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TRANSIENT THERMAL PERFORMANCE OF
AXIALLY AND RADIALLY DILUTED NUCLEAR
FUEL CELLS

F. Moukalled, R. Nuwayhid, and I. Lakkis
Faculty of Engineering and Architecture, Mechanical Engineering
Department, American University of Beirut, Beirut, Lebanon

A numerical investigation is presented of steady and unsteady heat transfer in axiaily and
radially diltted nuclear fuel rods. The transient performance is assumed to follow a sudden
and complete loss of coolant starting from steady state operation. Steady state conditions are
obtained from solving numerically a conjugate conduction problem in the fuel rod and a
turbulent forced convection problem in the coolant section. To model turbulence, the mixing
length model is used. Dilution is accomplished by adding high thermal property materials,
either axially or radiatly, to the original fuel rods with the intention of increasing the time
delay before melting of the reactor in case of loss of coolant. The effects of the amount,
distribution, and material of added diluent on steady and unsteady heat transfer are studied.
Results indicate that axial dilution has negligible influence on the thermal performance of
the reactor. Radial dilution, however, holds great promise and shows a reduction in the
maximum wall and fuel temperatures under steady operation and a substantial increase in
the time delay before melting under transient conditions. The value of this time delay
increases as the amount of added diluent is increased. Moreover, the distribution of the
added diluent is shown to have small effects on the steady and unsteady performance of the
reactor, while the type of diluent material is found to affect the transient performance only.

INTRODUCTION

This article deals with predicting the transient thermal performance of axially
and radially diluted nuclear fuel cells. The motivation behind the work is the
growing concern for safety in the nuclear industry. Experience has shown that
engineered safeguards should not be relied upon too heavily and, Yather, that
dependence should be more on the so-called “inherent safety” features of reactors
[1]. The analysis undertaken here is along these lines and is involved with studying,
in case of loss of coolant, the possibility for a “diluted” fuel rod to absorb heat for
a longer time before ultimately melting. The class of reactors under consideration
is the gas-cooled fast reactor (GCFR), for which the design-based accident is
considered to be a depressurization event [2-5]. If depressurization were fast or if
the core was to somehow become isolated from the boilers, then the value of
having in-core heat sinks becomes apparent. If, further, the depressurization were
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NOMENCLATURE
a ratio of added diluent volume to Ry radial location of diluent shell
total fuel rod volume Re Reynolds number (= pud,/u,)
b ratio of central to total diluent St Stanton number ]
cross-sectional areas [ dimensional and dimensionless
d., D, dimensional and dimensionless times
outer diameters of the coolant T temperature
annulus u, U dimensional and dimensionless axial
dp,, Dp, dimensional and dimensionless components of velocity
diameters of central diluent strip x, X dimensional and dimensionless axial
dp,, Dp; dimensional and dimensionless coordinates
outer diameters of diluent shell ¥ distance from wall
dg, D¢ dimensional and dimensionless a solid thermal diffusivity (= k,/
outer diameters of outer fuel shell pcy)
dyp Van Driest factor €y turbulent thermal diffusivity
dy, Dy dimensional and dimensionless ] dimensionless radial coordinate
outer diameters of inner fuel shell (=r/d,)
d, outer diameter of the rod [ dimensionless temperature [= (T —
h heat transfer coefficient T /(q.d3 7k )]
ke, kg fluid and solid thermal conduc- : dimensionless bulk temperature
tivities (= (Ty — Ty)/(q,di/ k)]
K solid to fluid thermal conduc- 0, dimensionless rod wall temperature
tivity ratio (= k,/k;) [= (T, — Ti)/(q,d3/k)]
i mixing length [T laminar and turbulent viscosities
o, Lp dimensional and dimensionless p density
lengths of a diluent part Ty wall shear stress
L, L, dimensional and dimensionless
lengths of the fuel rod
{ Nikuradse-type mixing length Subscripts
ND number of added diluent parts
Nu Nusselt number (= hd_/k,) b bulk property
p, P dimensional and dimensionless f fluid property
pressures in condition at inlet
Pe Péclet number max maximum value
q. heat source per unit volume or original nondiluted rod
r radial coordinate w ‘wall property

