufacturers' tolerances,

For the purpose of the parametric study, the diametral clearance was varied
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from 0.0 to 0.012 inch. This value appears in the quantity &r/Rf.

.As indicated in Table 1, data for the temperature jump distances
are not plentiful, It is clear that the values depend on the gas in ques-
tion, but not clear how variations of the mixtures will affect them. For
the purposes of this sﬁudy, the jump distances, 81+8y> will be assumed to
vary in the same manner as the thermal conductivity varies for a mixture
of helium with fission gases. The range of values used for 8,%8, is from

> £t to 3.281 x 1070 ft.

3.281 x 107

The heat-transfer coefficient from the cladding te the coolant, hw’
is another term that can vary. The main concern with this study will be
comparison between boiling and non-boiling heat transfer. For the pur-
poses of this parametric study, the non-boiling heat transfer coefficient,
hw(NB), was assumed as 5000 Btu/hr-ft2-°F and for boiling heat-transfer
coefficient, hw(B)’ was assumed as 50,000 Btu/hr-ft2-°F. These are typi-
cal values encountered in nuclear reactors.

It should be noted that, due to the normalization of the wvariables,
temperature distributions are independent of the volumetric heat genera-
tion r#te. Hence they apply at all power levels. With these ranges for
parameters, the proper non-dimensional quantities were determined for use
by the computer program. Table 2 indicates the initial and final values

used for ranges of the non-dimensional parameters. The value for Rf.was

assumed as 0.185 inch, a typical value for pressurized water reactors,
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Table 2. 1Initial and Final Values for Non-dimensional
Parameter Ranges

Parameter Initial Value Final Value

¢ 0.0 0.032432
-3 -4

G 2,1282 % 10 2,1282 % 10
ar/Rf 0.0 0.032432
Kg/Kf 0.08 0.008
Kc/Kf 4.0 constant
thw(nn)/xf 38.542 constant

thw(B)/Kf 385.42 constant
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CHAPTER III

COMPUTER ANALYSIS

Computer Program

A computer program was written to provide numerical solutions to
the non-dimensional temperature distribution of Eq. 2.1 by solving Eq. A.20
for the set of constants av. Equation A.20 uses the Ross and Stoute ex-
pression of Eq. 2.5. The listing of the program and a sample output are
included in Appendix C. The prégram was written for use on the UNIVAC
1108 at the Georgia Institute of Technology in modified Fortran IV and
can be easily adapted to any high level system,

The basic flow of the program begins with solving for the coeffi-
cients a,, in subroutine INTEG. The function STEPNI is a Simpson's rule
integration routine packaged in the UNIVAC system library. Once the a
values are cobtained, calculation of fuel surface temperatures, wall heat
fluxes, and maximum fuel temperatures can be accomplished. Temperature
maps can also be obtained in order to show isotherms in a fuel pellet
cross section. The maps are obtained by using NEWTIT, a Newton-Raphson
iteration technique which is also a packaged library program. This rou-
tine sclves the roots of Eq. 2.1 to give radius as a function of tempera-
ture and angle,

As can be noted from the program, only a, through a, were used in

the calculations., In a strict sense, a mathematical convergence criterion

was not employed. However, the series in Egq. 2.1 quickly converged, and
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the constants a, rapidly approached zero. The general procedure used
solved the equations using a5 and adding a successive term each time.
The values obtained each time were compared with preceding values to
check for convergence. It was found that by including ag, the value of
$(£,8) changed by less than 0.01% in all cases. A similar procedure was
used in the analysis by Nijsing.23 |

The computer program calculated temperature and heat flux distri-
butions for a wide variety of parameter values. Table 3 lists the con-
ditions for each run. The individual run represents either a beiling or

non-boiling case, as determined by hw’ and a single value of G. The par-

ameters ¢, Kg/Kf, and br/Rf are varied over the full range of wvalues.

Table 3. Summary of Computer Runs

Run No. Surface G
1 Non-boiling 3.2810 X 1070
2 Boiling 3.2810 X 107
3 Non-boiling 3.2810 X 107°
4 Boiling 3.2810 % 105
5 Non-boiling 2,5428 X 10'5
6 Boiling 2.5428 X 1070
7 Non-boiling 1.8046 X 107>
8 Boiling 1.8046 X 107>
9 Non-boiling 1.0663 X 107>
10 Boiling 1.0663 X 10™°

Data from the program were obtained in three distinet forms:

1. Distributions=-=-these include:
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a, Fuel surface temperature as a function of B[bf]

b. Fuel surface temperature relative to the concentric case
[@f/if(conc)]

¢. Cladding surface temperature as a function of G[QCJ

d. Cladding surface temperature relative to the concentric case
[@c/ﬁc(conc)]

e. Cladding surface heat flux relative to the concentric case
[q"/qw(conc)

f. Cladding surface heat flux relative to the concentric case
[Nu X @c/q;(conc)]

g. Maximum fuel temperature [%max]
2, Temperature profiles

This gives fuel temperatures as a function of radius on a cross
section through the 0° and 180° points, which are the cold and hot spots

on the fuel surface, respectively.

3. Temperature maps

This gives data in the form of radii as a function of temperature
and angle and for use in plotting isotherms in the fuel.

In the cases of le and lf above, the two values represent independ-~
ent determinations of cladding surface heat flux and serve to check each

other.

Input Instructions

For the computer program used, all of the constants were included
in element MAIN with the exception of those parameters that had a range

of values and those that changed frequently. These were input in "read"
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statements from element DATA. The instructions for the four data cards

are as follows.

Card 1--
I2 M999 A two digit number indicating the run code
I2 KJJ 1 for non-boiling, 2 for boiling

Card 2--
F10.7 CFl Thermal conductivity of fuel (Kf)
F10.7 CGl Initial thermal conductivity of gas (Kg)
F10.7 CCL1 Thermal conductivity of cladding (Kc)
F10.7 GGl Temperature jump distance.(G)
F10.7 DRI Initial value for &r/R.

Card 3--
F10.7 CG4 Final thermal conductivity of gas (Kg)
F10.7 DR4 Final value of &r/Rf

Card 4--
F5.4 CG99 Number of increments between CGl and CG4
F5.4 DR99 Number of increments between DRl and DR4

A sample listing of DATA is included in Appendix C at the end of the pro-
gram listing.

It should be noted that the eccentricity factor (¢) is varied from
0.0 to the vaiue of ﬁr/Rf at each parameter setting. Its value is set by

control from MAIN and not from data cards.
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CHAPTER IV
DISCUSSION OF RESULIS

Data for the parametric study were obtained in normalized form from
computer calculations described in Chapter III. They were analyzed by ob-
serving how parameter values and combinations of parameter values affected

temperature and heat flux distributions in the fuel and cladding.

Dependence on Cladding Outside Heat-transfer Coefficient

For this etudy, hW was assigned values representative of boiling
and non-boiling heat transfer at the cladding surface. The calculations
showed that changing this surface condition had almost no effect on the
system except for causing different cladding surface tempefatures.

Table 4 compares normalized heat fluxes for a medium burnup
(KB/Kf = 0.044), medium eccentric (¢ = 0.016216) case for boiling and
non-boiling heat-transfer coefficients, The results show an almost neg-
ligible {less than 1%) difference between the boiling and non-boiling
cases. From the printouts for these cases, ﬁages 95 and 96 in Appendix
D, the effect of changing hw on cladding surface temperatures can be seen.
As expected, the values of @c show considerable variation due to hw'
Hoﬁever, one should note the close agreement between the ratio @c/ﬁc(conc)
in the two cases. The fuel surface temperatures, éf, show slightly lower
values in the boiling case. This is to be expected since Qc ig smaller.

