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SUMMARY

It is expected that virtually all fuel pellets in a pressurized
water reactor (PWR) are cracked during power operation. This report
provides quantitative estimates of the thermal effects of cracking for
a case of interest (relatively new fuel in the Maine Yankee Reactor).
The method to account for cracking has been previously developed by
others.

Results show that it is important to account for cracking. The
equivalent temperature that represents heat stored in a fuel rod oper-
ating at 40 kW/m is 892°C for the cracked pellet versus 1016°C for a
no-crack calculation, a decrease of 124 K.

Methods used in this study were designed to isolate cracking as a
single effect for a representative case. The method used for obtaining
fuel rod outside surface temperature as a function of linear heat gen-
eration rate for this representative case is felt to be especially

suited for use in this and other isolated effect studies.






1. INTRODUCTION

1.1 Objective

During normal power changes in light water reactors, thermal
stresses within the fuel rod cause the uranium dioxide fuel pellets
to crack. Associated with cracking is relocation, defined as the
geometry changes of the fuel pellet by displacement of the cracked
pieces. Pellet cracking and relocation has several important mech-
anical and thermal consequences. This report primarily gives a quan-
titative comparison of those thermal effects for cracked and uncracked
fuel pellets at the beginning of life. Even fhough all ceramic fuel
pellets crack, calculations for uncracked pellets permit making esi-
mates of the cracking contribution to fuel behavior. The estimates
can also be used to indicate the nature of errors in fuel rod modeling
codes in which the cracking/relocation effects are neglected.

1.2 Cracking Scenario

During the first rise to power, a temperature gradient within the
fuel rod causes the center of the pellet to expand more than the cooler
periphery. Thermo-elastic deformation proceeds until the fracture
stress of the pellet is exceeded. For typical light water reactors,
the fracture stress of the fuel is reached at a linear heat generation
rate of about 5 kW/m. Once the fracture stress is exceeded, sudden
jumping of the pellet pieces occurs upon cracking (Ref. 1). With in-
creasing power, further relocation results from thermo-elastic deform—
ation of each cracked pellet piece. If cladding contact is made, the
crack void in the bulk of the fuel is under compressive forces and
accommodates some fraction of the pellet thermal expansion. After the
crack void is consumed, radial expansion is approximately equal to the
free thermal expansion of the pellet.

1.3 Crack Patterns

Photomacrographs display distinctive crack patterns that seem
different for fast than for thermal reactor fuel (Refs. 2 and 3). After
cooldown, fast reactor fuel exhibits radial cracking from the central

void to the periphery. Light water power reactor fuel displays an



irregular crack pattern. It is apparent, therefore, that findings
concerning cracking from fast reactor research may not be applicable
for light water power reactor cases (see also Sec. 1.7).

1.4 Major Thermal Effects of Cracking

Due to nonperfect radial cracking, the fuel to cladding gap width
will be circumferentially nonuniform. The gap width may vary between
that calculated for a non-cracked operating fuel rod and essentially
zero. Relocation of the pellet pieces into the gap causes improved
heat transfer between fuel and cladding. The effective fuel to cladding
gap conductance corresponds to a value reflecting both contact and open
gap conductance. However, cracking also causes fuel to fuel gaps to
open within the fuel pellet. Some of these gaps are oriented so as to
degrade heat conduction, counteracting at least some of the effect of
improved heat transfer at the pellet surface. Estimates of the magni-
tude of change resulting from both these effects are given later in
this report.

1.5 Effects of Cracking on Fission Gas Release

One possible mode of fission gas release concerns gases formed
in the columnar grain growth region of the pellet. Such gases diffuse
to the center of the pellet and are contained under pressure by the
plastic central region. When the fuel is cooled, thermal stresses
crack the pellet and the gas is released (Ref. 4). Another postulated
mechanism is that gas is released from all free surfaces of the fuel
pellet. When pellet cracking occurs, the free surface area increases
by an order of magnitude. Thus, pellet cracking apparently playsa sig-
nificant role in fission gas release (Ref. 5). At least at the time of
preparation of the MATPRO Version 09 report, the state-of-the-art was
represented by quoting an Argonne National Laboratory quarterly report
and indicating that the effects of fuel cracking on gas release are not
well documented (Ref. 6, p. 146). Such effects will be omitted from

the remainder of this report as well.



1.6 Major Mechanical Effects of Cracking

There have been a number of fuel rod failures by clad cracking
during plant up-power maneuvers. It is thought that physical features,
which characterize such failures, include:

- as the power level is increased, the thermal expansion
of the fuel pellet is larger than the expansion of the
clad;

- if the fuel/clad gap is nearly closed at the start of
the maneuver, then contact forces between pellet and
clad can develop as the power is increased (pellet-clad
mechanical interaction, PCMI);

- fission products from the pellet (such as iodine and/or
cesium), possibly freshly released, are available for
chemical attack on the clad (pellet-clad chemical
interaction, PCCI);

~ the combined effect of clad stresses from PCMI and local
corrosive action from PCCI can lead to clad failure from
stress corrosion cracking (SCC); and

- SSC failures require the action of both a corrosive en-
vironment and a sufficiently high stress for a suf-
ficiently long period of time.

If the reactor is brought to power very slowly, it is thought
that PCMI forces are reduced. This action is called "conditioning"
the fuel. Existing fuel vendor conditioning recommendations can man-
date power ascensions as long as one or two days (rather than few hour
startups that could otherwise be employed). High costs of power to
replace that lost during the long startups and load dispatching plant
readiness considerations emphasize the importance of eliminating over-
conservatisms in the conditioning recommendations.

Fuel cracking and relocation can influence the SCC situation in
several ways. Edges of broken pieces which contact the clad can pro-
vide locations for highly concentrated PCMI forces to act (and perhaps
also to break protective clad oxide layers). The cracks themselves
may act as routes by which fission products can reach the clad. Finally,
the broken pieces of the fuel may not fit together easily during the
pellet compaction caused by the PCMI forces. But the compaction could
be accomplished by smaller PCMI forces if very local creep deformations

of the fuel occur. Thus the time dependent compaction of cracked and



relocated fuel could play a role in fuel pellet conditioning. Time de-
pendent compaction information is not now available. It has also been
omitted from the present study.

1.7 Crack Healing

During steady state reactor operation, healing* of cracks may
occur simultaneously with grain growth if the pellet exceeds 1400°C
(approximately the onset of equiaxed grain growth) (Refs. 7,8,9 and 10).
Typical light water reactor fuel rarely exceeds this temperature and
thus, healing essentially does not occur. Fast reactor fuel often
exceeds 1700°C (the onset of columnar grain growth) whereby extensive
healing occurs. Healing and columnar grain formations contribute to

the crack pattern differences noted in Sec. 1.3.-

Healing is used to describe a re-establishment of solid material
where previously a cracked surface existed. The local creep de-
formation of Sec. 1.6, on the other hand, could occur with a
change in shape which does not affect the existence of the
cracked surface.



2. THERMAL CALCULATIONS NOT DEPENDENT ON CRACKING

The computational procedures used in the comparative study of
cracked/uncracked fuel pellets are presented in this and the next two
chapters. This chapter deals with thermal calculations needed for both
cracked and uncracked fuel pellets.

2.1 Outline of Computer Calculations

Before describing the cracked and uncracked fuel model calcula-
tions in detail, an overview of the computational method is presented.
Serving as a general outline for this and the following two chapters,
Figure 2-1 presents a simplified flow chart of the computer program
developed for this study.

The computer program is initialized by reading in the input data
whereby the cladding temperature profile, thermal strain, and stored
heat are computed. Not evident by the diagram is that a branch exists
after the cladding stored heat calculation is made. Each model
(cracked/uncracked) has its own computational procedure for the fuel
pellet temperature profile calculations and fuel stored heat calcula-
tion. Regardless of model, however, an iterative process for computing
the fuel pellet temperature profile is utilized. An initial guess of
the gap width (the cold gap width) is made whereby the pellet tempera-
tures are calculated, followed by the fuel thermal strain calculation
which gives the new hot gap width. The above procedure is repeated
until the hot gap converges within 0.05 um where the iterative process
is stopped. Following this, each model undergoes the same fuel rod
equivalent temperature calculation.

2.2 Cladding Temperature Profile

Beginning with the steady-state heat conduction equation

—V(kCVT) = q™ (2-1)
where q"' = rate of heat deposition per unit volume;
kc = cladding thermal conductivity; and
T = temperature,

a relation for the cladding temperature profile may be derived.
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If internal heat deposition in the clad is neglected, Eq. (2-1)

may be manipulated to give

o -q', Jo
j k ar = 53 4n¢-9) (2-2)
T

where To = outside cladding temperature;
0" outside radius of cladding;
= temperature at radius r;
and q' = linear heat generation rate (LHGR) of the fuel rod.

With a relation for the thermal conductivity of Zircaloy-4 given
in Appendix B, the left side of Eq. (2-2) is evaluated to yield a
second order expression in temperature. Solving the quadratic equa-

tion gives

T(r) = —1.015x105'{ 1.3959x10°% - [1.9485x10‘4

+ 1.97o4x10'5(1.3959x10’21:0 + 4.9261x10_6T02

1 r 1
q. _Ovy172 -
+ o n( r))] } (2-3)

where

~
~
La]
~
fl

temperature of cladding at radius r in °C;

L
I

outside cladding temperature in °C;
and

LHGR in kW/m.

2.3 (Cladding Thermal Strain

[Ya]
]

The average cladding thermal strain is calculated from the

equation
r
— 2 o
ec = ——2 D) -[ (eT)C r dr (2-4)
r -r
o 1 r
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where €. = average cladding thermal strain;
(e,,) = cladding thermal strain at radius r (given in
T ¢
Appendix B);
r; = hot inside cladding radius;
and r, = hot outside cladding radius.

To perform the above integration, the trapezoidal rule is em-

ployed, using twenty five equally spaced mesh intervals of size M

where

M= — . (2-5)

The calculation of the average thermal strain requires hot dimensions

which are determined by

r =

hot rc:old(1 + ec) ' (2-6)

Since the hot dimensions and the average thermal strain are dependent
upon one another, an iterative approach is taken in which the hot inside
cladding radius converges within 0.5 um.