so rapid that the event may be viewed to be “sudden,” then it may be of value to
have the heat sinks as close to the fuel as possible and ultimately within the fuel
rod itself. The limiting factor in the above considerations should always be that the
heat sink in the form of a diluent of high thermal capacity must be in a sufficiently
small amount so as to retain the “fast spectrum” character of the core [3, 4]. With
this in mind, no attempt is made here to ascertain the neutronics of the diluted
core design, but merely an upper limit on the diluent-to-fuel ratio is imposed at
random. A complete study should consist of investigating the nuclear properties of
the fuel, then studying and improving the heat transfer characteristics, then
assessing the nuclear properties, and so forth, until convergence of a design is
reached as a compromise between the nuclear and the heat transfer requirements.
Thus, it is stressed here that this work is intended to test, from a heat transfer point
of view, the above stated idea of adding diluents (high thermal property materials)
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to the fuel rod of a GCFR in order to have in-core heat sinks so as to enhance the
reactor safety by increasing its time delay before melting in case of accidental loss
of coolant.

The problem is modeled and reduced to that of predicting the heat transfer
characteristics of turbulent fluid flow around a longitudinally and radially conduct-
ing slender rod with periodic internal heat generation. The heat produced in the
“average” rod by the fission chain reaction is assumed to be radially independent
with an axial cosine distribution [6]. The analysis is conducted for both steady and
transient performance in case of a sudden and complete loss of coolant before
shutting the reactor down. Initial conditions for the transient heat conduction
problem in the fuel rod are obtained from the steady state performance of the
coolant-rod problem. Due to the unavailability of any experimental or numerical
data related to the problem, numerical results of the simple problem shown in
Figure 1a are compared with analytical solutions obtained using several empirical
models.

GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

The physical situations under consideration, illustrated schematically in Fig-
ures 15 and 1c, represent the turbulent convection of a fluid around longitudinally
and radially conducting slim rods with periodic internal heat generation. In Figure
1b, longitudinal diluent strips are added at several radii to the original fuel rod,
while in Figure 1c, diluent strips are added to the original fuel rod at several axial
locations. The coolant is assumed to enter the annulus with uniform temperature
and velocity profiles of values T, and u;,, respectively. Moreover, the properties of
the steady, two-dimensional axisymmetric flow are temperature dependent; their
expressions are displayed in Table 1. The pressure of the coolant, chosen to be
carbon dioxide, at the inlet to the annulus is assumed to be uniform and equal to
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Figure 1. (a) Physical situation for typical coolant-fuel rod cell. (b) Schematic of a
radially diluted fuel cell. (¢) Schematic of an axially diluted fuel cell.
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Table 1. Properties of coolant, fuel, cladding, and tested diluents (SI units)

k p
Co, 7.1 % 1073T - 6.16 x 10~* 21,173.16/T
uoQ, 7.54 — 0.0053T + 1.3 x 10™°T?2 10,400
Stainless steel 0.012T + 8.22 7,900
Graphite 1.51 2,250
Al O, 0.30 3,965
SiC 0.42 3217

<, #
co, k/c,=336x10"°InT - 1.76 x 10~* 6.65 X 107¢ + 3.56 x 107 8T
uaQ, 228 + 0.274T — 0.00027T7% + 9.2 X 107873 —
Stainless steel 0.25T + 411.75 —
Graphite 931.8 + 0.91T — 4.075 x 167 /72 —
Al O, 906.71 + 0377 — 2.15 x 107 /T? —
SiC 92831 + 0.30T — 2.97 x 107 /T2 —_

40 bars, a typical value of the pressure inside the pressurized vessel containing the
reactor core [6].

In order to reduce the number of parameters involved, the following dimen-
sionless variables are defined:

X u ’ U : |4 ’ P b
- dO 1? - d(.l - Il: B um - pulzn
1
6 T - Tin - ! ( )
qudtz)/kf - dg/a ¢

Furthermore, axial diffusion in the fluid is neglected due to the high value of
Péclet number in turbulent flow (>>50). With this assumption, the governing
conservation equations may be expressed in parabolic form and are detailed in the
following sections.

MOMENTUM EQUATION AND TURBULENCE MODEL

The momentum equation for the coolant in the annulus, in dimensionless
form, may be written as

aU aU P 11 a[ w\ ol
n(l + —] )

V— = + —
ax dan dX Re, ndn nJ on
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where u, and p, are the laminar and turbulent viscosities, respectively. Moreover,
the boundary conditions used for solving the above equation are

U=1 X=0 (3a)
oU/on=0 +n=D/2 (35)
U=0 7 =05 3c)

The turbulent viscosity p, is calculated using Prandtl’s mixing length model [7]. For
simple annulus flows, such as those considered in this study, it has been shown to
be adequate [8]. In this model, x, is eviluated in terms of the mixing length and
the local velocity gradient. A commonly used representation for u, is

du

4
dy

p, = pl?