However, the eccentricity effect which is observable in the ratio
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Table 4, Comparison of Normalized Heat Flux for Boiling
and Non=-boiling Heat-Transfer Coefficient

Theta q;/ q"; {conc) q;;/ q;; (conc)
(mon-boiling) {(boiling)
Q 1,285045 1.290463
10 1.276965 1.281998
20 1.254266 1.258378
30 1.220589 1.223699
40 1.179769 1.182012
50 1.134795 1.136191
60 .1.088163 1.088612
70 1.042438 1.041991
80 0.999884 0.998874
90 0.961584 0.960382
100 0.927339 0.,926032
110 0.896697 0.895107
120 0.869934 0.867954
130 0.847829 0.845650
140 0.830622 0.828548
150 0.817596 0.815692
160 0.807890 0.805929
170 0.801508 0.799291
180 0,799223 0.796861
Parameters:
e = 0,016216
Kg/Kf = 0.044

&r/Rf 0.024324
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ﬁflif(conc) shows almost no change when comparing the boiling and non-
boiling values. One should further note from those pages that the maximum
fuel temperature for the boiling case differed by less than 2% from the
non~boiling wvalue.

The conclusions drawn from the above comparison apply equally well
in the case of greater burnup CKg/Kf = 0.026) and medium.eccentricity
(¢ = 0.010811). Table 5 shows the normalized wall heat flux comparison
for these parameters and pages 97 and 98 of Appendix D show the tempera-
ture comparison. From the data for these two cases, and others not showm,
it was determined that the cladding surface heat-transfer mechanism had
little effect on heat transfer from eccentric pellets as opposed to con-
centric ones. Further analysis in this chapter will deal solely with

non=-boiling heat-transfer coefficients,

Dependence on Temperature Jump Distances

The temperature jump distance is a quantity found in the denomina-
tor of hc(e). It serves to increase ﬁr/Rf in varying amounts to account
for surface effects of cladding and fuel. From the data obtained, it was
determined that the values used for the quantity gl+g2 (G in non-dimensional
form) had little effect on the temperature and heat fluﬁ ratios. Five
values were used for G and five for ﬂr/Rf. The effect of changing G only
produced a set of 25 Ar/Rf values that were spaced together with smaller
intervals, Table 6 shows the effect of varying G on the maximum vaiues of
q;/ "(cone) and Tf/Tf(conc). This case used values of Ar/Rf = 0.024324,
Kg/Kf = 0.044, and eccentricity ¢ = 0.021622, As the table shows, there

is only a few percent of change in the maximum values over the entire range

of G, Table 7 shows a similar comparison for Ar/R; = 0.016216, Kg/Kf =
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Table 6. Maximum Temperature and Heat Flux Ratios
for Varying Temperature Jump Distances

" "
Run G q./q;) (cone) 3¢/ 8¢ (conc)
(maximum) Ximum
1 0.00212821 1.407575 1.311244
5 0.00164938 1.412778 1.318591
7 0.00117055 1.418279 1.326269
9 0.00069165 1.427633 1.338811
3 0.00021282 1.430405 1.342777
Parameters:
e = 0.021622
Kg/Kf = 0.044
ﬁr/Rf = 0.024324
Table 7. Maximum Temperature and Heat Flux Ratios
for Varying Temperature Jump Distances
Run G qﬁ/q;(conc) foéf(conc)
(maximum ) maximum)
1 0.00212821 1.232924 '1.052909
5 0.0014938 1.238030 1.055208
7 0.00117055 1.243374 1.057664
9 0.00069165 1.249101 1.060373
3 0.00021282 1.254856 1.063104

Parameters:
0.005405
0.008

[
Kg/K ¢

0.016216

br/Rf
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0.008, and ¢ = 0,005405. The same behavior appears over the range used
for G, These and other data indicate a much stronger dependence on

ﬁr/Rf and only a minor dependence on G. A;so, the.maximum ratio values
in these two tables always occur at the lowest G value (G = 0.0212821 x
10—3). For this reason, all subsequent discussion of eccentric distribu-
tions will use this minimum value for G. This will provide a limiting
upper value on reported ratios with respect to the temperature jump dis-

tances,

Effect of Parameter Values on Maximum Fuel Temperature

The quantity that affects maximum fuel temperatures the most
noticeably is the gas thermal conductivity in the ratio Kg/Kf. As this
ratio is decreased, the maximum fuel temperature rises. At any given
value for Kngf, the maximum fuel temperature is affected markedly by the
degree of eccentricity €. The results of this study indicate that, for a
constant Kg/Kfs the maximum fuel temperature occurs in the concentric con-
. figuration, Eccentricity tends to lower the max.imum temperature and move
its location from the pellet center along the 180° line.

Figure 3 shows fuel temperature profiles for K.g/Kf = 0.062 and
ﬂr/Rf = 0.016216 and three values for pellet eccentricity. The 0-180°
cross section was chosen for the profiles because of gap sizes at these
locations. For 0°, the gap is smallest and temperatures are lowest due
to high hc(e) values. For 6 = 180°, the gap has its maximum value and,
consequently, hc(B) has its lowest value and the fuel surface temperature
has its maximum value. Maximum fuel temperatures for e > 0 are less than

that for the concentric case and displaced towards the side with smallest
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.contact heat-transfer coefficient (8 = 180°). Figure 4 shows identical
behavior for Kngf = 0.026 and &r{Rf = 0,016216, Temperatures are higher
than in the previous example because of the higher fuel surface tempera-
ture caused by smaller contact heat-transfer coefficient.

Figure 5 shows the effect of varying Ar/Rf for a constant eccen-
tricity € = 0.005405 and Kg/Kf = (3.08. The profile shows a sgeady in-
crease in temperature with increases in ﬁr/Rf. Maximum temperatures are
still displaced slightly toward 180° due to the eccentricity. Figure 6

shows the same behavior for a conductivity ratio Kg/Kf = 0.044,

Effect of Eccentricity on Isotherms

Another way to illustrate fuel temperature distributions iz by
plots of lines of constant temperature {(isotherms). For concentric fuel
pellets, the isotherms would be concentric circles. Figure 7 illustrates
isotherms for a concentric fuel pellet in which Kg!Kf = (0,062 and ar/Rf =
0.024324, For these same parameters and € = 0.010811, Figure 8 shows the
isotherms for the fuel. One should note how the isotherms have migrated
away from the center towards the hot side of the fuel. A similar plot for
higher burnups (Kg/Kf_= 0.008) and a‘.\.r/Rf = 0.016216 with eccentricity of
e = 0.005405 appears in Figure 9. The temperatures are higher and the
migration towards the fuel hot side is greater in this plot dﬁe to the
sharp decrease in Kg/Kf.

Figure 10 shows a plot of the éf = 1.0 isotherm for three pellet
eccentricities. For this case, Kg/Kf = (0,062 and Ar{Rf = 0,016216. This
figure gives a gqod indication of how an individual isotherm changes posi-

tion with changing eccentricity,
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Dependence on ﬁr/Rf

Fuel tempeiatures are strongly influenced by the magnitude of
ﬁr/Rf. As ﬁr/Rf goes from zafo to its maximum value, fuel temperatures
contlnually Increase as the contact heat-transfer coefficient decreases,
The situation where ﬁr/Rf = (0.0 i3 equivalent to intimate contact between
fuel and cladding., As Ar/Rf increases, the gap increases causing the
value of hc(B) to fall. Thus, the temperatures rise.