2.4 Cladding Stored Heat

*
The cladding stored heat is defined by the equation

T
o
SHc = .[. AHcp02wr dr (2-7)

Ty

Note that either cold dimensions and cold density or hot dimensions
and hot local density should be employed in this calculation. How-
ever, the temperature profiles utilized in the computation are based
upon hot dimensions. Therefore hot dimensions are combined, for
simplicity, with cold density in Eqs. (2-7) and (2-9). It is felt
that only slight error arises from this practice.



-11-

where SHC = cladding stored heat;
p. = density of Zircaloy-4 = 6550 kg/m3
and AH =

enthalpy change of cladding at radius r (given
in Appendix B).

Utilizing the trapezoidal method with 25 trapezoids, an explicit solu-
tion to Eq. (2-7) is obtained. The value for the stored heat is used
in the equivalent fuel rod temperature calculation.

2.5 TFuel Thermal Strain

The average fuel thermal strain calculation is similar to that for

the cladding thermal strain. For the fuel pellet

i
e =5 f (ep)g T dr (2-8)
T
2 Yo

where ¢ average fuel thermal strain;

~
m

~
|

= fuel thermal strain at radius r (given
T f . .
in Appendix B);

]

and r, hot fuel pellet radius.

Fifty equally spaced mesh intervals are employed in the trapezoidal
method to solve the above integral. The fuel thermal strain is de-
termined for each iteration of the fuel temperature profile calcula-
tion until hot gap width convergence is reached.

2.6 Tuel Stored Heat

The fuel stored heat calculation is also similar to that for the

%
cladding. For the fuel

)

SI—If = j AHf Dpf 2nr dr (2-9)
o

See footnote accompanying Eq. (2-7).
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where SH. = fuel stored heat;
D = fractional theoretical density
Pe = fuel density = 10 980 kg/m3
r, = hot fuel pellet radius

and AH_ = enthalpy change of fuel at radius r (given
in Appendix B).

Again, fifty trapezoids are used to numerically solve this integral.

2.7 Fuel Rod Equivalent Temperature

The actual stored heat of a fuel rod may be equated to the stored
heat if the rod were at some constant temperature. That constant
temperature may then be defined as the fuel rod equivalent temperature,
Teq' In physical terms, Teq is the temperature that would be reached
by the fuel rod if all internal heating and external cooling were in-

stantaneously stopped. In mathematical terms

SHf + SHc = (SHf)eq + (SHc)eq (2-10)

At constant temperature, the stored heat equations become

_ 2
(SHf)eq = Dpf AHf(Teq) wrz (2-11)
(SH) =p AH (T ) m(> - %) (2-12)
c’eq c ¢ eq ' ™11

It should be noted that the stored heat from the fill gas has been
deleted from consideration because it is insignificant compared to

that of the fuel and cladding. Rearranging Eq. (2-10),

= - - = 2—
f(Teq) (SHf)eq+(SHC)eq SHf SH_ 0 (2-13)
where Teq = fuel rod equivalent temperature, as yet unknown.
The root of Eq. (2-13), Teq’ may be found by using Newton's method of

slope intercept. The slope intercept is determined by
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f(TS)
TI = TS - ;Tz;—; (2-14)
s
where TI = slope intercept temperature;
TS = temperature where the slope is evaluated;
f(TS) = value of the function f at TS;
f'(TS) = the derivative of the function f, evaluated

at T ;
s
and where the derivative of the function f is

2 2

2
£'(T) =D pf(Cp(T))f mr, + DC(CP(T))C m(r - ;) (2-15)

where (C )f = constant pressure specific heat capacity of UO2 (given
P in Appendix B)

|

and (c) constant pressure specific heat capacity of the cladding

P (given in Appendix B).
Beginning with an initial guess for TS (fuel pellet surface temperature),
TI is calculated by Eq. (2-14) and replaces TS for another calculation.
Through this successive iteration, the fuel rod equivalent temperature

is determined when 'I‘I converges upon itself within 0.05°C where
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3. THERMAL CALCULATIONS FOR UNCRACKED FUEL PELLETS

This chapter contains the computational methods used for un-

cracked UO2 pellets employed in the comparative thermal effects study.

3.1 Pellet Surface Temperature and Gap Conductance

Solving the steady-state heat conduction equation for the gap

yields an equation for the pellet surface temperature

]

T, = T, + 5o (3-1)
2'g
where T2 = pellet surface temperature
T1 = inside cladding temperature
q' = LHGR
r, = hot fuel pellet radius
and hg = gap conductance.
The gap conductance is determined by
k
b, = il (3-2)
where k = thermal conductivity of fill gas (100% helium given in
& Appendix B);
§ = hot radial gap width;
and 8' = root mean square cladding-fuel surface roughness.

3.2 Pellet Temperature Profile

The fuel temperature profile (based on constant volumetric heat

deposition rate) is calculated from the following equation

T T
2 1 /Jq r 2
fde - f RAT + 57 (2 | 1 - (—r—z) (3-3)
o) o
T
where J kdT = conductivity integral for 957 theoretical
o density fuel (given in Appendix B);
PF = porosity factor (given in Appendix B);

and T

temperature at radius r.
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The temperature of the fuel pellet at radius r may be determined
by equating the value of the conductivity integral (a function of r)
to its corresponding temperature. This is accomplished by fitting
second order equations to the conductivity integral. The pellet tem-

perature profile is then computed from equations of the form:

T(r) = A + Bx + Cx” (3-4)
T .
where X = f6 kdT in kW/m
and A, B, C = constants.

The constants A, B, and C are presented in Table 3-1. The ac-
curacy of the above fit to the conductivity integral for 250 < T < 2800°C
is #0.4°C. This error is deemed insignificant compared to the overall

assumptions made in the study.
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Table 3-1

Constants for Temperature of Conductivity Integral Equation (Eq. 3-4)

Range A "'B - C

T < 585°C

(kii 3.441) 26.68 72.42 26.08

585 < T < 1000°C

o <o 581 126.7 12.82 35.01
%2(.)312 r i ;‘*g?;gﬁ) 40.26 46.48 31.75
%2?26; T i.;sg‘.);gs) ~630.9 274.13 12.43
}2‘?283 T %ézg?;g” ~1750.15 604.12 ~11.91
T > 2205°C -2589.9 822.27  -26.08

(x > 7.723)
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4. THERMAL CALCULATIONS FOR CRACKED FUEL PELLETS

This chapter deals with the computational methods used for

cracked pellet thermal effects.

As in Section 3, the pellet surface temperature may be deter-

mined by
- ' -
I T T (4-1)
2'g
However, the gap conductance for a cracked fuel pellet takes the
form (Ref. 11)
hg = (I-B)h +Fh_ (4-2)
-k
where h0 = zero contact pressure conductance = g;%? 3

=
]

c contact conductance =-E§ H

thermal conductivity of fill gas (given in Appendix B);

o)

=]

[sH

=
il 1l

fraction of pellet circumference lying against the cladding.

Two models for the fraction of circumferential cracked pellet
contact were investigated. The Kjaerheim & Rolstad model (Ref. 12)

may be expressed as

F = 0.3+ 0.7[0.2) 0 8/12) (4-3)
where § = hot radial gap width in mm;
and r, = hot fuel pellet radius in mm.

The FRAP-S model is given below for fuels with burnups less
than 0.6 MWd/kgU (Ref. 11).

F=0.3+ [100(-129-6-)4 + 1.429]71 (4-4)
2

and for burnups greater than 0.6 MWd/kgU
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F=0.3+ [AG2LSHB 4 1420771 (4-5)
)
where A = 100-98 Fb;
B = 4-0.5F_;
b a1
Fb = 14{(x-0.6) + 1] ~;
and x = burnup in MwWd/kgU.

It should be noted that the burnup factor F,, and thus, the

fraction of pellet-clad contact, F, reaches an as?mptotic limit near
10 MWd/kgU burnup.

Figure 4~1 presents the Kjaerheim & Rolstad model and the FRAP-S
model for burnups under 0.6 MWd/kgU and for 10 MWD/kgU. Only at
larger ratios of S/r2 does the Kjaerheim & Rolstad model predict a
larger fraction of pellet contact than the FRAP-S model (regardless
of burnup). With increasing burnup, the FRAP-S model predicts a larger
fraction of pellet contact for all ratios of 6/r2. Due to the accumu-
lation of gaseous fission products at the grain boundaries in the fuel,
the fuel pellet tends to crack more and thus causes greater contact
with the cladding.

Noting that the FRAP-S model is more conservative in the usual
operating range of 6/r2 than the Kjaerheim & Rolstad model, and that
the FRAP-S model is capable of including burnup considerations, the
FRAP-S model was chosen for incorporation into the study.

4,2 Pellet Temperature Profile

The cracked fuel pellet temperature profile is calculated from

the steady state heat conduction equation
- V(kVT) = q™ (4-6)

which can be put into the form

aT . (4=7)

2wr22k
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Using a finite difference method

T(rn) - T(rn—Ar)

a. , (4-8)
Ar
Eq. (4~7) is rearranged to
q'rnAr
n+l - Tn + 2 (4-9)
2wr2 (kf)n
where Tn = fuel pellet temperature at radius ros
n = index with range 2 < n < 52;
Ar = r2/50 = radial increment;
q' = LHGR;
and (kf)n = UO2 thermal conductivity at radius rn.

Beginning at the surface of the pellet, the temperature at the
first radial increment is computed using a temperature T2 obtained from
gap calculations. Equation (4-9) is then used successively to step
toward the center of the pellet and obtain the temperature profile of
the fuel.

The cracked pellet temperature profile is calculated in 50 radial
increments. Comparison of uncracked pellet centerline temperatures cal-
culated from the conductivity integral and from the finite difference
equation (also using 50 radial increments) displayed a maximum deviation
of 0.1°C. From these calculations it can be assumed that 50 increments
would produce sufficient accuracy for the cracked pellet temperature
calculations.

To account for the reduction in heat transfer due to cracks in the

fuel, an effective UO, thermal conductivity is employed in Eq. (4-9).