where / is the mixing length at a point situated at a distance y from the wall of the
fuel rod (y =r —d_/2) and is represented as the product of a Nikuradse-type
mixing length [, [9] and a Van Driest factor dyp [10], ie.,

For turbulent annulus flow between inner diameter 4, and outer diameter d, [,
and d,,, are given by
b 0.14 - 0.08|1 4 2 0.061 4 4
(d . —d)s2 ' [ (d, - do)/2] : (d . —d)/2
(6)

py Ty
o =100~ (2] /%

where 7, is the local shear stress on the pipe wall. By combining Eqgs. (5) and (6),
the mixing length !/ and, consequently, w, (Eq. (4)) are completely specified.

ENERGY EQUATIONS

The conservation of energy equation for the axisymmetric parabolic flow
problem, in dimensionless form, can be written as

a0 a0 11 ¢ €y a0
= n(1+-—)— )

——-+ —_—
ax dn Pe m dn
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subject to the following initial and boundary conditions:

( ‘”’) K( ""] 05 (84)
— = J— n =10 a
37’ w(f) ‘971 w(s)

a0

an

6=0 X=0 (8¢c)

The energy equation for the steady and unsteady heat conduction problems in the
fuel rod is

a0 1 4

ar* n dn

a9
7 an

+ K—+1 9

where K is the solid to fluid thermal conductivity ratio. The applicable initial and
boundary conditions of the conducticn energy equation are

90
—=0 n=20 (10a)
an

% 0 X=0 X=L (1056)
ax - — o

0=0,(X) n=405 (10¢)

—=0 n=0J5 (104)

(for transient performance), where 6,(X) is the temperature distribution along the
wall of the fuel rod, which is not known a priori but is determined from solving the
convection energy equation. Moreover, 8,(X) and (38/d»),, provide the coupling
between the convection and conduction problems. Furthermore, due to the lack of
any better information, the wall of the fuel rod in contact with the coolant during
steady performance is assumed, under transient conditions, to be insulated. Thus,
results generated in this paper simulate the worst probable situation that could
arise during an accident. As such, any improvement in the performance of the fuel
rod is expected to further magnify if this condition is relaxed.

FUEL ROD PARAMETERS AND CONFIGURATIONS

Due to the arge number of parameters involved in the problem, the effect of
varying only selected parameters is studied. The parameters fixed throughout the
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Table 2. Parameters fixed throughout the analysis

Parameter Value
Coolant annulus cross-sectional area, m? 6.77 x 102
Cladding thickness, m 0.00035
Fuel cross-sectional area, m? 3.85 % 10~*
Fuel length, m 1.5

Energy produced in the fuel, W 25,189

Coolant inlet temperature, K 525

Coolant inlet axial velocity, m/s 30

analysis along with their values are presented in Table 2. Properties of the work-
ing fluid (CQ,), fuel (UQ,), cladding (stainless steel), and diluents are shown in
Table 1.

Axial dilution of the fuel rod is accomplished by adding strips of material with
high thermal properties to the original fuel rod at several axial locations. The
added diluent parts are identical, their number is ND, each is of length /[, and is
equally spaced (Figure 1c). In testing axially diluted rods, the amount of added
diluent is kept constant for all analyzed cases, and its total length is half the length
of the original fuel rod (i.e., ND /, = 0.5L_,). Axial dilution is tested for only one
diluent material (natural UQ, with no enrichment) for reasons that will become
apparent later. Moreover, the heat source in each fuel part is assumed to have a
local axial cosine distribution (with center of the part as the local origin) such that
it is equal to the heat source obtained from the global distribution in the case of no
dilution at the same axial distance and location.

In radially diluting a fuel rod, the following two procedures are adopted: (1)
central dilution and (2) central and strip dilution. In both cases, the diluent extends
axially over the entire fuel rod. With central and strip dilution, half of the diluent
material is placed at the central axis and the other half at a distance of R, = 0.7.
Here tests are conducted for four diluent materials.