The eccentric condition is of more interest., For Kngf = 0,08
and € = 0.005405, Figure 11 shows how fuel surface temperatures vary with
increases in ﬂr/Rf. One should note the trend of increased fuel surface
temperature wlth lncreasing ﬁr/Rf and compare this to Figures 5 and & for
fuel temperature profiles. Figure 12 shows how c¢ladding surface tempera-
tures vary with increasing &r/Rf for the same parameters as in Figure 11,
Normalized wall heat fluxes are shown in Figure 13 for the three ar/Rf
values indicated in the previous figure. One should note that the effect
of increasing Ar/Rf for the same € tends to decrease the assymetry in the
heat flux ratio. As Ar/Rf increases, the gap widens making the pellet
appear less severely eccentric, thus causing the heat flux ratios to be-
come more uniform,

A second case was examined for Kg/l(f = 0.026 and ¢ = 0,010811.
Figure 14 shows fuel surface temperature variations as ar/Rf increases,
Figure 15 shows the same comparison for cladding surface temperatures and
Figure 16 shows normaslized wall heat fluxes. The trends with increasing

ﬁr/Rf are similar to the example when Kg/Kf = 0,08.
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Dependence on Kg/Kf

For concentric fuel pellets, lowering the conductivity ratio due
to contamination of the helium with fission gases has the effect of rais-
ing fuel temperatures significantly. This temperature rise is especially
noticeable at higher Ar/Rf values. Table 8 shows fuel surface tempera-
tures, @f, for concentric fuel pellets for a variety of Ar/Rf and Kg/Kf.
One should note ;he large effect at small Kngf wvalues and the trend of
temperature rise caused by the interdependence of conductivity ratio and
ar/Re.

In order to observe the effect of varying Kg/Kf for eccentric fuel
pellets, normalized heat flux and temperature plots are presented in the
figures that follow. These illustrations show, with all other parameters
fixed, an increasing non-uniformity in temperature and heat flux distri-

butions with decreasing Kg/Kf.

Figure 17 shows normalized wall heat fluxes for varying eccentricity

with Kg/Kf = (.08 and Ar/Rf = 0.024324, Heat flux ratios vary from 1.0
for the concentric case to 1.25 at g = 0.021622,

Figure 18 illustrates nomalized wall heat fluxes for Kg/Kf = 0.062
and the same Ar/Rf. The eccentric curves in this table indicate a higher
maximm value of heat flux ratio than the corresponding eccentricities
in Figure 17. The ¢ = 0.010811 curve, for example, shows a maximum
q;/ "(conc) of 1.13 in Figure 18 and only 1.11 in Figure 17. Thus, de-
creasing the conductivity ratio tends to increase the non-uniformity of
the heat fluxes, Figure 19 shows an even further decrease to Kg/Kf =

0.026 and illustrates an even higher degree of heat flux non-uniformity.

a 4= s s

wma FWENE wa dw
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Table 8. TFuel Surface Temperatures for Concentric
Fuel Pellets

Kngf ﬁr/Rf Qf
0.08 0.0 0.110065
0.008108 0.311992
0.016216 0.513931
0.024324 0.715880
0.32432 0.917841
0.062 0.0 0.111610
0.008108 0.372386
0.016216 0.633173
0.024324 0.893972
0.32432 1.154781
0.044 0.0 0.114419
0.008108 0.482193
0.016216 0.849978
0.024324 1.217775
0.032432 1.585583
0.026 0.0 0.121116
0.008108 0.744040
0.016216 1.366975
0.024324  1.989922
0.032432 2.,612879
0.008 0.0 0.157950
0.008108 2.184198
0.016216 4.210456
0.024324 6.236726
0.032432 8.263007
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Figure 20 illustrates the behavior of fuel surface temperatures for this
ﬁr/Rf and Kngf = 0,044,

Figure 18 can be compared to Figure 21 (ﬂr/Rf = 0.016216) to ob-
serve changes in Ar/Rf for Kg/Kf = 0.062. The € = 0,001081L curve has a
maximum heat flux ratioc of 1.15 in Figure 21 and 1.13 in Figure 18. The
trend shows the decrease in non-uniformity as Ar/Rf increases.

The normalized wall heat fluxes in Figure 21 can be compared to
Figure 23, where Kg/Kf = 0,008 and Ar/Rf = 0.016216, Again, one can see
that lowering the conductivity ratio causes increased non-uniformity in
heat flux ratios. Temperature comparisons appear in Figure 22 for the
same case as Figure 21,

One can also observe the effect of eccentricity in Figure 24. Here,
Kg/Kf = (0,044 and Ar/Rf = 0.032432, The effect shows a rise in heat flux
ratios as eccentricity increases., Figure 25 shows normalized heat flux
ratios for Kg/Kf = (0,026 and ﬁr/Rf = 0.008108 for both the concentric

(¢ = 0.0) and eccentric (e = 0.005405) cases.

Combined Effects

This chapter has stressed the effect of variations in parameter
values on fuel pellet heat transfer. Overall effects may arise due to
interaction of many parameters. One should keep in mind that results
such as temperature and heat flux ratios only compare the values for ec-
centric pellets to that value for the same parameters.for a concentric
fuel pellet,

0f all the combinations of parameter values, one of the worst

cases obtained, shown in Figure 26, shows a 78% increase in q: over the
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concentric case. Temperatures also were extremely high in this case.

For this example, the conductivity ratio was taken at advanced burnup,
Kg/Kf = 0.008, ﬁr/Rf = 0.024324, and ¢ = 0.016216, Temperature data can be
found on page 100 of Appendix D. The non-uniformity in heat flux ratios
is very high, but it must be remembered that all the parameters represent
extreme conditions,

Another case, shown on page 99 of Appendix D, is considered a
reasonable "worst case" that one might expect for a power reactor. This
shows high burnup, Kngf = 0.026, Ar/Rf = 0.024324, and ¢ = 0.016216,
Figure 27 shows normalized heat fluxes and indicates a maximum of 42%
rise in heat flux over the concentric case.

With less fuel densification (ﬁr/Rf = 0.016216) and shorter burnup
times (Kg/Kf = 0.044), Figure 28 shows a rise of only 20% in heat flux
over the concentric case for ¢ = 0.0108l1l. Temperature data for this case
appear on page 10l of Appendix D. In a situation represented by this

case, there will be hot spots on one side of the cladding.
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CHAPTER V
CONCLUSIONS

The results of the calculations must be taken in the proper
perspective, The data reported are for individual fuel pellets of differ-
ent eccentricities., HNeighbors to this pellet may be eccentric relative
to another angular position or may not be eccentric at all. For cocked
pellets, the top and bottom will effectively have maximum eccentricity
while the center will have zero eccentricity. Other parts of the fuel will
have in between values of g¢. All of these circumstances will tend to re-
duce the effects of fuel pellet eccentricity on local heat fluxes and
temperature changes over the length of the fuel rod,

However, the reactor designer must be concerned with whaf happens
to individual fuel pellets. Factors, such as eccentricity, can cause heat
fluxes to exceed critical heat fluxes leading to film boiling and cladding
failure. Heat fluxes based upon concentric fuel pellets may indicate a
safety margin during operation. Local effects caused by eccentricity may
result in operation dangerously close to or cutside of the safety margin.