2
The effective UO2 thermal conductivity is (Ref. 12)
§-107° - 3.175x10 2 -1
k, = k.l LLLZS + 1] (4-10)

k
_8
r2(0.077 kf + 0.015)
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where k U0, thermal conductivity (given in Appendix B);

f 2
kg = fill gas conductivity (given in Appendix B);
§ = hot radial gap width in um;
and r., = hot fuel pellet radius in mm.
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5. ILLUSTRATIVE EXAMPLE

This chapter presents the results of the computer calculations
for cracked/uncracked fuel pellets with a nominal cold radial gap width
of 95 um. This and other dimensions are based on the nominal fuel rod
dimensions for the Maine Yankee reactor (see also Appendix C). Calcu-
lations were also made for initial radial gap widths of 75 and 115 um
. and are presented in Appendix A. The 75 and 115 ﬁm radial gap widths
are estimates which correspond to the extreme tolerances expected in
the determination of the nominal gap width (Ref. 13).

Note that the calculations of this chapter have been performed
for linear heat generation rates (LHGR) between zero and 60 kW/m. The
local peak LHGR for Maine Yankee is 35.8 kW/m. In addition, occurrences
such as columnar grain growth and central hole formation occur when
temperatures rise above ~1700°C. Therefore, portions of the plots
above approximately 40 kW/m should be regarded as mathematical extrap-
olations from the lower LHGR results. These portions are included for
the purposes of illustrating how the calculations behave, but may be
significantly in error because of the neglect of some significant high
temperature phenomena.

5.1 Fuel Pellet Surface Temperature

Figure 5-1 shows the fuel surface temperature as a function of
LHGR for a cracked and uncracked pellet. The uncracked pellet consis-
tently shows a higher temperature than the cracked pellet with a maxi-
mum difference of about 210°C at 40 kW/m. This effect is due to the
fact that the cracked pellet relocates into the gap, resulting in im-
proved gap conductance and a lower fuel surface temperature.

The uncracked fuel surface temperature decreases with increasing
LHGR above 45 kW/m. Beyond this LHGR, the pellet core becomes hotter
where thermal strains expand the pellet into the gap and improved gap
conductance results in a lower surface temperature. Within 60 kW/m,
the cracked fuel pellet does not exhibit this effect.

The surface temperature for uncracked fuel displays a concave
downward function of LHGR, while the cracked pellet displays a nearly

linear function. For both cases, a kink exists at 25 kW/m in the
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surface temperature plot. This kink corresponds to the LHGR at which
the outside cladding temperature changes from an increasing function of
LHGR to a constant temperature at the onset of nucleate boiling (see
Appendix C for further details on the determination of the outside
cladding temperatures).

The general shape of the surface temperature curves remains un-
changed with different gap sizes. However, with increasing initial
gap size, the uncracked pellet surface temperature increases at all
linear heat generation rates. The differences between the cracked/
uncracked pellet surface temperaturesalso increases with increasing
cold gap size. The maximum difference occurs at higher temperatures
for larger cold gap widths. Remaining within 1°C of themselves, the
surface temperature of the cracked pellets is unaffected by cold gap
sizes up to linear heat generation rates of 40 kW/m. The largest
calculated difference is 6.5°C (at 60 kW/m for the two extreme cold
gap widths).

5.2 Fuel Pellet Centerline Temperature

Figure 5.2 shows the fuel centerline temperature as a function
of LHGR for a cracked and an uncracked pellet. For all linear heat
generation rates, the cracked pellet exhibits a lower centerline tem—
perature. With increasing LHGR, the difference in temperature between
the cracked and uncracked pellets increases. At 30 kW/m this dif-
ference is only 20°C, while at 60 kW/m the difference increases to
about 130°C.

With increasing cold gap size, the centerline temperature for
uncracked and cracked pellets increases for all linear heat generation
rates. Only for the larger cold radial gap width of 115 um does the
cracked pellet centerline temperature exceed that of the uncracked
pellet. That is, from 10 kW/m up to 45 kW/m the cracked pellet center-
line temperature is higher than that for the uncracked pellet with a
maximum difference of about 40°C at 24 kW/m. Beyond 45 kW/m, the
uncracked pellet temperature is higher with a centerline difference

of about 60°C at 60 kW/m.
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5.3 Fuel Rod Equivalent Temperature

The fuel rod equivalent temperature as a function of LHGR for
cracked/uncracked pellets is presented in Fig. 5-3. For all linear
heat generation rates, the uncracked pellet displays a higher equiva-
lent temperature. At 30 kW/m, the difference is 104°C, at 60 kW/m the
equivalent temperature difference increases to 170°C.

As the cold gap size increases, the equivalent fuel rod tempera-
ture increases for both the uncracked/cracked cases. The relative
difference between the equivalent temperatures for the two cases is
unaffected by the cold gap size at each LHGR.

5.4 TFractional Radius for Grain Growth

A temperature for equiaxed grain growth, 1400°C, and a tempera-
ture for columnar grain growth, 1700°C, were arbitrarily chosen. How-
ever, these temperatures are within the range of those determined by
other investigators (Ref. 14). 1In addition, a fixed temperature for
grain growth in UO2 is a gross assumption in itself because grain
growth is a function of burnup, fuel stoichiometry, and duration of
irradiation. The 1400°C and 1700°C grain growth temperatures do serve
to indicate the extent of microstructural change (including crack
healing) regions, however.

Crack healing occurs simultaneously with grain growth. At the
lower pellet temperatures (within a grain growth regime), the time at
a steady state operating temperature may not be long enough to allow
for the diffusionally controlled grain growth and healing processes
to occur. However, higher fuel temperatures (as found in fast reactor
fuel) do allow equiaxed grain growth, columnar grain growth, and heal-
ing to occur quite extensively during normal reactor operating cycles.

Figure 5-4 presents the fractional radii for grain growth in
cracked and uncracked fuel pellets. For this consideration, a frac-
tional radius of 1.0 is defined as the surface of the fuel pellet.
Consistent with the higher temperature profile for the uncracked pellet,
grain growth occurs throughout more of the uncracked pellet than for
the cracked pellet at all linear heat generation rates. Crack healing
may be expected to begin at the pellet center at about 30 kW/m. At
40 kW/m, about 21% of the cracked pellet is within the grain growth/
heaing regime, while at 60 kW/m, 41% of the pellet is in this range.
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With increasing cold gap size, a lower LHGR is required to
initiate grain growth, and more of the pellet is within the grain
growth area at each LHGR. This is consistent with the higher tempera-
ture profiles for larger initial gap pellets.

Only at the larger cold radial gap width of 115 pym does the
cracked pellet initiate grain growth at a lower LHGR than the uncracked
pellet. This effect reflects the fact that the cracked pellet has a
higher central temperature profile over the lower range of linear heat
generation rates than the uncracked pellet.

5.5 Gap Closure

Figure 5-5 displays the percentage of gap closure for uncracked
and cracked fuel pellets. The gap width considered here is an undis-
turbed gap, where the fuel pellet is treated as uniformly circular and
free from pellet piece relocation. Regardless of the cold gap size,
the uncracked pellet achieved greater gap closure than the cracked
pellet for all linear heat generation rates. Even though the cracked
pellet relocates into the gap, the improved heat transfer results in a
lower average pellet temperature and lower thermal strain. Thus, from
reduced thermal expansion, the cracked pellet has a larger undisturbed
hot gap width than the uncracked pellet at all linear heat generation
rates.

For both cracked and uncracked cases, the percentage of gap closure
decreases with increasing cold gap size at each LHGR. Even though the
larger cold gap pellets have higher temperature profiles, and larger
absolute changes in pellet size, thermal expansion alone cannot pro-
portionally close up the original gap as that of a smaller cold gap pellet.
5.6 Pellet - Clad Contact

The uncracked pellet model assumes a perfectly circular pellet.
Thus, only with 100%Z gap closure, where the gap width equals the pellet-
cladding surface roughness, does pellet-clad contact exist. Up to
60 kW/m, pellet to cladding contact was not reached under the conditions
employed in this report for uncracked pellets.

Figure 5-6 presents the calculated circumferential pellet-cladding
contact for cracked pellets. With increasing LHGR, the fraction of

contact increases. This is to be expected since the amount of contact
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With higher linear heat generation

is a function of the hot gap width.
Also,

rates, the hot gap becomes smaller which results in more contact.

with larger cold gap pellets, the hot gap width is larger which results

in less pellet-clad contact at each LHGR.
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6. EXPERIMENTAL EVALUATION

Beginning of life experimental fuel performance data was obtained
from an instrumented fuel assembly irradiated at the Halden Heavy Boil-
ing Water Reactor (Ref. 11). The fuel rods in this assembly are typical
of pressurized light water reactor design in dimensions and materials
(see Appendix D). Utilizing the models described in this report, cal-
culated pellet centerline temperatures are compared to the Halden ex-
perimental data in Fig. 6-1.

The comparisons indicate that, for these experiments, only slight
differences exist between the uncracked (non-relocation affected gap
conductance, solid pellet thermal conductivity) and cracked (relocation
affected gap conductance, cracked pellet thermal conductivity) model
predictions. Both models produce reasonable pellet centerline tempera-
tures for the third and fourth power cycles. However, when pellet piece
relocation is considered in the gap conductance and a solid pellet
thermal conductivity is assumed, the model drastically underestimates
the centerline temperature for all power cycles. This indicates that a
model incorporating pellet piece relocation in the gap conductance must
also consider the crack induced heat transfer barriers within the fuel
pellet to obtain reasonable results.

As displayed in Fig. 6-1, experimental evidence indicates that
thermal stabilization of a fuel rod is obtained approximately after the
third power cycle (Refs. 2 and 11). This asymtopic effect may result
because the internal thermal stresses which cause the major amount of
pellet cracking are essentially relieved during the heatup-cooldown
phases of cycling, and because further pellet piece relocation is in-
hibited by pellet-clad contact interference. Even though the model
utilized in this study for cracked pellet-clad contact does not ex-
plicitly incorporate cycling effects, the model correlates quite well
to fuel rods thermally conditioned by power cycling.

Extrapolating a best fit curve through the third and fourth power
ramp experimental data points, an estimated difference of 50°C exists
between the cracked pellet model prediction and the experimentally de-
termined centerline temperature at 40 kW/m. Assuming the same propor-
tional difference in the Maine Yankee calculations, a 55°C discrepancy
would result between the cracked pellet model and actual beginning of life
pellet centerline temperature at 40 kW/m, with the calculated temperatures

being higher.
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Figure 6-1. Comparison of computational models to Halden experimental
fuel rod data (experimental data from ref, 11).
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7. CONCLUSIONS

This chapter presents the conclusions from this study based upon
Maine Yankee light water reactor fuel under steady-state, beginning of
life operation.