SOLUTION PROCEDURE AND COMPUTATIONAL DETAILS

For the conjugate heat transfer problem, the fluid momentum and energy
equations, Egs. (2) and (7), are solved numerically using the parabolic calculation
procedure of Patankar and Spalding [11]. This is a fully implicit, marching-type
solution procedure, proceeding from the inlet location (X = 0) to the exit of the
annulus (X = L ). The steady and unsteady heat conduction problems in the fuel
rod, Eq. (9), are solved by the elliptic finite volume method described by Patankar
[12]

The conjugate conduction-convection coupling is solved via an iterative
approach in which the energy and momentum equations for the fluid and the
energy equation for the fuel rod are solved consecutively. To start the first
iteration, the fuel energy equation, Eq. (9), is solved by imposing a guessed value of
8,(X) as the boundary condition needed in Eq. 10¢c. The solution obtained is fed
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into the fluid energy equation, Eq. (7), via the term (98/dm),_, 5 (Eq. 8a), which is
solved, after solving the fluid momentum equation, to obtain updated values for
8,(X). The updated 6,(X) is used to initiate the second iteration, and the fuel rod
energy equation is solved again. This procedure is continued until convergence to
at least four significant figures is reached.

The computational task is fairly demanding due to the periodic geometry (in
the case of axial dilution) and the iterative nature of the adopted solution
procedure. In the case of axial dilution, the thermal boundary layer developing
each time a fuel segment is encountered necessitates the use of a smaller forward
step size. The flow computations are performed with 175 grid points scanning the
annulus cross section, 0.5 < 7 < D./2, and clustering near the rod wall. In the
axial direction, a uniform step size of value 10~ for all radially diluted rods and
10™* for all axially diluted rods is used. A total of 1500 or 22,500 points in the
streamwise direction are employed, and the 1500 X 175 or 22,500 X 175 mesh
systems for the radially and axially diluted rods, respectively, are found to be
adequate for producing grid independent results. For the solution of the fuel rod
conduction equation for both steady and unsteady situations, a mesh is employed
consisting of 71 grid points in the axial direction for radial dilution, and 105 grid
points for axial dilution. In the radial direction, 54 grid points are used for both
types of dilution. When transferring data from the steady condition problem to the
convection problem, linear interpolation was employed. The step size in the flow
problem was sometimes modified to allow for the radial faces of the conduction
control volume to be identical to streamwise positions in the flow solution, so that
the transfer of information from the flow problem to the conduction problem is
made direct and easier.

RESULTS AND DISCUSSION

As mentioned before, two sets of illustrative cases are considered. The first
set corresponds to axial dilution, where four values of ND(ND = 1, 2, 3, and 4) are
considered. This selection explores the effect of increasing the number of added
diluent parts ND on the thermal performance of the fuel rod. The second set
consists of a wider variety of cases chosen to investigate radial dilution, whereby
three trends of analysis are followed. The first trend is varying a, the ratio of the
volume of added diluent to total fuel rod volume, where the following six values are
considered: 0, 0.1, 0.2, 0.3, 0.5, and 0.7. The parameter a reflects the effectiveness
of the heat sink, represented by the diluent, as compared with the heat source
represented by the fuel. The second trend is the way the diluent is radially
distributed. Only two possible distributions are investigated; the first locates all the
diluent at the central axis of the rod, so that b =1 and R, = 0, whereas the
second locates half of the diluent material at the central axis (b = 0.5) and the
other half at a radius that is equal to 0.7 times the outer fuel strip radius
(R; = 0.7). The third trend of analysis is intended to study the effects of the
diluent thermal properties. For this purpose, four materials are considered: ura-
nium dioxide (UO,), graphite (C), alumina (Al,0,), and silicon carbide (SiC).
Results presented in the following sections reveal the influence on steady and
unsteady heat transfer of the various parameters involved.
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COMPARISON OF ANALYTICAL AND NUMERICAL RESULTS

Due to the unavailability of any experimental data related to the problem at
hand, results are validated by comparing numerical steady state conduction values
obtained in the original nondiluted rod against results generated analytically using
various empirical turbulent models (Figure 2). The empirical models used in
obtaining the heat transfer coefficients {13, 14], which do not apply completely to
the case of fluid flow around a cylinder with variable heat generation, are
represented by the following equations:

Dittus-Boelter: St, = 0.023 Re, %2 Pr~%¢ (Model 1) (11a)
McAdams: Nu, = 0.019 Re® Pr®4 (Model 2) (11b)
':"" ""'r Numerleat | ! - —!;"/‘:j
::::: :_:l;--- Arlnlyllrll ) L :—:

] ' I DI N Pttt iel SR N
bulk .8003 T--— ’t’—' N
-.nu: :/| = PR S
[ 16.021 55.054 . x . - B !
()
nans = Numarical ‘ | ! ! T
Oan, ||
l,ﬂﬂl: “;—J‘:‘:’-‘ I E
L] 16831 55,084 ..206 x 111.51% LEL A .\ X
(b)