The important conclusions of this parametric study are as foliows:

1. The ratios Qflﬁf(conc), icfic(conc), and_qw"qu“(conc) undergo

little variation with changes in cladding outside heat-transfer coefficient.

2. Changes in g * g, have negligible effect on the system compared

to the quantity they supplement, Ar/Rf.

3. For a given condition, the maximum fuel temperature occurs in
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the concentric case and tends to decrease with increasing eccentricity.

4. Cladding heat fluxes depend strongly on the eccentricity of
the pellet, thermal conductivity ratio, and radial differences; generally,
maximum values of the heat flux ratio increase as € and Kg/Kf increase

and decrease as Br/Rf increases.

In nuclear reactor design, the DNB ratio is defined as the predicted
DNB heat flux divided by the cladding operating heat flux. During steady
state and normal transient operations of a power reactor, this ratio is not
.allowed to fall anywhere within the core value greater than unity, i.e.,
1.3. Consequently, a heat transfer analysis of fuel rods with fuel pellets
located concentrically within the cladding will show DNB ratios to be equal
or greater than the allowable minimum value. However, the highly non-
uniform cladding heat fluxes, stated for eccentrically located fuel pellets
in conclusion four, may cause local DNB ratios on the cladding periphery
to be less than the minimum allowable design value and possibly be less
than unity. It is not clear at this time that this will cause cladding
failure. The experiments used to develop correlations for predicting DNB
in fuel rods are based upon measurements taken from rods heated uniformly
around the cladding periphery. Consequently, it is necessary to perform
DNB experiments in heated fuel rods with non-uniform peripheral heat fluxes
in order to determine whether rod failures cccur if local DNB ratios based
upon uniform heat flux correlationé fall below unity or some other minimum

value.
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APPENDIX A

DERIVATION OF EQUATIONS

Temperature Distribution in Fuel

The steady state heat conduction equation in c¢ylindrical coordinates

(r,8,z) is given byz4

2 2 2
§_§+AB_T+A.2.3_§+%=_L" (A.1)
3r rar r° a8 oz Kf

The expression assumes an isotropic medium with constant thermal conduc-
tivicy K, and a uniform rate of internal heat generation q"'.. The temper-

ature T at a given point is T(r,6,z). This problem assumes negligible heat

2
transfer vertically through the fuel rod, so Q—%-: 0. Now, T= T(r,9).
oz
An analysis by Thorpe showed neglecting axial heat conduction will produce

S

errors of less than 0.5‘7,.2 Should greater accuracy than this be required,

the axial heat conduction term could be included.26

In order to solve this differential equation, A.1 is first made

homogeneous by defining
T(r,8) = §,(r,8) + B(r,8) (4.2)
such that

vzal(r,e) =0 (A.3)
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For r and 8 dependency, P(r,8) has been shown to bezy

m 2
P(r,8) = - Sﬁ-‘i— (A.4)
£

This expression for P serves as the basis for the non-dimensionalization
of this problem. Define
T(r,8) - Ty

§(r:e) = : ]
q RfléKf

where Tb = temperature of the coolant, Define a non-dimensional radius as

E = such that 0 £ £ <1
Re

i

Normalizing P in the same fashion gives

P(E,0) = - £
@1 is also normalized.
Ol(r,e)
B(E,0) = ————
qnt Rf/a‘Kf
Now
§(E,0) = - €2 + B(5,0) (A.5)

Since Eq. A.3 is now a homogeneous differential equation, a separation of



variable method of solution can be performed. Define

B(5,8) = R(E)Z(6)

So,
2 2% . 1ag . 1 3%
vg(§,9)= 2+— +‘3—220
i Eof & 28
or,

2 2
) , 13G2) , 134w _

3 g 2k gf @’

which yields,

R" ,LR' 1 2"
e e
R € R +§2 z =0
~2 2
where R"-:-a-% , R'=%&, and Z"=%.
3 £ 28
z" 2
Let v This gives a differential equation

2
ﬂgﬂ +v22(8) = 0
36

the solution of which is

2(8) = A cosvt + B sinvd

63

(A4.6)

(a.7)

(A.8)

(4.9)

(A.10)

(a.11)



64

Equation A.5 is now written as
—_— - e ==} (Aolz)

The solution of this equation is

C1 + Dl

RE) = { ) (a.13)
C,EY + D,E V forvzl

InE  for v =

The boundary conditions impeosed on the temperature are:

$(E, - 0) (A.laj

Symmetry §(€,0) =
Cyclic $(€,0) = 3(£,6 + 2m) (A.15)
Finiteness $(0,0) is finite (A.16)

The condition imposed by Eq. A.14 sets B = 0 in Eq. A.1l because only an even

function is an acceptable sclution.
2(8) = A cosvb (A.17)

The condition imposed by Eq. A.15 requires the values of v to be integers,
\,=0,1,2,3,. LI

Since the temperature must be finite at £ = 0, the values of Dl‘and
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D, in Eq. A.13 are zero, for both 1nf and 1/E¥ equal ® at € = 0. And

since 02 equals a constant C for v = 0, Eq. A.13 becomes
R(E) = cEY v =10,1,2,. . . (A.18)
Equation A.6 now becomes .
B(g.8),, = R(E)Z(B) = (CE")A cosve

or

L=

#(€,8) = Z avgvcoave (A4.19)
v=0

The temperature in the fuel can now be expressed from Eq. A.5 as

-3

§(E,8) = - §2 + Zavgvcosve (4.20)

w=0

The values cf av are obtained from the boundary condition imposed oﬁ the

fuel surface, as indicated in the next section.

Applying Fuel Surface Boundary Condition

This derivation further assumes negligible radiation across the

gap. This term depends on

8 2

where o = 0.1714 x 10 ° Btu/hr-ft -°R¢ (Stefan's constant). Even with the
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fourth power on temperature, the constant o will keep the heat flux due
to radiation quite low at the temperatures considered,

A reasonable assumption for a final boundary condition is to equate
surface heat fluxes using constant bulk coolant temperature Tb surrounding

the cladding. T, will be a function of radial and axial positions in the

b
core. But at any axial location, Tb surrounding any one fuel rod can gen-
erally be assumed constant. In terms of fuel surface and bulk coolant

temperature, the heat flux is expressed by

. R R R
! 1 £ ( o) f ]
- = " s + —— —_— + _——
(Ts Tb) G | h(8) " K, Ln R,/ " Rh_ (a.21)
or
(r, - ) -
" s b
%= R, K. R (4.22)
Exoht st Wi
hc(e) Kc Ri Ro w
In addition, the fuel surface heat flux is given by
q" = dI (A.23)

s - Kf ar r--—-lil,f
so,

dT
f drjr=R

- K

Normalizing this equation as in the preceding section
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- | = $(1,0)
e R 11:'4"(9) * ?’ 1“(%") * RK'II:j
fe c i o
Inserting Eq. A.20 yields
w

o Kl
2 - Z\)a\J cosve = — X 1\:0 R < (A.24)
v=0 L + £ ln(——) + L
th (9) Kc Ri R_h

In order to solve for a, Eq. A.24 is multiplied by cos)€ and inte-

grated from -1 to 7 taking advantage of the orthogonality of the cosine

function.
oo
Z J‘ cosvBecos)hoda + Z r cosvecos;\gde X
Q f
.-.. +  —
v=0 [K h (e) ) R ":|

- jﬂ 2cosh bdg - Iﬂ cos) 8do =0 (A.25)
-ﬂ

- [_L_+&1n(fg) +_“;_]
thc(e) Kc Ri Rbhw

This equation yields n equations in n unknowns (ao - an). Simultaneous
solution of these n equations gives the values for av for use in Eq.