7.1 Relocation Into Gap

Once the fuel pellet cracks, a fraction of the fuel pieces lie
against the cladding. This contact results in better heat transfer
conditions than for an assumed uncracked pellet which has not relocated
into the gap. When compared to an uncracked pellet under the same
operating conditions, the cracked fuel pellet exhibits a lower surface
temperature. This difference may be as much as 210°C at 40 kW/m.

7.2 Reduced Fuel Thermal Conductivity

Some of the cracks within the fuel pellets form heat barriers
and degrade overall heat transfer conditions. To account for this heat
transfer degradation, an effective fuel thermal conductivity is used

which essentially serves to reduce the normal UO, thermal conductivity.

Generally, the adverse thermal effects of internil cracks are countered
by the crack induced relocations into the gap. Only for large cold gap
widths does the cracked pellet centerline temperature exceed that of
the uncracked pellet. At 35 kW/m with an initial radial gap size of
115 um, the cracked fuel centerline temperature exceeds that of an un-
cracked pellet by about 40°C. Regardless of initial gap size, the ef-
fects of internal cracks are diminished by the relocation improved gap
conductance. Thus, cracked pellets always display a cooler outer tem-
perature distribution resulting in a lower average thermal strain, less
undisturbed gap closure, and less stored heat than for an uncracked

fuel pellet.

7.3 Fuel Rod Equivalent Temperature

Due to the cooler outer temperature profile which results in less
stored heat, the cracked fuel pellet always exhibits a lower fuel rod
equivalent temperature than the uncracked pellet. At any particular
LHGR, the difference between the equivalent temperatures for cracked/

uncracked pellets is approximately the same for any initial gap width.
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During a LOCA, the cladding and the fuel will equilibrate to
roughly the same temperature since the heat transfer to coolant is
poor and the heat deposition rate is low. The lower equivalent tem-—
perature indicates less severe LOCA conditions. Thus, the stored heat
of an uncracked pellet at 30 kW/m will produce the same equivalent
temperature as a cracked pellet at 37.5 kW/m.

7.4 Crack Healing

Significant crack healing is expected when extensive grain growth
has occurred. Only at 35 kW/m does 10% of a fuel pellet with a nominal
initial gap width reach into the grain growth regime (fuel temperature
greater than 1400°C). Under normal reactor operating conditions, LWR
fuel pellets seldom exceed this LHGR. Thus, extensive crack healing

is not expected in typical light water reactor fuel.
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APPENDIX A
ADDITIONAL FIGURES FROM FUEL PELLET THERMAL CALCULATIONS

This appendix presents the figures for cracked/uncracked fuel
pellet thermal effects at initial radial gap widths of 75 and 115 um.
These two gap widths were chosen as the extreme tolerances for the
determination of the nominal cold gap width. The figure captions

should be self-explanatory, but if further explanation is required,

refer to Chapter 5.
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APPENDIX B
MATERTIAL PROPERTIES

This appendix presents the material properties for uranium dioxide,

Zircaloy-4, and helium used in this study. In some cases, a comparison

between two relations for a particular property, and a discussion con-

cerning the choice of a relation incorporated into the work will be

given.

B.1 Fuel Thermal Conductivity

Two relations for the thermal conductivity of uranium dioxide were

investigated. The thermal conductivity used by EPRI is (Ref. 15)

f
PF =
where kf =
PF =
P =
and T =

MATPRO's version
0°C < T < 1650°C

3824 -11 3
PF [ZBETZ;T + 6.12x10 (T+273) ] (B-1)

1.1316(1-P)

2 (B_Z)
1+P+10P

U0, thermal conductivity in W/m*K

porosity factor, normalized to 95% theoretically
dense fuel (dimensionless);

fractional porosity of fuel (dimensionless);
temperature in °C.

of the UO2 thermal conductivity correlation for
is (Ref. 6)

4040 -2 -3
PF [ A6L4T + 1.216x10 = exp(1.867x10 T)] (B-3)

for 1650 < T < 2840°C
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k_ = PF {1.91 + 1.216x10 2 exp(1.867x10’3T)] (B-4)

1 - (2.58-5.8x10""T) (1-D) (B-5)

PF Z
1 - (2.58-5.8x10 'T) (0.05)

where kf = UO2 thermal conductivity in W/m°K;

PF = porosity factor, normalized to 95% theoretically
dense fuel (dimensionless);
D = %ZT.D./100 (dimensionless);

and T = temperature in °C.

The above correlations for 957 T.D. fuel are plotted in Fig. B-1.
Both relationships give essentially the same thermal conductivity over
the temperature range of primary concern, 300°C to 2000°C. Above this
range, the MATPRO version increases more sharply than the EPRI corre-
lation, thus resulting in a 4.57% difference at 2000°C and increasing
to a 297% difference at the melting point (~2800°C).

Figure B-2 presents the porosity factors from EPRI and MATPRO at
500°C and 2000°C. At low temperatures, small differences exist between
the two porosity factors. With increasing temperatures, the difference
increases. For fuel near 957 T.D., both porosity factors equate quite
well for all operating temperatures.

Using the two thermal conductivities, the following conductivity
integrals were derived for 95% T.D. fuel with an arbitrarily choosen

reference temperature of 0°C. From EPRI:

T
-/. k, dT = 3.824 fn [1 +—2L ]-+ 1.53x10" 14 (T+273)%

402.4
o

- 8.5x10° (B-6)
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T

where -/. kf dT = conductivity integral in kW/m;
o

and T = temperature in °C.

From MATPRO for 0°C < T < 1650°C

T

T
= _T -3
.]. kf dT = 4.040 2n [1 + 464] + 6.513x10
o

exp(1.867x107°T) - 6.513x107 (B-7)
for 1650°C < T < 2840°C
T
-3 -3
kf dT = 1.91x10 "T + 6.513x10
o
exp(1.867x10 °T) + 2.974 (B-8)
T
where J[ kf dT = conductivity integral in kW/m;
o

and T = temperature in °C.

The values of the above integrals are plotted in Fig. B-3. Over
most of the fuel operating temperature range, the difference between
the two conductivity integrals is approximately constant. This dif-
ference will result in a discrepancy of about 50°C for a fuel center-
line temperature calculation.

Due to itsgreater simplicity and ease of mathematical manipulation,
it was decided to use the EPRI version of the UO2 thermal conductivity
in this study. Furthermore, since most fuel operating temperatures are

below 2000°C, minute differences would result from cracked pellet
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temperature profile calculations if the MATPRO thermal conductivity
were used. If only 95% T.D. fuel were to be considered for uncracked
pellet calculations (where the porosity factor is normalized to one),
then the MATPRO correlation would have been used. However, to ensure
greater flexibility, incorporation of the porosity factor was deemed
necessary. Integration of the complete MATPRO relation (with its
temperature dependent porosity factor) would have resulted in an ex-
ceedingly burdensome equation. Also, a different reference temperature
for the conductivity integral (i.e., 200°C) would reduce the calculated
pellet centerline temperature differences. Thus, for consistency in
the comparative study of cracked and uncracked pellets, the EPRI UO2

thermal conductivity correlation was employed.

B.2 Fuel Thermal Strain

A relation used for uranium dioxide thermal strain was taken from

MATPRO and is presented below

~4.972x10"% + 7.107x10" T

m
[

+ 2.581x10° /T2 + 1.1l4x10 11r3 (B-9)

U0, thermal strain in %

where ET 2

and temperature in °C.

Figure B-4 displays this correlation in graphical form. The
root of the thermal strain equation lies at about 65°C.

B.3 Fuel Specific Heat Capacity

For use in stored heat and equivalent fuel rod temperature calcu—
lations, a correlation for uranium dioxide specific heat capacity was

taken from MATPRO. The following equation is also plotted in Fig. B-5.
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85.005 expﬁigééggé)

cC = +2.432 x 100 T

P 2 535.28 2
1° fexp @22289) 1

1,6591x106 -18971
+ 5 exp ( )
T T

(B-10)

U0, specific heat capacity in MJ/kg-K

where CP 9

and T = temperature in K.

B.4 Enthalpy Change for Fuel

The enthalpy change for U0, may be derived from the following

2
equation

AHf(T) = _[‘ Cp dar . (B-11)

Using the MATPRO specific heat capacity, UO, enthalpy is calculated

2
below for a reference temperature of 25°C.

.158803 -8,2
535,285 + 1.216x10 T

exp(~—<f———)-l

AHf(T) =

-18971

) - 3.2705x10 2 (B-12)

+ 87.455 exp(

where AH(T)

UO2 enthalpy in MJ/kg

and T

temperature in K.

Figure B-6 presents the UO2 enthalpy change in graphical form.
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B.5 Cladding Thermal Conductivity
Taken from MATPRO and CENPD-218 (Ref. 16), two correlations for

the thermal conductivity of Zircaloy-4 were investigated. MATPRO's

version takes the form

2 5.2 9.3

k, =7.51+ 2.09x10 °T - 1.45x10 "T° + 7.67x10 T (B-13)

where kC Zircaloy-4 thermal conductivity in W/m-k

=
]

and temperature in K.

The relation from CENPD-218 is

k, = 13.959 + 9.8522x10 T (B-14)
where kc = Zircaloy-4 thermal conductivity in W/m-k
and T = temperature in °C.

The above two conductivities are presented in Fig. B-7. At 300°C the
MATPRO conductivity differs by 4.47%Z from that of CENPD. With increas-
ing temperature, this difference decreases, where at 500°C, the dif-
ference is only 1,8%.

To allow for a simple and explicit cladding temperature profile
relation, the CENPD thermal conductivity was chosen. The use of the
MATPRO thermal conductivity is expected to produce similar results for
inside cladding temperature calculations. However, the complexity of
the MATPRO relation does not lend itself towards a direct computation
of the cladding temperature profile; this made its application unwarranted.