L] 26811 58,084 43,286 11519 139751 16798 14808

X
(c)

Figure 2. Comparison between numerical and analytical predictions of (a)
coolant bulk temperature, (b) wall temperature, and (¢) Nusselt number
along the original fuel rod.
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Colburn: Sty (mc,, /k,)”" = 0.023 Re; *? (Model 3) (11¢)

Seider and Tate: St, Pr¥/3(m,,/m,)*"

= 0.027 Re; °? (Model 4) (11d)
where St = h/puc, is the Stanton number. These models are applicable to
turbulent fluid flow in a smooth pipe, where the variation of streamwise wall
temperature and fluid properties is not anticipated precisely, for 0.5 < Pr < 120,
2000 < Re < 107, and L/D > 50, all satisfied here. Moreover, the coolant bulk
temperature at the exit, used as input to the analytical solver, was determined on
the basis of the simple overall energy balance without accounting for the variation
of the fluid thermal capacity and did not include conduction effects in the
streamwise direction. This has led to underestimating the coolant bulk temperature
at the exit, as shown in Figure 2a. However, the general behavior is similar to that
obtained numerically. Furthermore, as a result of the above approximations, the
analytical distributions of wall temperatures (Figure 2b) and Nusselt numbers
(Figure 2¢) either underestimate or overestimate the actual situation, which is best
represented through the numerical results. As shown in Figure 25, the streamwise
wall temperature distributions obtained using the various empirical models show
the same behavior as the numerical distribution, namely, of rising to a maximum
somewhere beyond the center and then decreasing all the way to the exit.
Therefore, the numerical results fall in the range of results generated by the
empirical models, which shows the adequacy and correctness of the numerical
procedure.

STEADY CONJUGATE HEAT TRANSFER RESULTS
Axial Dilution

Bulk temperatures. The streamwise variation of the fluid bulk tempera-
ture, defined as,

T, = fd‘/zpu(Z'rrr dr)cPT/ij/zpu(Z'rrr drc, (12)
d,2 do/2

for the various values of ND are depicted in Figure 3a. It is noted that although
the dimensionless values at an axial location are different for different values of
ND, they are exactly the same at the exit. For these cases, 6y, equals to 0.0009,
which yields a dimensional exit bulk temperature of nearly 770 K. For the original
nondiluted rod, even though 8y, is not equal to 0.0009, because the length of
the fuel rod for this case is two thirds of the axially diluted rod, the dimensional
exit bulk temperature is again 770 K. Note that, since the energy produced by the
fuel rod, Q, the coolant inlet velocity and temperature, and the coolant flow area
are fixed throughout the analysis, the equality at the exit of the fluid bulk
temperature should be expected and may be explained on the basis of the law of
energy conservation; energy released by the fuel rod is equal to the energy carried
by the fluid. The only noninsulated wall is the one in contact with the coolant, and
therefore, no energy generated within the rod can be transferred except to the
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Figure 3. (a) Streamwise variation of the coolant bulk
temperature for various axially diluted rods. () Variation of
maximum bulk, wall, and fuel temperatures with ND for
axially diluted rods.

fiuid. Since for various values of ND the same energy is released, the same energy
will be carried by the fluid and thus, the bulk temperatures at the exit should be
equal.

The streamwise distribution of T,, however, is very dependent upon ND
(Figure 3a). The reason for that is the presence of the diluent parts in which no
heat is generated and along which the increase in the bulk temperature is
marginal. This marginal increase in the bulk temperature along the diluent parts
implies that their wall temperature is nearly uniform and equal to T,. Thus, the
diluents are not serving the purpose for which they were added, i.e., they are not
acting as in-core heat sinks, and they simply redistribute the locations where heat is
convected to the fluid. Moreover, heat is not conducted effectively to the diluent
parts in the fuel rod because the dominant direction of heat transfer is the radial
direction due to two factors: (1) the radial dimension is very small in comparison to
the axial dimension (L, /d, = 292); (2) the high radial temperature gradient in the
fuel rod, the low coolant temperature, and the high turbulence mixing cause the
energy generated to be convected to the coolant, leaving almost no energy to be
conducted to the diluent. The temperature profiles displayed in Figure 3b show
once more that the bulk temperature at the exit is independent of ND.

Wall and fuel temperatures. The streamwise variation of the wall temper-
ature for the nondiluted rod is shown in Figure 4a. It rises from a minimum
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Figure 4. Axial variation of (a) wall temperature and (b) Nusselt
number for various axially diluted rods. Symbols explained in
Figure 3.