A. 20.
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Cladding Surface Temperature and Heat Flux

From the previous section, the method is discussed for determining
the set of constants a . Once they are obtained, the fuel temperature
distribution by solving Eq. A.20, Heat flux at the fuel surface is ob-
tained by

L--]
4 2K - Kf

fd f \ :

"= . = = —— . L _

9g R, dE|E=1 R /R vavcosve (4.26)
£ f -0 f

To obtain the heat flux at the cladding surface, the geometry factor Rf/Ro

is used.
Re
[+]
Also,
| | - -
= hw c]:c 'rb) (A.28)
S0,
- Rg d(T - Tb)
(R_)[' Re 7 ar |e=r ] =h (T, - T) (4.29)
(] f
In non~dimensional form, Eq. A.29 is given by
K
“tas
Rb dEle=1 = hWQC (A.30)
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The cladding surface temperature can be calculated from Eq. A.30 in the

form

m

- Kf
Qc = (E_l-'l_) (- 2 + ZV&UCOSVS) : (A'al)
ow
v=0
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APPENDIX B
DETERMINATION OF GAP WIDTH

The expression used in this study for the angular dependent gap

size is
L(8) =(Ri - Rf) - ecosh (B.1)

This expression Is an approximation derived by comparison with the exact
values of L(6) as determined by a computer program. This program was
written in FOQOL-F for use on the PDP-8 computer at Georgia Institute of
Technology, The listing of this program appears at the end of this

Appendix.

The solution for L(8), as shown in Figure 29 is best obtained by

using the Law of Cosines. The expression obtained is
L{g) = - Rf + (e2 + Ri - ZeRicos'v)i (B.2)

where

2 2 . 4 2.2
cosy = .‘?ili{ﬂ_.?. :% [f‘i%nﬁ . 4(2%119 + sing - 1)T (B.3)
i Ri Ri

Regsults for a sample run of this program appears in Table 9, Com-

parisons are made between Eq. B.1 and the exact value for L(9).



(8)

a. Fuel-Cladding Cross Section

b. Angular Relationships

Figure 29. Gap Geometry
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Table 9, Comparison Between Actual Values and
Approximation Values of Gap Size
Theta Exact L{8) Equation (B.1)
0 1.5000 1. 5000
10 1.5067 1.5072
20 1,5265 1.5301
30 1.5592 1.5669
40 1.6041 1.6160
50 1.6602 1.6726
60 1.7265 1.7304
70 1,8013 1.8142
80 1.8828 1.8917
90 1.9672 2.0000
100 2.0564 2.0852
110 2.1433 2.1610
120 2.2265 2.2388
130 2.3030 2.3213
140 2.3701 2.3830
150 2.4252 2.4331
160 2.4662 2.4698
170 2.4915 2.4924
180 2.5000 2,5000
190 2.4915 2.4924
200 2.4662 2.4698
210 2,4252 2.4331
220 2.3701 2.3830
230 2.3030 2.3213
240 2.2265 2.2388
250 2,1433 2.1610
260 2.0564 2.0852
270 1,9701 2.0000
280 1.8828 1.8917
290 1.8013 1.8142
300 1,7265 1.7304
310 1.6602 1.6726
320 1.6041 1.6160
330 1.5592 1.5669
340 1,5265 1.5301
350 1.5067 1,5072
360 1.5000 1.5000
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As seen in all cases the agreement 1s within 1%. The program was run for

numercus additional cases and consistently obtained accurate results.

The FOCOL program for gap-width determination follows., It solves

Eq. B.2 for L(8).

01.10
0l1.20
01.30
01.40

02.10
102,20

03.10
03,11
03.12
03.13
03.14
03.15
03.16
03.20
03.30
03.40

04.10
30.10
30.20

5 E=.5

S RF=2; S RC=4

T%8.04

™ T AN,

FOR T=0,10,360;S TR=T*3.14159/180; DO 3
GOTO 4.1

Vi=(E )Y*(FSIN(TR) 4)/(RC 2)
V2=(E 2)*(FSIN(TR) 2)/{(RC 2)
V3=(FSIN(TR) 2) :
V4=y1-V2-v3+1

VO=FO (V&)

V6=E*(FSIN(TR) 2)/RC
V5=V9*FCOS (TR) /FABS (FCOS (TR) )
Vi=(E 2)+(RC 2)

A==-RF+F0 (V7-2XE¥RC* (V6+V5))
T’ll ",A,:

Hoatnupmwmunnumom oyl

QUIT
S Z'=FEXP(FLOG(A')/2)
LET FO=30
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APPENDIX C

COMPUTER PROGRAM

The following is a listing of the computer program used for
obtaining data for this investigation. Following the listing is a sample

of the output that results from the program.



TFELr MA ] )

i 15695

n?

0l
00D
nog
0n0gn
(‘0[]
0Qg
00y
00p
00y
00y
ndg
0Ga
0ln
nog
00g
00y
00q
noq
1o
nvo
00y
non
(} 1] 1
31¢1) ]
olp
60q
nlg
nog
0dgp
00n
nop
00p
00g
0o
00n
009
00q
00g0
000
nog
Q00
odp
00g
o0p
a0g
nog
0o0n
0ln
00q
a0n
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Q7,208=1313212%

O D0

HLoD=1

“LALJ t5 ?ﬂ 0 } 1_|(}g() ’ K\J\J
FARENSIOM Tetlade L1, TEUIT AT 2 TP (2L )y (19}
COMMANL Z B ReGeErveCCCy LK CCHGWRI L, PO, PF
PRIGY LNTHRUDNCTION HERE
OATA LT

rFzunlsnlo?
NCLARZ L NLILOTE=3
15000 . 0

HiMpzZnulnr. 0

R LA |

INTTTYALT PATYON

riNITTAL PARAJETER VALUES
reaDES 710 erl, 06l CCLL, 60l ,0R
FLiiAy PAYAMETED? VALUES
PLAY IS 770 ) oG, DR
BARAVE TE™ HANGES
CLQZARL A Ll-COn)
PROzARS (AR 1-DRY)

RUMICR OF PaTHTS

A CSTWIR GO DRYD
IMCREPENTS
coLiz ol rLuag

P =2 2LIG0)
JHAIAEIF YA RG99+ )
S [FTA{ne9g +1

nU 3ng Josleudad2

nG fhan gn=l, UJude
Jd2za2-1

JGVHZ -]

RSP OAT 1 JJ2)

[rH=F) DATIJJG)

PARMETED VALUZS
ro=C21=CrbBun2

=Gt

Nz 140 E8«RY

ckF=Cr

cCl=rcLy

cCCZ~G/CT

rik=rels~F

U T 12,8) ,kJdy

pAVEm 3

i“0 Tn 5

IR o

Cluz /G

phztreuit

pvzitreeanD

6=GS2INF

nLLR=NsF
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x % 8

RUn NUKEER 6= 9
COCFFICIENTS
1wt 7h - 20017

v ~7,96592~03 =5+2775%04
=B 1290 6=0 =1L.B4229-07 .8,45065-06 D.00p20

PARAMETEN DATA

-

K 6ASsY FUSL = «080r00 TFCENT=
X CLAJ/R Fugl = %,000G00 cCENTS
H wALL/K FUEL =25003.004000 CwCENT=
DELR= L024324
51462 L164938-00
£ J0igALL
THZTA TF TF/TFCERT
0 -4aRaNG LBATETS
in «Hanugg » HIPRHS
£0 +313153 $ 707521
30 2523297 + 7315656
40 343193 (763342
50 974217 1B32604
60 002050 +BUELTG
70 2635699 +332921
L0 SUTRLTO LS 2057
20 £ 705932 « 7921217
lug « 73955y 1.539662
116 «771710 1.266161
120 801101 1,126222
120 +B27253 1,1£128%
140 PRI AT 1.190343
159 8664993 10219157
160 B79853 LeP27259
17¢ +837506 1.263056
180 590314 1,251951
* THE, MAXIMUM TEMPERATURE = 1,7075691
AT THETA = 180 AnD RADIYS = 3955008