B.6 Cladding Thermal Strain

The correlation used for the cladding thermal strain was taken

from MATPRO. For 27 < T < 800°C, the thermal strain relation is

e = ~2.373x10"2 + 6.721x10 T (B-15)



|
N
b

008 -

*4-£0TEOITZ I0F A3TATIONPUOD TPWISY3 (ANHD PUB QUALVH Jo uostreduop */-g oamSTd

009

(D,) TUNLVHEIWAL
oot

002

L4

- OYdIVH 2
8TC-UdNIED T
aNFOTT

ul

81

22

(d-®/M) XIIATIDONANOD TVWYIHI




-66-—

where € Zircaloy-4 thermal strain in %

and temperature in °C.

The above correlation is presented in Fig. B-8. The root of the
thermal strain equation lies at about 35°C.

B.7 Cladding Specific Heat and Enthalpy

From data points supplied by MATPRO, the following equations were
derived from linear interpolation for specific heat capacity and

enthalpy of Zircaloy-4. These equations may be expressed as

(C) = A+ BT (B-16)
p'c
MH_(T) = C + DT + ET° (B-17)
where Cp = gpecific heat capacity of Zircaloy-4 in J/kg-K;
AH(T) = enthalpy change of Zircaloy-4 in MJ/kg;
T = temperature in °C;
and A,B,C,D,E = constant.

The values of A, B, C, D, and E are given in Table B-1l. The specific
heat of the cladding is plotted in Fig. B-9, and the enthalpy change

is presented in Fig. B-10.
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Range

25<T<127°C
126<T<367°C
367<T<817°C
817<T<820°C
820<T<840°C
840<T<860°C
860<T<880°C
880<T<900°C
900<T<920°C
920<T<975°C

T>975°C

-70~-

Table B-1

Constants Used in Specific Heat and Enthalpy
Equations for Zircaloy-4 (Eqs. B-16 and B-17)

275
287
295
-34200

3110

- 460

3860

3550

2890

-7690

356

.21
.121
.0978
42.3
4.4
1.25
5.2

4.85

~7.67x1072

-9.23x107>
14.1

1.33

.222
1.68
1.55
-1.35
-3.56

1.72x10"2

2.87x10'4

2.95x1o'4

-3.42x10"2

-3.11x10'3

-4.6x10"4

~3.86x10 >

~3.55x107>

2.89x103
7.69x107>

3.56x10’4

6.04x10" 0

4.89x10"2

2.12x10"°

2.2x10™°

6.25x10" "

2.6x10°°

2.42x10°°

~1.15x107°

~3.76x10"°

0.0
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B.8 Thermal Conductivity of Fill Gas

A relation for the thermal conductivity of helium was also taken

from MATPRO. The correlation is

k = 3.366 x 1073 ()0 668 (B-18)
where kg = heliun thermal conductivity in W/m-K
and T = temperature in K.

The above equation is plotted in Fig. B-11.
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APPENDIX C
INPUT PARAMETERS

The input parameters were supplied by Yankee Atomic Electric Company
from base case design and operating data. The data is characteristic
of Maine Yankee PWR fuel. However, the conclusions from this study
are applicable to other light water reactor fuel.

C.1 General Design Parameters

The following is a list of design features of the Maine Yankee
fuel incorporated into this study. In addition, the tolerances on the
initial radial gap have been estimated for this.study to be *20 um
(similar to LWBR, Ref. 13, Table 4.2.1-1). Therefore, the nominal and
the extreme tolerances are.included in the calculations. The diameter
of the fuel pellet remained unchanged, whereby the cladding dimensions
were altered (at constant thickness) to allow for the differing cold

gap widths.

Parameter Value

Fuel Density 95% T.D.

Fill Gas 1007 Helium

Cladding Material Zircaloy-4

Fuel-Cladding Surface

Roughness (arithmetic mean) 1.5 um

Fuel Pellet Radius 4,782 mm

Cladding Thickness 711 um (Nominal)

Cladding Outside Radius 5.568 mm 5.588 mm 5.608 mm
Cladding Inside Radius 4,857 mm 4,877 mm 4.897 mm
Cold Radial Gap Width 75 um 95 um 115 um

C.2 Outside Cladding Temperature

The following data from Yankee Atomic Electric Company is used in

developing an input model for the cladding surface temperature as a function

of linear heat generation rate.
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Parameter Value
Active Fuel Length 3.472 m
Core Average LHGR 19.75 kW/m
Average LHGR for Peak Rod
(average x 1.45) 28.64 kW/m
Axial Peaking Factor
(peak/average) 1.25
Peak LHGR for Peak Rod
(28.64%1.25) 35.8 kW/m
System Pressure 15.5 MPa
Fuel Rod Pitch 14.73 mm
Coolant Passage Equivalent
Diameter 13.55 mm
Coolant Velocity 4.63 m/sec.
Coolant Inlet Temperature 282°C
Coolant Average Temperature 304°C

Other parameters consistent with the core average temperature at
100% core power are derived below. From enthalpy data which is presented
in Fig. C-1, the specific heat capacity of the coolant may be deter-
mined (Ref. 17). (All thermodynamic data presented in this Appendix is
for water at a pressure of 15 MPa. The error associated with this de-
parture from the system pressure of 15.5 MPa is expected to be insig-
nificant.) 1Instead of evaluating the specific heat directly at the
core average temperature of 304°C, it was decided to make the calcula-
tion at the inlet and outlet bulk temperatures. At 1007 core power,
the temperature rise from the inlet to the core average is equal to
the rise from the core average to the bulk outlet temperature for a

nominal channel. Thus,

AHw
€y = a7 (c-1)
where AHW = Hy0 enthalpy rise
= (1.4905 - 1.241) MJ/kg = 0.2495 MJ/kg;
AT = Ho0 temperature rise

(326 - 282)°C = 44°C;
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3

and (cp)W = H,0 specific heat = 5.67x10 - MJ/kg-K.

The coolant mass flow rate is also derived for nominal conditioms.

Here,
q' .t
« _ ' core _
m = (c-2)
w
where q' = core average LHGR = 19.75 kW/m
core
L = active fuel rod length = 3.472 m;
AH_ = H20 enthalpy rise = 0.2495 MJ/k8;
and m = coolant mass flow rate = 0.275 k&/sec.

Using the Dittus-Boelter equation with Maine Yankee and published
thermodynamic data, the bulk~cladding heat transfer coefficient may be

calculated (Refs. 17,18). Rearranging the Dittus-Boelter equation

0.6 (c)
0.023K 0.8 0.
ho= 202K (y )08 (—Rwy0-4 (c-3)
p 0-2 W (w)
w
e
for H20 at 300°C, 15 MPa pressure
where kW = HZO thermal conductivity = 0.559 W/m-K;
De = equivalent coolant passage diameter = 13.55 mm;
V = coolant velocity = 4.63 m/sec;
P = H20 density = 726.2 kg/m3;
and (w)__ = HZO viscosity = 9.17 x 10_5 kg/m~s results in
h = bulk-cladding heat transfer coefficient = 33.2 kW/mzLK.

The bulk temperature rise across a coolant channel may be ex-

pressed as

(C-4)



-77~

where E] = average LHGR of a fuel rod in the coolant channel
and the other parameters as defined above.
Thus,
° —
= i = R e \ -
ATb bulk coolant temperature rise (2.23 kW/m) q (C-5)

The following convention is used for the various linear heat generation

rates
%C.P.
' = -
qhot,max 35.80 kw/m ( 160 ) (C-6)
%C.P.

q;ominal max 24.69 kW/m ( 100 ) (€-7)

q' =q' /1.25 (C-8)
where %ZC.P. = percent core power.

Using Eqs. (C-4) through (C-8), Fig. C-2 displays the coolant behavior
as a function of core power with a constant inlet temperature of 282°C
and a saturation temperature of 344.8°C.

Correlations for bulk temperature and outside cladding temperature

as a function of axial position are given below

Tz
sin 2ex
= 1 ————,
T *s ATb 1+ Sin(ﬂﬁ )
22
ex

b = Tp—inlet T (C-9)
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q' 4
_ max TZ _
To = Tb + 77t h cos(k ) (C-10)
o] ex
where z = axial position (z = 0 at core midplane);
£ = active fuel length;
2ex = extrapolated zero flux fuel length;

h = bulk-cladding heat transfer coefficient;

Tb = bulk coolant temperature;

Tb—inlet = inlet bulk temperature;

ATb = bulk temperature use across channel;
and T0 = cladding outside temperature.

Assuming an axial cosine power distribution and an axial power
peaking factor of 1.25, the extrapolated zero flux fuel rod length

may be determined by trial and error from the equation

2/2
' TZ
9 ax COSGE;;) dz
' —
I qmax = L2 (c-11)
T =175 0/2
dz
-2/2
which results in
£ = 4.82 m.
ex

With this wvalue and others previously given, the bulk and outside

cladding temperature profiles reduce to
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siﬁ0-0
= 1 _— X _
Ty = Tpointet T 2 8Ty |1+ 757 (C-12)
and T =T +0.628 q' _ cos(—%) (C-13)
o b : Ynax Y
ex
where q' = maximum LHGR of the fuel rod in kW/m.

max

For conditions when the coolant is undergoing nucleate boiling,
the outside cladding temperature is determined by the Jens and Lottes
correlation (Ref. 19). TFor the Maine Yankee Parameters, this relation

reduces to

_ ' Tz, ,0.25 _
(To)J&L 344.8 + 0.845 [qmaX cos(§—~)] (C-14)
ex
where q' = maximum LHGR in kW/m
max
= . . 'y (o]
and (To)J&L outside cladding temperature in °C.

Figures C-3 and C-4 show the bulk and outside cladding axial
temperature distribution at 100% core power for a nominal fuel rod and
a hot fuel rod. At 100% core power, the nominal rod does not undergo
nucleate boiling while the hot fuel rod does.

For various core powers, Figs. C-5 and C-6 display the cladding
outside temperature as a function of linear heat generation rate for a
nominal and hot fuel rod. Superimposed on each figure is the corre-
lation used in the study for the cladding outside temperature. Even
though based upon an arbitrary choice, this correlation closely re-
flects the actual operating conditions. In mathematical terms, the

outside cladding temperature correlation is
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T =282 + 2.6 q' for 0 < q' < 25 kW/m
(C-15)
To = 347 for q' > 25 kW/m
where To = outside cladding temperature in °C

and q' LHGR in kW/m.
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APPENDIX D
HALDEN FUEL ROD PARAMETERS

This appendix presents the Halden Boiling Water Reactor experi-
mental fuel rod and operating parameters discussed in Chapter 6 (Ref. 20).
These parameters also represent the fuel rod conditions inputted to

the calculational models.