(6 = 0) at the inlet to a maximum somewhere beyond the middle of the fuel rod,
and then decreases all the way to the exit. Even though the heat source has a
cosine distribution that maximizes at the center, the maximum wall temperature is
shifted toward the exit due to the interaction of the heat source with the convective
coolant fluid of steadily increasing bulk temperature.

The same phenomenon of shifting the maximum wall temperature is revealed
in the axially diluted rods (Figure 4&), but the existence of the diluent renders the
axial wall temperature distribution different. It is first noted that the heat source
distribution in a certain fuel part is the same as that for the corresponding part in
the original nondiluted rod. The heat source distribution together with the steadily
increasing bulk temperature, which is almost constant over a diluent part, cause
the wall temperature along a fuel part to be similar to that of the corresponding
part of the nondiluted rod. Moreover, the wall temperature along all diluent parts
shows a common behavior of decreasing at the entrance and then maintaining a
constant value until reaching the other end, after which it increases abruptly at the
inlet to the adjacent fuel part. Furthermore, due to the weak axial conduction,
which does not allow heat to be transferred axially a significant distance inside the
diluent, the wall temperature is equal to the bulk temperature there, indicating a
radial flux of zero value. :

Since the length of an axially diluted rod is 1.5 times that of the nondiluted
rod, the actual wall temperature for ND > 0 should be viewed as multiplied by a
factor of 2 /3, as was the case when bulk temperatures were compared. With this in
mind, the maximum dimensionless wall temperature 6, for the nondiluted rod is
0.002, which is approximately two thirds that of the axially diluted rod when
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ND = 1(0.0031). Referring to Figure 3b, the maximum wall temperature is seen to
be nearly independent of ND, with a shy minimum for a value of ND between 2
and 3 due to a relatively more effective distribution of the dituent that slightly
enhances axial conduction, causing a redistribution of the wall temperature with a
drop in its maximum value. The maximum fuel temperature profile shows notice-
able dependence on ND (Figure 3b). As was the case with the wall temperature,
the lowest maximum fuel temperature is also obtained for a value of ND between 2
and 3.

Nusselt numbers. The local and average Nusselt numbers are calculated
using the following equations:

Nu = hdo/kf Nuave = havedo/kfavc (13)

The streamwise variations of Nusselt number for various values of ND are
presented in Figure 4b. The general behavior indicates two levels between which it
varies. The upper level is reached when the coolant flows along a fuel part,
whereas the lower level (= 0) is attained when the coolant flows along a diluent
part. Along a fuel part, Nu reaches the upper level and decreases with increasing
downstream distance until reaching a diluent part, where it drops almost abruptly
to the lower level. At the entrance to a fuel part, a new thermal boundary layer is
generated, which results in higher values of heat transfer coefficient due to the
high heat transfer rates associated with developing boundary layers. The average
values, however (not presented for compactness), are found, as expected, to be
nearly equal and independent of ND (variation is in the range [294, 308)), reflecting
the equality of the amount of energy transferred. The slight differences among the
various values are attributed to variations in the fluid properties upon which the
fluid thermal conductivity is dependent.

Radial Dilution

Bulk temperatures. The streamwise variations of the coolant bulk tempera-
ture are displayed in Figure 5a. In this case the dimensionless length of the domain
becomes shorter as @ increases due to the increase in the outer diameter d,,. The
relation between the dimensional and dimensionless temperatures may be written
as

4Q 6
T, =T, 2 5 (14)

_}_ — —
" wL k

where @ is the total energy generated by the fuel rod. From the above equation,
since the rod length L is constant, the dimensionless bulk temperature 9, gives
nearly a direct reference to the dimensional bulk temperature T,. Referring to
Figure 5a, it is noted that the coolant bulk temperature at the exit is nearly the
same for all diluent additions with a slight increase with a. This slight increase is
due to the dependence of ¢, and k; on temperature. Furthermore, since

Q = mcpav(Th(exit) - Tb(inlcr)) (15)
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Figure 5. (a) Streamwise variation of the coolant bulk and wall
temperatures for various radially diluted rods (a = 0, 0.1, 0.2, 0.3,
0.5, and 0.7, central dilution). (4) Variation of maximum bulk, wall,
and fuel temperatures with a for radially diluted rods (central
dilution).

Texiy May vary slightly due to variations in the coolant heat capacity. Variations
of Byeyiry With a are shown comparatively with corresponding variations of maxi-
mum wall and fuel temperatures in Figure 5b.