G 43T61m08
2.00023

$7131%5
L4548
1,741197

¢
+0058%¢0
I E=beley}
JGoRTT
«OpHEaa
.59“79‘?
JRooh¥22
. 05'5“2
003a551
L] chgg"
LOOHLDT
PR LS L]
JLoba?y
sooL202
. c-:“ 1"?
SLzbial
Gl
T tih
+OCkGEg

TC/TCCENT
l.108075
1.176n023
1.154529
1,09n579
1,0T7T75538
L.062207
10 0"52’-'-'5
1.n274%3
1,03%548
0025272
075816
+ 960374
JuBTel
934850
L92%017
«217207
L9l1696
«$08284
«907135

aW/ QW CENT
1.i0p97s
1, 1"‘(;-"‘23
1.10a5309
1.00%05%7G
1,972%68
1,164207
l.i4g5245
1.029u5%
1,CnosuA
WFa5122
«ITRA14
+I6n3TY
SHATHL
AR -]
25020
17297
«F11696
.909284
+»F07135

NUTC/OVCENT
L1elonmpy
1.19n803
110057y
1«Na0f1a
L ait-Y |
1.06627T45
1.04520%
1.0p7450
1.99%%8%
LSO
+OTERTA
T NET
«2uaT2N
«FanNog
«Op5025
21778
«Foats
«Po7laa

06



RADIUS

1,060000
«9060090
800000
s 700000
L 600000
« 500000
LHe0000
+ 300000
Lc00000
+100000
L0noonn

-,1000080

-,.200000

-, 500000

= 496000

“0500000

-,600000

'l?UUDDO

".81]“000

"=,990000
-~1,000000

TEMPERATURE

PROFILE THroucH FUtEL

TEMP

LB8880

LI00582

Bo2p82
1.0633%93
1.214519
1,3450404
1.456r232
1.94u827
1,617253
L.667513
1.697611%1
1.70750y
1.69733)
1.666959
1.6160358
1.545769
1.485495%
1.34400)
1.2129206
1,061675

«89031y

91



DATA Fou TEMPERATURE MAPS

TEMPERATURE=

o
v
20
30
4o
50

TELPEMATURE =

o
1o
20
U
40
50

TEIPERATURE 2

0
lu
28
R 1y}
40

50

TEFRPERMTURE S

U
10
20

. 30
46
50

TEMPERATURES

U
18
20
30
40
Sy

1,571343
250257
L 2690
V272200
278660
206700
£ 296970

1.435137
L426530
21850
425749
132209
Leui1l19g
52527

1,293932
LB571539
LUARTID
L8
JGET7)
JORLOTT
070775

1,162726
BH300807
537259
L6N157T7
LBuBiRYy
L65830y
LO70370

1.026520
. 722553 :
. 7245052
. 1283503
1357592
. 745718
+ 153002

RADIL FOR GIVEN TEVPERATURES AND ANGLES

&h
70
89
30
la0
110

60

84
20
100
110

on
70
8o
90
Ia0
110

69
0
a0
a4
190
110

69
70

9t
100
119

2300357
+ 323670
« 339611
» 356754
+ 374599
W 392493

465607
189652
497066
510371
1532017
« 549412

«SRL5AS
540917
+616563
u633955
BO18TT
+6HAB1Y

LT
£ 700072
+ 716669
« 734280
+ 751746
« 768706

« 712283
»70N127
+805036
322071
«83987%
e 8550697

120
130
140
159
160
170
180

120
130
140
150
160
170
180

120
12¢
tah
150
160
110
ing

120
130
140
150
160
170
IR0

120
130
140
150
160
175
180

+ 409772
» 425752
439792
451327
4459902
+865182
466969

+ 365950
«9581049
059u177
HNuATY
«H172786
«5H17635
B19276

JORGTTT
JHUah 3y
«T12100
« T22300
« 7209453
.73u590
« 735153

+TBu61S
«7T9R97Y
+811333
821332
«B2REAZ
«B33177
«B34691

JRTZ2U13
«BBRADY3
03986?1
+ 308459
915642
<2003
1921509
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TENPERATURES L390314
1) LBOCITY
10 ,002512
20 LB07375%
30 .816533
45 3246063
50 837160
TEMPEIATURE = »BG5Y03
G .813726
10 .515269
20 ,819351
ap .B27336
40 ,837499
50 L850029
TEHPERATURE= 801181
0 LJauaTag
10 LB50340
20 L 894975
a0 LB02543
%) LB72T53
50 . 385404
TCHPERATURE » 705532
u o BOThH4
10 A99126
2u JP0382p
3 fFLLGTY
40 921839
50 L93451n
TESPERATURE = 602050
0 . IU7T3Y
10 L 949340
20 L9541y
g ,961853
40 . 372336
50 385195
TEFPERATURRES + 520307
o L9557y
10 L 987364
2u ,992174
A 1.000%00
40 J020dey
50 ,000000

(e}
is
th
30
Loo

112

60
70
B0
30
100
113

60
70
80
90
130
110

al
79
ap
98¢
150
110

&0
70
aq
1y
100
110

69
70

~
L)

97
is¢
110

AB1636
n8&7631
BRLGE9
1202000
210430
«935138

« 564537
+8a0551
+897563
« 915017
+9323586
« 249048

+899986
+916067
33115
50574
957891
284533

U275
.'?G'_'a'l'lﬁ
+ 982535
l.c00000
000600
+ 000006

1.000000
«000C00
200000
000000
000000
000000

000600
000000
+«000C00
+ 000000
«Opnéno
«000000

120
130
140
150
160
170
180

1z0
139
140
150
160
170
10

120
130
140
150
160
170
180

120
130
10
1540
160
170
180

126
130
140
150
140
170
180

i20
13e
s
155
160
17¢
130

1

[y

-

93

. 951695
+ 965641
{77582
9087195
Oanany
« 99552
0000031

« 264580
+ 978499
« 990510
000000
+000000
0000400
« 0000080

+00onoo0g
« 000000
+000000
LO00000
L a00n0Y
000000
« 000000

» 000000
+N00000
«D00000
« 000000
«200000
« 000000
+0300000

+000000
LON0500
+N00CND
« 000000
000000
« 000000
«000000

»000000
+0009000
+000000
000000
+ 000000
+000C00
+ 000000
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. % ok
RuUH NUMBER J= ub