Parameter Value
Fuel assembly IFA-226
Fuel rod AA
Core active length 1.7 m
Axial power peaking factor 1.2 to 1.7
Coolant D20
System pressure 3.45 MPa
Coolant inlet temperature 237°C
Coolant saturation temperature 240°C
Fill gas Helium
Fill gas pressure 10.1 kPa
Cladding Zircaloy-4
Fuel 90.5% UOZ’ 9.5% PuO2
% T.D. 92.1
Cladding outside diameter 10.69 mm
Cladding inside diameter 9.51 mm
Fuel pellet diameter 9.30 mm
Cold radial gap width 105 um
Burnup 0 - 0.1 MWd/kg U

An outside cladding temperature has again been represented as a
two line straight function of linear heat generation rate. Using the
Jens-Lottes equation for nucleate boiling (as in Appendix C), the

following representation seems reasonable:
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T, = 240 + 0.6 q' for 0 < q* < 25 kW/m
(D-1)
T, = 255 for q' > 25 kW/m
where To = outside cladding temperature in °C

LHGR in kW/m.

and q
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APPENDIX E
COMPUTER PROGRAM LISTING

A sample listing of input parameters is presented in Table E-1.
Not a complete tabulation, this table merely presents an example of
the form for inputting data to initialize the computer program. The

variable names are explained below.

xmodel = the model designation, 1 being the uncracked model,
2 being the cracked model

den = fractional theoretical density of the fuel

tco = outside cladding temperature in °C

q = linear heat generation rate in kW/m

gapc = cold radial gap width in um

radco = outside cold clad radius in mm

radci = inside cold clad radius in mm

radfc = cold fuel pellet radius in mm

Table E-2 displays the computer output for one set of input data.
The input parameters are listed first which identifies the calculation.
These are followed by the parameters computed by the program.

Following Table E-2 is the listing of the Fortran computer pro-
gram used in this study. For a flow chart of this program see

Chapter 2.
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L1840
LG18LY

CST8LY

G184 Y
SI8LY
GTBL Y

QI8L'V

QT84
AR ST 4
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model 1 traditional model 2 cracked this is 2.0
fractional densits = 0.9500
outside clad temr = 347.00 ¢
linear heat deneration raie = 40,00 kw per m
coldlgap Qidth = 95.00 um
6utside cold clad radius = 5.588 min
inside cold clad radius = 4,877 nm
cold rellet radius = 4.781 mm
inside clad temr = 396.15 ¢
fuel surface temr = 419.54 ¢
_fuel centerline teme = 1749.62 c
~hot fuel radius = 4,829 mm
hot dHar width = 058.890 um
rercent rellet contact = 30,449
fractional radius for ecuisxed grain drowth =
fractiohal radius for columnar grain drowth =

fuel rod eauivaleht £EMPerature = 891.8& c'

- 0.456752

0.164658

Table E-2. Sample output from comparative study computer program.



-99-

e
T
a)

i UT SPIRed OTTe«d TN DTOD
W LT SMTPEed PRI PIod aprsur
Wy U SNTPEd PeTO PTod apIsqno
W UY UIPTM L85 PIod =
MMy UT 8484 UOT)RIIUSE 488y Jeaury
7 SODIEAD UT SJNILLI-A00) PRI APTSIN0 =
AYTSUSD Tang Teuotraedd
PAYIBID = O
[BUOTFIIPEIY = O*T

113
it

i

i

i

Jped
Q8
opad
D85
w8
029
e

AA0OE POYIIISaP JagqUny Tapol ayy st [apouwx

DIPELATIIPELLOIPEL 4IARBEVE0DYAUBP & TOPOWH ({EHE=PIDEQTTALID
(O )YSWHY HOTSUS

TEIHPIUBLRLS JRAUT BUTITIM PUs UT BUTpeay

*RLIATIONPUOD Tang pue

BILULIINPUOD <85 JOJ SUOTIRISL JOTTHS PHYIVLD SIEN ¢ [IPOY
CRLTIATIINPUOD TONY 8YY S8 ALTATIINPUOD ZON PUL (4¥0/9

@AULLINPUOD KLHE [LUOTITPEIG 8yl SIsn T [OPOK  *PIsn a1e STIpow oMl

YAUMYRLBAND ] IO TEATND
POJG TENS PUE (UIMOULE UTEJE JEUIMTOD PUL PaxeInva Joy Snitpe
[RUOTIIRLY FSNTPEL 3ITIDL F0Y (UIPTM 485 Q04 (4007 DUTTJISIUSD Ton
FANBY) DORIING [ONL<4UI) APISUT PETI SIILINITED WBIEOLH STY
*LUI'W
BL6T Youey

TYEW UYOP ARG U8YTIM

z¢xeoz&.m4Humz& AUNLYMIANIL L3T17134 1304 0N ALYLS AIVILS

$7e.d
wrp

]
)

4
1

ceou oL CuUuuouuU

(S ]

oL ouu

(SR SR S I 3

o u

CULUULUUL LU



-93--

OET. DI0B (GOH0* *OB+ XJTP)HJT
(SI008I-UTIPRL ) SQL=XJ TP

(IS4 TIKIOpEL=YTORE

(DB THIKkOOUELI=YOIPEL

, . . (¢ ExKRUTOPEL
@z**zcavmnv\.m\*h /o4 1apyRouUNsSx* SHUTOREIR (Y-8 L8 T
~TOURP=DTEL 9 HUOIPRUR Y=BELL *T-OIIKD-BTEL 4 9) ) =0T
4 8Tdakoped4QunNsS=Quns
v:&mhm.mxaaﬁma.eu¢.£cuvmu.G‘tbss+*¢s&wmh PmdBla
UIOPeL 434 Y8pR (Y=t 5T ) =npad

e l=Y OVT Op

. RFeETol Tat

YT/ (HYTOPREL-UOOPEL y=DdTap

YUTIP@dmd TOPEY

TOPRd=UYTOREd

ooned=yooped

o« i

AAAAwuvmu\GUUmuvmoﬂm*s*vﬁﬁmmﬁ ERKODPRP=-DTPESL P H0IIRE-DEEHE TI T

XE-ap0L6° ﬁ+¢immm¢&.ﬁv¢;mmltlm&3am TIXE9ETO T—-=TI%

SAUTELS [ewday) PRI pue Jusq BRISUT Peld SUIeInoTe]d
LUl , §XE 4944, = SNTPEY 18] [« PIOD,
£,00/a M, 6XZEE P94, = SNTIPRL PRID- PLOD OPISUT,
Fa0a /WU, ARTHE P4, u.m:ﬁnmg petod Prod apIsino,
£,0,/4UN4XTAT944, = YIPTIM <85 PO,
£,00/ 0l JDd MY, EXE .:.0@. = vn; UDTIRUIUSE JE8Y JEBUTT,
§,00/20sdXT6T 044, m 4WBY PRID OPTISINO,
..o.\¢.m¢..a AYTBUBD [RBUOTEOESY, 4,0,

/T'0dé,6T SIU} PAYIeEdd g [9pOW [RUOTITREJ] T 18PONW  ,4,0.)38Wi04

ugnmp.wotma.oovm;.uamm.c.nuv.cmt.Hmnoexﬁowﬁ.vvmpﬁgz
{¥*0T48)18W400

v oot vt vt vt

ovt

OLT

oI

OTT

o}



-9/~

UAdEEmdU L85
¢ Tapou JOoJ wadsodsd UTel

00g 008 (1 oI’ TapbuWx)Jr
DdBF s

dipea=thrgped

TO=4%

*A0O0T BATIRIDGT JHIN0 BUTSETRITUT
PRALK(G-BTE 1) =PRTIYS
(PE/ITOP)R(IUNS R S TOUKYTIPRL $OILKUOIDRL ) =PRI LY
*ERKEOFRE-DEB HHTIVKLOEL QL ES—=TAU( 1 LPE *BF* THRNIT
PERKIOVRE-DYO* PHEIIRLBEF* OLPL~=TFAY(LPE *IT* TIY)JIT
CEXRRKOIVRE-BHD* HOILIK* GAEF OETH~=0IY (LY *taBEr DIYYJT
CERROILRE-BP O PIOOTR LOEFOLPL=-=0AY (1 LPL *IT* O3 IT
DUKIPEL $IUNS = INNG
*EKRDHBUIYKE-DEB Y HILWDLIK GEAEH Q0L ESH~=DU(*LPE *OF* - DadWdY) ST
PEXRILAUIYRE-BY O P+ ISWAYLK LBEF CQLPL-=OH(LPE T Q&UWAYHJT
_ (OPEL 02} SHOIPRL 4D ) PINS =D SUWSY
UIOPRIFDITAPK (T~ GZ) =0ped
PeeT=T 05T Op
*O=OUNS
CBZ/(UTIPLI-HOIPEL ) =D TP

*3ROY PRIOYS BUTPPEID BUIIRTNOLILD"

Qoc

0S¥

o)

o)

v}



-95-

(T4 TIXI4PEd=UNIDEU
QY= (G *3T°* UAEE)JT
o @ﬁa*u;ﬁe;%vmo.ﬁ;uﬁa*ﬁucmu*u@o.q+va3m§:amm
A.ﬁ**ZSLvm;\.QV%A C/ATORIR(EUNSK EH (CLRRIVKET—AY T T
tEXKIIKRG=OTHL EFFIXNP=DLOT LAV -DTLE =) KUNGPEL Y22 J T
VETORIPELFEUNG =ZUNG

PEXK(CEYE Ec+v*wF!:¢~.
FrERRK((T)EWAT) RE~-DTIBL EH(TIESWIVRP-DLOT LAYy —DELS —=) 81D
p—atﬁaﬁs.owvu@ﬁmp
U éT=T GIE op

+ - lQ—.C 114

T OTAPON 404 YAPIM «85 04 PUe SNIPed 1ang 10y BUTIeTnaTen

(0%) EwHY=TY

(1) SMa) =)