The effect of redistributing the same amount of diluent, using the practices
described earlier, on the coolant bulk temperature is small to the extent that it is
not revealed for the highest value of a. This is because the diluent has no effect on
the heat generated at a certain streamwise location, so that the corresponding
energy carried by the fluid at that location is the same. Moreover, for the highest
diluent addition of a = 0.7, the effect of varying the diluent material, and conse-
quently, the diluent properties are found to be negligible.

Wall temperatures. The streamwise variation of wall temperatures {Figure
5a) is similar to that of the nondiluted rod discussed previously (Figure 2a). As
depicted in Figure 54, the wall temperature decreases with increasing . This is
anticipated due to the increase in the fuel rod volume and radial dimension. Since
the heat conducted in the rod is directly proportional to A4 dt/dr and since 4 and
dr are increasing, dt should decrease for the same amount of heat conducted.
Moreover, the streamwise uniformity of the diluent distribution renders similar
streamwise behavior of wall temperature distributions for the various diluent
additions (@ = 0-0.7) with identical locations of maximum wall temperatures.

As mentioned before, the maximum wall temperature is the basic design
temperature that should be maintained below its critical value. Increasing a results



PERFORMANCE OF NUCLEAR FUEL CELLS 245

in a significant decrease in the maximum wall temperature, as shown in Figure 5a.
Therefore, this configuration holds great promise for inherently improving the
safety of the nuclear reactor. Since the wall temperature has decreased, the
nuclear reactor will be able, in case of loss of coolant accidents, to absorb its own
generated heat for a longer time before melting. Furthermore, the effects of
diluent distribution and diluent material on the streamwise distribution of wall
temperatures are found to be negligible.

Nusselt numbers. The streamwise variation of Nu (Figure 6a) is similar to
that of the nondiluted rod (Figure 2¢) due to the axial uniformity of the radial
diluent distribution. Moreover, average Nu values increase with increasing values
of a (Figure 6b). To explain this behavior, reference is made to Eq. (13), where Nu
is seen to be mainly dependent on d, and h because variations in k, are
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Figure 6. (a) Axial variation of Nusselt number for radially
diluted rods (central dilution). (b) Variation of average Nusselt
number with a for radially diluted rods (central dilution). {c)
Variation of maximum fuel temperature with a for central and
central-and-strip radial dilutions.
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comparatively small. Since the values of d, and h both increase with a, Nu should
increase. The increase in the level of heat transfer coefficient can be explained by
referring to its average value and the following energy balance equation:

Q= hachc(Tw(ave) - Tb) (16)

As a increases, the coolant—fuel rod contact area (A4,.) increases and 7,
decreases, but the rate of decrease in T,,,., is much higher than the rate of
increase in A .. Therefore, since Q, the heat generated by the fuel, is constant, Eq.
(16) shows that A should increase. Again, the effects of diluent distribution and
material on Nu are found to be marginal.

Maximum fuel temperature. The maximum fuel temperature is found to
be dependent not only on the amount of diluent added but also on the way it is
distributed. Referring to Figure 6¢, as a increases, the maximum fuel temperature
decreases for both types of radial dilution. However, placing a part of the diluent
away from the central axis results in fuel temperatures higher than those obtained
with pure central dilution because of the higher thermal resistance induced by the
diluent part, which necessitates higher temperature difference for the same heat
flux. This difference is magnified ‘as the amount of added diluent increases (i.c., a)
up to a critical value (a, = 0.5). Increasing a above a, reduces A6, ma, (dif-
ference in maximum fuel temperature for both types of radial dilution) due to the
relatively large amount of added diluent,

UNSTEADY CONDUCTION HEAT TRANSFER RESULTS

The steady state results of the previous section are as the initial conditions
for simulating the transient performance of the reactor core in case of a sudden
loss of coolant accident. Under such conditions, the problem reduces to that of
unsteady conduction heat transfer in a thermally insulated heat generating rod.
The temperature in the rod is expected to increase with time, but at different rates;
the temperatures in regions close to the coolant in steady state performance are
expected to experience higher rates of increase than those nearer to the centeriine,
especially since the wall is assumed to be insulated.