COEFFICIENTS
2.107 - 816735 =8,0190u=r2 =5.8235%.93
~1.T7202=00 =2.50028«05 .1,61237-04 000000
PAKAMETER CATA
K GAS/H FUuEL = JQlga0n TFCENT=
K CLAD/K FUEL = 4,000000 TCCENT=
H wALL/K FUEL = 2500.008000 QWCINT=
DELR= 02630y
Greg2= «212823=03
Ex « 016216
THETA TF TF/TFCENT
1] «617326 25064929
10 +62790% 515582
20 + 058957 4541115
30 «TaT000 +55155%
up «7T0u29 632553
50 «Bu3?in 2592433
&0 923032 753022
70 1.007109 JA27007
BO 1090332 $A95347
a0 i+1705u8 2361547
100 1.247125 14229301
110 1.357437 1.021345
129 1.2a0552 1.133457
130 1.m332%¢ 1.17753
pu0 1.%ap58"0 1.218433
150 1.5164%0 1.2u%255%
160 15472454 1.200026
170 1.9%p325 14279645
140 1.563675 1.254p0)
THE MAXIMUM TEMPERATURE = 2,38u2y02
AT THETA = 3180 AMD RAGTUS = £ 22500090

e 27T6 Ly
- ﬂﬁnno

LR L

1,217795
] 0“5175
10 7“1177

™
205805q
JOET650
L DE9H03
L055162
L0326
L051254
LLuS159
# 04709
PuEr 7
SCulqus

+C316%

TC/TECENT
i,20%045
1.,27605
1.2542465
l.22n5a9
1.177759
1.134755
1.0A3163
1, aL2yzh
«93%0akL
+051534
+ 2327339
« 895607
RHGaRG
LRETHNG
JR2E22
L217505
+857890
+AL1508
W T9223

oW/ 9, CENT
1.2a50u8
1.727265
1.254364
1,22~587
141707569
1,13, 708
1.09a163
1.,045439
B RLLUETA
.96153&
927339
JH527
Rl et b 1Y
LHurann
WATRRRIX
ol C L
JHarnn
LI L ]
W T4223

MU TCAGunEmY
1+200008
1.27471
1.750un
le22172n7
1179505
1.1%0"03
T+087°5
1.042%10
La0nnlnn
IS AR )
«92aTaN
LAnATOY
fAraing,
ATy
ATATIT
+AL7T2Y
A T30
sBni Ty
T30S

c6


2500.00r.000

LI I ]

RUN MUMEZER 4= 46

COLFFICIENTS
2.0u%4 -.q?%as ~lh, 15046=02 «5.30953-03 =1.C1333-0%
«1,2000h~08 «2,52933-05 «2.19822=04 0-00653 003536

g g e g, i Sy g e i e gy

PAHAMETER DATA

K GAS/H FUEL = +044n00 TFCENTS 117746
A ULAD/K Fugl = 4,000090 TCCENT= JO0ou53
H RALL/ZK FUFL =28000,005000 CWCENT=Z 1,741297
DEL1= 024324

G14G2= «212821-03

E= «0162le

- - -y )

T TA TF TF/TFCENT TC/TCCENT O9/OyTENT NURTC 7 oreCENT
b] +367159 81938 1,290u63 1,29a1673 1.2a00qn
10 «BT3503 «49128A 1,29 1008 1.2ry099 1.281R57
20 51n04% «51A253 1,253274 1.725p379 1.257%0n
39 LT +3654A1 1.223/09 1.22x5%0 1.275540
4o 723705 sh188%R 1,182912 1,1A,012 1.181773
50 «T3A G +HTA2AL 1,13519 1.1%4191 1.12573
v R AEYE «TLTGB2 1,0858412 1.0a,512 1.08alp7
T +P6nu6T ATUTLT 1.n41ag6] 1,04:9%1 1.Nunh52
L1 1.3432%3 WAG1027 L0637 «20aATy 290784
L] 1.13¢413 «AH832L JOBNRAD +FH6a302 «IHNIRS
160 1.2¢7418 1.725742 925632 S22a032 L9850k
110 1.278578 1.085133 RS5tnG 85107 TJFoukyo
120 1.30232¢ 1.147304 ABTORL +B67950 +8p80YD
130 1,5397353 1,167277 «BHSESD LT ] PBRASID
140 14494334 1.228104 +A29548 LA2a508 2887
150 L4790 L1a2%KRA2 +E15AN02 1422 Jungy
160 1.5050618 1.27727% L8159729 +B2e229 805244
170 1.521077 142792718 « 799201 Taq29) R ELTIR
1u0 1.52711p 1.297331 7196841 . T95961 .79777%
TE MAXIMUM TEMPERATURE = 2,1437496
AT THITA = 180 44D RADIUS = .2220900

96



" ox -

nUt NUMBER

. WOFFEICTENT

?

L2704 -
“tTTnasa-04

PhaMEILG DATA

w GuSeM Fury,

N CLAGSK Fur

-,

S= &0

4Ann2
22huT=na

= JU2b6Ang

W PR2EAC 2
wHatueda-0g

T T e T e gt T, B Wy

= weDNQAQUN
n LALLAK Fury = pS50n.000000

aEg k= JI16216
wlat, 2= » 1 HUQ3B=n2
Ez
THE TA TF
L JH3310Y
8 PadZl
20 ANnLSad
3 $329 5
Wl L9034l
LB 1.075%179
i 1,1309n4%
™m 1.2uslue
[ 1.333009
Qi 1.u17446
low louu7ing
1y 1.5/0406
1ra l.AZH201
Lan 1.A451a7
1ui 1.740618
lan 1,708
1ah 1,109%057
17u lun2ltnd
L 1.A26%u0

1HE MAXIMUM TEMBE RATURE =
a¥ THETA = tho AL RADLIVS =

Al0A11

g o, e

TE/TFCENT
L54725%
5TuTTy
.57%603
M-355S
JO75T70
JTINT67
s TEBLGY
JSW:3$U
232270
+9R% 303
t.01328]1
1.0628%36

LlaTalr
1.135937
1,17A085
1,2°1394
l.ZZib?u
1.232797
1.226525

?-u332193
«23599¢0

=5 TIR54=0D
Caruren

TeeeMT=
TrfenT=

GvgENTE

-G Hnr T rann
TaCnnim

L ATtURQ
TGy
LA

™
+05%CEN
«{GEG=E
5761 E
+05AGA0
sF5400H
«AR1Em2
s PuEESY
.ChTS"Q
TR
«AL3E.g
$A20 G
$0UDSED
WJOZ034 2
LT927g

NIAten
L0350
3359»3

TesTCrERT
1,297u63
1.pn9208
LeBHDTY
1.731030
Lo1aTasd
Latulnizg
LettFiads
l.nulislo
U922
P95 (TR
sy
TIN5
LN T
UL
arE31ER
HARYadn
-79999‘
TSR
.790uﬂﬂ

s unfinT
1.097965
Yuozow?uo
) R TTTE
La2o1Dis
Lotwsnd
LTar4ubni
lanwlBuo
lanma2le
WUuT2L
PN, A
stz 30+
eryLHul
ehosg
fHL20U
sHaoo ol
srwdduc
* TUIE S
« 722040
« 77080

s paNrENTY
Le247hed
|t thad
LaPtoiheb
Le231312
lLeitb 703
Lain2a¥
Leu¥160l
Lagwiui?
Leiddnled
IR Y.
LHEED0S
XA R4
ARG LE
.dll {bJD
AR AL
b
LTHTOON
LTY LS
LT L9

L6



* e
RUK NUMBER 6=~ 59

COZFFICIENTS
23337 - 495G =8, 27432~%2  =6003683-23  -1.22402-0%
=1,79021-08  =3,53140-08 1,020a7=-3q 0.20200 0. 29300

o gy = P gy A g W T

PARAMZITER DATA

K GAS/K FUEYL = «026a00 TFCENT= 1,530532
K CLAD/K FUEL = 4.000000 TCLENTE .20u%580
H aallsK FUEL =25000,000003 OWCENT= 1,753555
DELR= . 016218