L#Lﬁli& 2l

(P TRRUMGPRUREERE * PR )/ (L TOPRULKD ) L% () SUDY

. CCOTHORTO +HE0N
ZCABUXLLO ) YRUNGPRL Y /(E=DGLT* E-UARBRE~-BO T) )/ T I X \_Ne_.._ A4
(CPEXRCELEFIIIRET-BET* Q4+ (LI P EOV ) 7V E B KM= On
(PEXK(LBD THKCQTHMOP-E) /(MOPRPTETT* )X

BP9 RRK(ET* LLEFMYL) KP—DQQE Cmv|AY

DG 6 T=0 Oﬁn op

Urid e d=ud

ot

0L /UNIPRI=L TR

$Q=(T)EWaY
0G4T=T GOT Op

O Tapow JoJd a7rjodd Hual) pug a..:.cr....us.u. m.ur_._w.m&mn._:_.@..u 18y BsUTleInITe]
(JHETO4UdRBIUNIPBL D) ZARE 11D

*E TOPON JOY SWSY AIRJINS (AN BUTIEINITED

018

i
<
%]



-96-

OrMITINOD
*00T=
*00 T=OEE
0LE 0308
.oaxﬂﬁhc;vueag
~(EM)TUALY /(P O00LT~ (LM ITWOY) Y42 0B/ (L8~ =OFB
m:cﬁg:eu
GEE 0I0F (20041 *OE* (LrITWALPURY *00LT *HT°*(TAIETWaY) ST

Lh=ge

T+&=g0

0L4T=C4 OLE P

Gye 008 ('004T *IT° T9%)4T

.om\ﬁaaxvmemp

=(EM)EUOT)/(*00Y T~ (&) TWAL) I+ 0L/ (&8~ 05)=aES
Oziﬁ+£cs

SZZ 0405 (*00bT *8B¢ (ZF)TUAY *PUE* 00PT *HT* (A)TWIY) ST
S
| L=
0G¢T=Y 0zE Op
ObT O3OF (*00VT *3T°* TO4)4T
‘Z TOPON JOJ SUOTESM UIMOLE LIRS BUTieInoalel)
(6T0* T+ XK UNIPEL/ (ULBEKT*) IR 00T )/ * 00T+ 0F=Jdad
PEUTPPETO 1SULESE BUTAT 107104 40 4UIDI0
Q0T D08 (BO'O ‘aBY JITPILT
(AUREF-ULEE ) SqR=4 4 1P
' OPOW UT SOUBBJIAUOD UIPIM &BF 40U JOJ BUL}S8 ]

one
[ 4
ove

PR

orc

4]

U



-97-

(X) T<ua3=101%
Hugcﬂu*ﬁacmn*eﬂnﬁ T)/ ¢ ERR(UBP=* )R P OT+UDP=*T) ) =X
C-BLL2G48" k*&+mcmv~$¢vm¢cﬁunnuvcﬁu

‘T TEpOWw 404 . aem¢ BUTTJ@UBD Tang BUTETNoTEn .
($34TOHAYLRBIYNIDRISD) TS25 1D
‘] TAPOW 404 dWBY PIVYUNS 19Ny BUIleInOten

o®

U S alyd s

T I9p0W JOJ WeLsSodd UIey

00y 030m

4I=muw

GBI LRG-DPLT  EXMOP=YS
(*S/ATOPIR(UNSK* Z400HRUY ) =d@I )

(/P BTLEB T~ vaim*hﬁamvh.e+¢&?ck E-(CEXKAIIIRE-O9TE T+
(C*T=(1I3/88E GEGISXD) /* TIKGILOEBG * T)KUNIPEI=0LEELY
ST*ELE+HII=14D

(CAUBY/YBTLEB® T ) SROKLIGOY L BHYOROLE * £~ * EXKANDY ) KE~OPTZ * T+
CCrT-(UBY/GBE GES) <XB) /* TIKGOLOBBG * 1) APEL4UNS =unS
ST ELEH(F)IEWOY=uag
ATBPK(T~*06) =ped
byéT=1 5EE op
*Q=UNG

‘T TOROW J04 4RI POUOLS [ONYG BUT4ETNITE)

00% _

tp
4
o

¥

)



-98-

T

00£ 010F ([O*0 *&H* JJIPHIJT
(SUARE- AR ) S 4 TP

‘T [OPON UT SIUBBJHAUOD UYIPIM &85 Q04 JoJ SUTISe ]

(3184 L)k pEd=yniped

*T=yLeE (ST T Udes)drt

;ﬁa*uynmp%m@o qiuha*naﬁm;*mco 1408 E= AL
(*ORRUNGPRL/CEIR(CE/TAPIR(HUNSR T+ (P EXKIIRET-AVTT
P EXRIINE~OTHE THIVKP=OLOT* LAY ~BELE V- YRUNGPEL =418
1S TR PEIFHUNS=HUns

CEXKULIRET-OYT T

+rORRITIRE~DTBL CHUTIRP-DLOT Lt b ~OLLE b~=38T O
(H) TAUaY=UTY)
(HAPXPTET LY/ ERK(LEP= TIKOTHUHBP - TIRIUTA ) =X
ﬁcﬁx+a.:**As:@%tp\mﬁmav:.ﬁv¥rs&mmm&.m*sn¢cﬁm
TOpX(T-*05)=4ped
6V 4T=T OTE Op
(LOP YY) ERUTO=YUTR

Oz NG
COG/UNIPEL=TOR

I9pOYW 40y YPTM <8F 10y pue sniped janyg oy mcwamazuﬁwu

0T&



-90 -

] | ABLRKG~B9ET ? ERUDP=US
(PSR QUNSKZH(UNIPRLSUBR AUNIPEL € J36003450) THY ) =dBUY N
_ KPR AUBDAYNYPE £ L3400 40) THISUNS =wns . 0BE

. UK (T-*0n)=Kpad

¥ 4T=T ORE Op

, tO=UNS

OL/UNIPRL=Y

‘T TOROW JO4 388U PAJ03S [ang FUTIRINDLL]

ooy

SAUTILOD ove’
*O0E=IEE 1134
‘00T =0pBE 0eL
- ObE 0305
(CC(UDP AL BIUTI-(UBPETIYT
IBRUTD) /{(UBP4*QQLT)BIUTI-(UADATIY)FEQUTI) ) VILVE=IREE
, QLE Q20E (0047 *21* 197)4T
(((UBPFLPIBILTI-(UBDETORT
IBIUTIY/((LAPF Q0P T)IBIUII-(LOPA[DY)BEIUTD) ) FIVS=IEE
ocEg 0305 (*Q0VT *31* 12%)41

o
*T TOPOW JOJ SUOTBESJd UIMOJE UISUE BUTIEINIT&)) o
5

0*0=4ddd (G*T *95¢ YRB)JIT

*00T=d4d@d (LT T UYHBE)JT
o
THUIPPRTO JSUTEER BUTAT 381104 JO JUIDUDY 2



-100-

A‘

S (4R * Y+EBTT*£)
X9=-2G0° =PEIILO( 1 OTB *BBY B4 UL 1OPB *ITY B4R YT
| (*EKKDIPRE THAIIRESTT*£~PILL 1)
KP-S0Q* P=PETIY( QLS *@F* B4 *PUBY 0P *9T°* 843 4T

. . (BLIKE* THHPITH * £ )
X9-8GGP=PRIOLD(LTG *OB BIY CPUBY 0T *3T¢ DY) YT
(CTHADUIKET* TSTHOAIKYOTY *E-LBTY* T)

X9-8GG* P=PRIIUCLIB *HE* 843 *pUB* *0TB *IT* B4IIIT

: (SJIXBLEO* +*56E)
KP-9G5¢P=PRIJLI(LPE AR 84 *puUBr /TR 3T B4Y) 4T
(*EXRDIIRE-DEB* L4 ONVR*EEEH0ETEH~)

AkP-OLE*P=PRTOY(LAPE *aBE* ad}. tpues +/18 *371¢ 8dY)JT
(SUIKTET* 4 LBEIKP-BRE* P=PRTILI (*LPL *IT* B JT
EXRILPRE-BP O P+BAPK T LBEF * 0LPL~) KP-BLEG* P=PRTIY(LPE *TT* 843 4T
(CCRRADLG) /{ (DAY / TLEABT =) AXARTTOTEHEP ' T)

+ABLYRE~BEEY * EH (P EXK(* T~ (B /GBEGEL) <SHBIR(*TKKkMAIZ) )
(4D /G8EGEG) SHARLOG0058) ) R(UBPXS~884L0* T)=TaNJ D
(VPBS0LE £~ (4 Y/* TLLHBT~) SHIKLDBGEY L B+ CTRKYDIIRE~OPTE T
F(*T-(Y8dF/EBTGEGI X))/ £08BET ) RK(UDPRE-3860°* T) =T8Ny
ST*ELE+943=90dY

. ARWY=OdY

J3}=REUWY

*BUN]eJOdUD] FUSTEATNHLS uon;awuy.mcﬂvmﬁsuﬁmo

ke ]

00V

[ &}

v U



-101-

00V 0108 (80°*'0 *e5* aJJ4TP)JT

(BU)-B8UL)SQB=B44TD

- : (LG /UNGY) -3l =AW
(PEXXUTOPRS = ZRKUOIPEL ) XPETIAD4 ( * TRKUNIPEL ) R TN AD =ML

.ﬁmaexwlzmlﬁ CERRYTOPRL - SRRUOIPRL Y RPETIYL( * EXXUNIPEL ) X TONJU=LNSY

COLEXP-ICE A P=PRTOLD (*5L4 *OBC BJY)4T

(BIDK G PEEFPBEL T KP~BRE P=PRIIY(*GLE *BB¢ DU ST
(BUIRES L -EBEP*L)

XY-OEG' 9=PRLALI(T0TE BBC BUY TpuBY G446 3T 43)YT
(*EXKTLIIROL P E-DUFKEBED * L49DPG E~)

K9~BGG P=PRTIYC 0TS *BB* BdY *PUB® *GLE *3T* B4 ST
(BUIKE*E-LD8T)

KP-BLE+P=PRTIAI( 1006 *HB* BdY *PUB* *0FH *2T* BU3) T
(*TRKBLIRGT * T~DIIREDGB* THPOGE* T-)

XP-SGG1 P=PRTIYC 004 *OB* U] *PUB® *0FE *IT* 942)4T
| (PIIKEB PHEOEGE ' E-)

KP—BCG* P=PRIOLI( 108G *HF* 847G *PURY 006 *IT° SdD)4T
(*TKROIAKZY * TH+BUIKEOLG  £-PBEE* T)

KP-B5G 9=PRIIY( 0BG *8F* BUY PUBL. 2006 *HT* 44T
(B4IKECHEO9B £ )

K9=9GG 9=PETILI(* 098 *OF* 8dY *pLULT 1088 3T O4) LT
(*TRKBLIRD * CHAIIKEDYG* £E~9DBF* T)

K9-S6S P=PRIIY( 098 *85° 843 *PUBT 088 *IT°. Sd3) 41
C (PAIRETTH 09 -)

X9-0GG*9=PRTILI(0VE *OB* AdY *PUBRY *008 *3T* BUF) ST
(*EAKOIIKEED * +OUIK* 0PV =COTE* &)

X9=O5G*9=PRIIY(QVE *HB* DU *puURY 098 *3T* SdR) 4T



-102-

h.o.\.o.\.o.\-o.\u.u xm.:.zm..:.mazgm;aaeaa JUATRATNVG DOJ T8NY,
. 0x/9'CTd 0= YIMOUE UTEUE JaUUNTND 404 SHTPREJ [eU0TRI8L 4,

.04 \e.1ﬁ$g.:v£pzo;m UTRLE POXRINDs 104 SHIpad (8430190844,
$,02/7488446,= 3DE8UO3 1BIT9<4 FUBDUBA,

LaQn/aliN, 65TEgeBLé = UIPTM |8E 30U, 4,0,

JaWl, éXTéCYBLS = SNIPEL BN 204, 4,0,
L eV EKTAT O SNBT DUITABIUST [8NG,

4,03/ 0D EHEET LI g M) SORJINS TONY,

a0n/aDa AXZATI LA b um AWBY PETD SPTHUT, 4,0, )FEULOS
REWGAIBBAOREE 6 JUDLAULRB AUNIPRUETIT6ST14TIV(QEY D) DI TUM

*SBNTEA POYETNITED N0 BUTITIM

7 00*00ZT POADIKS 00U S0P VT[4 8y}
00°00C SIENY3 YIMOUE UTRJE JBUWNTOD JOJ SNIPEL TEUOTFOEL Y UBYUM

7 Q0*00VT PORIXa 10U S90p 39110« YY)
00*00T SIENDA UIMOJUE UTRUF POXeINva Jo4 SATPEd [eU0L3I844 U3UM

2
T
T
X
T
T

¥

T

QLY
Ot

o

o]
W
o]
a
"]
o



0965 0108
CERKTRBO PEHERCY P ELABP  PE==0Y

o : OGG 008

. Obf 0085 (£8L°7 *31* =)y4t

086G 0305 (£84°9 *4T* =) 41

0TH DIOB (9986 T =Z)JT

015 0305 (PIB*Y *9[* =Z)Jr

A 005 01085 (Tvy* g *9T* Z)JST

HOOQ} (UAPKPTET T/ (P EXR(UNOP=* [IR OTHUBR~* ) RAROOY ) =
(*EXRK(UNIPEL/PRL) = TIRE-DLLGE* LAD=R00Y

(P=BG* 8= PRK(*CLEFIIIKET=DEG* T+EL@ YK * QOO
((YPEOV/d M)+ TIFOTEXPE  BE=048
AUmLacmﬁ.ZE%UmLu%QgQUQ‘SVﬁx CGﬁ#UCJ#

YT TApON 40 UDILRTNOTED
1804 Pad0ls Tanyg ayl UT pasn $I UOTIIUnG STy

pua
LAY ad

. (AUB-T=BOGEE* TIKBIRTO* [~mpIuUaY
((OURLOIPRT~DEHEE * TIKE~IV0L6* THr—OLBYS* 1) FVGmDLE
*EKKODIRP =D TPES* b+ (DPEL/UOIPEL Y FOTRRORGGTHHT ¢ =OWH
(OPBL 0D E{OIPRL FDIPIWE) LOTFOUNY

=103-

SATTIONA DUNPRLIDAND] BUIPPETI S9INITED MOTIOUNY STUL

SOUTINOLGNS PUL SUOTRIUNYG JO BEUTISTT

pua
ST AL00
00T ©308

t5L00URIRd FNAUT SO 305 MOU PRAJ 0} BUTUINLaY

005

bbb

G e U

G LU0 L uCu

(S &

G



-104-

Wil

C Udrgad

009 0305 (HO* 8B JITP)IT

- (H43=43)SUR=Y S TP
(CABURUYMIPEL) /( (G THULRE )RRV -OLLTEG T+ T09=4%
(B899 KX (GT*LLEH E/(FIV447) ) ) KkP=-DPPL* LeaYOY
dF=dd

(JIETOYéULEEAUNJIDEL D) T8 SUTINOLANS

T OTOpoOw JOJ <SU84 a0eddns Tanyd ayl saernared sutinoaqns sty

pua

wangad

(=BG B~ XK (P CLEFIIRET~OEG* T+
(CU*SOV/4)+° TIBOTRRYE * BE) K@t 4L TO

(P ERKCUAP = TR OTHUBP= 1 T) / (UBPXPTETT* 0)=ddd
(MOPEQYBIUTI LOTLIUNY

tTOIRpOow Ul 8sn Joy
TEIFAIUT ARITATIONPUOD 8y SQBINITED WOTIIUMY STY]

pua
Ldngad

ORNPEd=T}

POLOLE E~(PEAY/HDTLEB T ) IRIKLIBLY L B+
CTRRPELIRE~DPTE T+ (P [ (PRAY/LBELERISAND) / £08HET=0R
LT ELSHAOL =R

: S ST 0D

tERKERBO*PE~E HBRTC-ERLE T CLP=H0T

, . C09n 0o

PERXEXTO TT-STORLT~-EXET ' P OP=-0T

‘ , ORG 0108
CORKEREY P CTHE LOP-EXRET ¥ LE=H0Y

_ A 095 OLO5
PEXREXSL TEFEXBY Q020 O =0

. 095 030l

CERREXTOGEFEXTH TTHL 9T T =40

009

5}

c o

(SRR &}



je AR

udngad

: D00
CTHRHKBO 9T~ $BEE~HRLE  EER=T AWBY
0ovg 0308

CERKRRTSE TTI~GT 0G4 T-HEET v OP=T#UAY
oo Q05

CONKHKEY  CTHA QLD —REET P L= T WD Y
098 005
CERRHRGL TETHRBY P+ 9E  Ob =T SME Y
098 0las
CORKHRTO SEHHREG ETHL PET=T WY

098 03085

PEXRRRBOCPCHRRCY LB P E=TAMATY
o 0L 0308

ovy 0108 (L8474 *3T* X)4t

088 030E (£84*9 *IT* H)4T

088 0108 (9984 *3T* X)JT

QT8 0%0FE (prg*y *9T1* X)JT

008 0L0E (Thb*'e *9T* X)JT

() THUDY LOTIIUNY

-105-

ST TRRON L0 ATT40dd 08 [ONG SYY SHPRINITED UWOTRIUNG STYL

P

: Jangad

004 OLOF (L0 *aFE* JJTPJT

o (4333 1) 68Q8=011Ip
(BUXUNJPaL ) /(O -S55T6G T+ TOY=dT

ST/ CIRADY) (G THUSEE ) /( (= TIXRYEY) =FY
(HEY* T4 R UNIPeL / (YLEEXT* ) IX 00T/ EHE =4
(BP9 *AX(LT ELEF E/ (TIFH4T) ) IRP-OFPPL “ E=VaY

, Y=
(JPETOYAYLBEYNIDOL 40 ) A4S mtﬁﬁzegﬁjm

‘TOoTepoN 04 <Waq 82eJ4dns feng 8yj SORTNOTED BUTINOJYNS STY]

098
058

ove
08
0Z8
018
008

004

e}






-107-

APPENDIX F

TABLE OF SYMBOLS

Symbol Quantity

T temperature

r radius

§ radial gap width

§' root mean square cladding-fuel
surface roughness

ZT.D. percent theoretically dense UO2

D fractional theoretical dense UO2

P fractional porosity of fuel pellet

PF UO2 porosity factor
(normalized to 95% T.D.)

k thermal conductivity

ke effective UO2 thermal conductivity

M mesh interval

Er thermal strain

E& average thermal strain

X fuel burnup

Fb burnup factor

F fraction of circumferential
cracked pellet to cladding
contact

ho zero contact pressure gap
conductance

h contact gap conductance

Units

OC’K

none
none

none

none
W/m-K

W/m-K

none

none
MWd/kgU
none
none

W/mz-K

W/mth

Defining

Equation

(B-2)
(B-5)

(4-10)

(2-5)

(2-4)
(2-8)

(4-5)

(4-5)

(4-2)

(4-2)



AH

SH
CLO
£(T)
£1(T)

T
eq

%C.P.

"

q' (LHGR)

D
e

ex

(u)W
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gap conductance

density

constant pressure specific
heat capacity

enthalpy change
stored heat

constant temperature
stored heat

equivalent fuel rod
temperature function

derivative of the function f(T)
with respect to temperature

equivalent fuel rod
temperature

percent core power

rate of heat deposition
per unit volume

linear heat generation rate

equivalent coolant passage
diameter

fuel rod axial position
active fuel rod length

extrapolated zero flux
fuel rod length

coolant velocity along fuel rods
core average H20 viscosity

core average coolant mass
flow rate

bulk coolant to cladding
heat transfer coefficient

W/mzoK
kg/m3

J/kg-K
J/kg

J/m
J/m

J/m

J/m-K

°C

nomne

W/m

W/m

m/s

kg/m-s
kg/s

W/mz-K

(4-2)
(3-2)

(2-7)
(2-9)

(2-11)
(2-12)

(2-13)

(2-15)

(2-10)

(C-2)

(C-3)
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bulk coolant temperature rise
across fuel channel °C

bulk coolant temperature
along fuel rod °C

outside cladding temperature
for the onset of nucleate boiling °C

Subscripts
H20
fill gas
cladding
fuel
outside cladding
inside cladding
fuel pellet surface

fuel pellet centerline

radial increment index

(C-4)

(C-9)

(C-14)
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