Gregaz 2 164938-02

E= 080851

THETA : TF TE/TFSINT T TC/TCCENT BW/ e ErT MUsTE/ rratEnT
0 vTuncl2 5435572 025929 1.303071 1,39~08] 1.30289%
10 + 799257 +5555 56 .Ca5a9g 1,29u531 1,294,531 1.2n3%an
20 +832n0p L57%u51 « 005780 1.273349 1.727p3u0 1.27n0745
34 ' +Brysuz +615620 L009615 l.23518n 1.72%: 000 1.,270510
L) +951u24 HE233H L025uls l.,i9ns21 1.17a121 inaran
50 14729548 16570 ML LB 1.501R04 1,144020 1.1041%19
&0 1.114666 $TTSDYY L00494%a 1,n92229 1,069,020 1.072"%27
70 1202976 «A37T017 LC5ETHg 1.043836 1,900 {1.0uu15s
Bu 1.291134 «3997%5 o .2ca843 SYORNGS WGP
90 1.375468 +358187 .059399 +95q1%g »T5aLAn
100 1.956455 1.214228 ,21259 921957 .021544
110 1.531075 1,255313 ABIDL : +A3a71n JAAEAE
120 14297553 l.117z021 LA222101 » HAa 0T RE24ND
130 14654354 14152256 837241 JEE-UT) LIS Y
140 1.702757 1.1£5332 B2LI1E B29118 A2 TR
150 1. 740438 t,211552 2807354 207324 Hanp
160 1.767695 1,235523 £ 727275 + 799775 » 704749
170 1e78u242 1.742349 ,7953232 L 79923 L7004
180 1.759507 1.245922 L783713 LTRRTL3 T894t
THE MAXIMUM TEMPERATURE = ,4053ITUR
AT THETA = $80 AND RMDIUS = L 2375008

86



LI

L
HUN NUHREER 3= 64

COCFFICLIENTS
2.753C ~ebuT5g =7,126%5=32 ~=1.1%099=02
-5,8237T=C4  =1.25.86=04 =1.74216=-0%  C.00000
PARAVMETZAR DATA
X BAS/K FUEL = +026500 TFCENTS
X CLAL/K FUgEL = u,0c5000 TLEENTS
M wALL/K FUEL = 2500,00n000 NaCERT=
peLns 024324
GLr+G22 1 212821-03
€= ,0i6215
THETA T TF/TFLENT
o 1.054091 + 529569
19 1.075046 «SIRNLY
20 11:103?2 +S62230
30 1193457 + 55977
4o 1.298307 567415
50 1396041 2701857
£0 1.512854 eTRORGD
70 1+030504 119387
80 1. 73422 SBTTRIY
g0 1.35696% «923185
100 1.95971% N9
110 2.053578 1022540
120 2.126M3 1.073474
130 2.200458 1.109826&
149 2.707552 | R ELLAN
150 2.3133%4 1,152787
160 234720y 1.,179574
170 24307548 1.182778
180 2.37%357 1.153196
THE MAXIMUM TEMPERATURE = CRGEES g
AT THETA = 180 AND RADIUS = L3Tu"0pa

24454520
C.0200)

1,78£94,2
JSubieg
i.TagLeT

TC/TCLENT
1.620064
l.u05254
1.267722
1,3:11548
i{,2u55=22
1176076
1,1L72:5
L,on2540
+58%290
233173
BERTTU
PL-LE-S R
LEIT328
.'_!’4""5-:1;
S, TBE3T7Y?
JTEG R
JTH2TSO
2 T35522
«T328u5

oW/ heCEuT
1.%20754
1.,4%.,754%
t,dy727
1.51¢548
1,24e597
1.174775
1,207795%
1,08a5uy
RR2%0
LALT3
JMRaTTH
LTl Al
LR AVt
750y
JTEATAT
+ T8, 150
« T2 THY
A LTRSS
.73?ﬂ45

HU*TC QWi EMT
falt1uneg
1aGnARny
1.2R9100
1.317054
1.24051%
1.1785%A
1+1n7Na®
i:0gmNing
e L Ty
WORRIAG
LARPDN
MNynn7
ORITr‘ﬂ"
T Ty
«TRODA
R TESOYLA
u?u?-‘“.'\\
JTAEA2
$ 733036

66


2500.00r.000
fll7r-.no

L IR

Ryt NUMBER 3= B2

COEFFICIEYTS
B5.157L -1.0%52 -.16%16 =5+58L42-02 =B.9Fp49.0x
~2.45365=03 =7,11320~04 <2.89%8R-gu  0.0CQ0Q 00000

parAETER DATA

K GAS/K FUEL = +808500 TECENTE 8,216708
K CLAD/R Fugl = %,000000 TCCENTE L3us1n6
H wALL/K FUEL = 2532.00n000 CACENTE 1,7631-7
DELR= 025324

GieG2z .212828=03

E= 015216

THETA TF TF/TFCENT TC TC/TCCENT oW/ outENT KUeTC/CnCEMT
0 3.879735 $522373 .0852%8 31,7770 1.777u43 1.777%n%
10 Js71ulin 52759 078798 1,7at465% 1.744165 1. 74ungy
29 ¥,912073 «5u3399 LO74584 1.653156 1.5%3165 155200
30 #.160165 V6ETER3 060247 1.526023 1.524023 L.=a6207
40 8.331527 495123 062624 1,3R6207 1.38,247 1.3pa%43
50 4540845 728525 25549 1,25%641 1.754601 1.267022
60 4.7un6ry o TETTAS L058e3s i.127und 1,127487 1. 12720
79 4.94551% TRITIN JTRETSS 1.719%p6 1.N1a6645 1.097hn
20 S.13561up JAZ3E R JLuloze «22720A T L PCFLAS
90 5.313947 361337 LORELTy WRE12u6 159644 2051002
160 5.473339 L8T7564 035611 LT3%320 «78p"20 «Taahon
110 5.0165%5 «OCa57A 2 LT3 JT37194 «TARTTH
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2500.00c.000

Tc(conc)
Tf(conc)

Ar/Rf
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APPENDIX E
NOMENCLATURE

Constants obtained from Equation (A.20)

Degree of eccentricity

Temperature jump distance

Normalized temperature jump distance (g1+g2/Rf)
Contact heat-transfer coefficient

Thermal conductivity of cladding

Thermal conductivity of fuel

Thermal conductivity of gas in gap

Fuel surface heat flux

Cladding surface heat flux

Cladding surface heat flux for concentric fuel pellet
Volumetric heat generation

Radius

Radius of fuel

Cladding inner radius

Cladding outer radius

Cladding surface temperature

Fuel surface temperature

Cladding surface temperature for concentric fuel pellet
Fuel surface temperature for concentric fuel pellet

Normalized radial difference (Ri-Rf/Rf)
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£ Nermalized eccentricity (e/Rf)
g Normalized radius (r/R.)

£ T-T
3 Nermalized temperature ( 2 b )

LI L]
q Rf/4Kf

@c Normalized cladding surface temperature
§f Normalized fuel surface temperature

Qc(conc) Normalized cladding surface temperature for concentric fuel pellet
éf(conc) Normalized fuel surface temperature for concentric fuel pellet

8 Angular measurement
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