It should be noted that during steady operation, even though the maximum
wall temperature was lower than the maximum fuel temperature, it was closer to its
limiting value (i.e., 6, pnass)/ Owgimy = 00079 and Oei maxess)” Vruetgimy = 0-0755)
(Figure 5a). The limiting dimensional wall temperature for the stainless steel
cladding is the melting point, equal to 1673 K, which corresponds to a dimension-
less value of 6,4;n,, = 0.0254. (The limiting value is actually the fault temperature,
which is lower than the melting temperature and beyond which the material loses
its strength. However, in this work, the melting point is assumed to be the limiting
temperature.) Whereas the limiting fuel temperature is 3138 K, corresponding to
Otverimy = 0.1085. Thus, the maximum wall temperature is expected to reach its
limiting value before the maximum fuel temperature.

The above speculations are confirmed by the unsteady streamwise distribu-
tion of wall (Figure 7a) and fuel centerline temperatures (Figure 7b) of the original
nondiluted rod. As depicted the wall and fuel temperatures maintain the same
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Figure 7. Transient axial distribution of (@} wall and (b) centerline temperatures in the original
nondiluted fuel rod. Transient variation of (¢) axial and (d) maximum wall temperatures in axially
diluted rods.

shape, with a shift in the maximum toward the center, where maximum heat
generation occurs. This is because the rod is insulated, convection is totally lost,
and the radial direction is the dominant direction of conduction heat transfer.
From Figure 7a and 7b, it is obvious that the maximum wall temperature will reach
its limiting value long before the fuel centerline temperature because it is increas-
ing at a higher rate (e.g., at * = (0.1, 6,,,, increases by a factor of about 7,
whereas .., increases by a factor of 2 only). Thus attention should be directed
toward maximizing the time delay before the maximum wall temperature reaches
its limiting value.

Axial Dilution

Maximum wall temperature. The unsteady streamwise distribution of wall
temperature is shown in Figure 7¢ for the case of ND = 4. It is noted that the wall
temperature along a diluent section experiences a very slight increase in its value
during unsteady performance, whereas it increases at a much higher rate along a
fuel part. This is to be expected for reasons mentioned in the steady state analysis.
The variation of maximum wall temperature with time for the various diluent
additions is displayed in Figure 7d. The difference between the maximum wall
temperature of the nondiluted and diluted rods is small and does not increase
appreciably with time, which assures that the added diluent parts are not serving



248 F. MOUKALLED ET AL.

their intended purpose and are not acting as in-core heat sinks. The slightly lower
maximum wall temperature for higher ND values continues during unsteady
performance.

Maximum fuel temperature. The unsteady streamwise distribution of fuel
temperature (centerline temperature) is presented in Figure 8a for the case of
ND = 4. As displayed, the unsteady behavior is similar to that of the wall
temperature, but the rate of increase in temperature with time is much lower than
that along the wall. Figure 85 shows the transient variation of the maximum fuel
temperature for various diluent additions. The rate of increase in the value of
Bruexmaxy 1S initially low, but this rate increases with time. This is due to the fact
that at the beginning of the unsteady performance, wall temperatures being low, a
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Figure 8. (a) Transient axial distribution of center-
line temperature in axially diluted rods. (b) Varia-
tion of maximum centerline temperature with time
for axially diluted rods. (¢) Transient axial distribu-
tion of wall temperature in radially diluted rods
(a = 0.7, central dilution).
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large amount of the heat generated is radially conducted toward the outer wall. As
time increases, wall temperatures increase, leading to lower radial conduction and
thereby to higher values of fuel temperatures. Actually, this is the main reason why
the maximum wall temperature increases at a rate higher than that of the fuel
temperature and reaches its limiting value first.

Radial Dilution

Maximum wall temperature. A typical unsteady streamwise distribution
of the wall temperature for a radially diluted rod (@ = 0.7) is shown in Figure 8c.
The same phenomenon, as for the axially diluted rod, of slightly shifting the
maximum toward the center, is revealed. Figure 94 shows the temporal variation of
the maximum wall temperature for the various radial diluent additions using
dimensionless parameters while Figure 95 shows the same figure in dimensional
form. Even though the curves in Figure 9a are near each other in the correspond-
ing range of ¢*, the actual times corresponding to a dimensionless wall tempera-
ture value are different. This is because, for a certain value of t*, the value of ¢
depends on a. In order to further clarify Figure 9a, its dimensional counterpart is
depicted in Figure 9b. From the figure, the great increase in time delay before
melting with increasing values of a is obvious. This confirms once more the
effectiveness of radial dilution in acting as an in-core heat sink and in improving
the safety of the reactor based solely on its inherent safety features.

Further, the time required for the maximum wall temperature to reach a
certain value is seen to increase with increasing values of 4 and to be approxi-
mately inversely proportional to the square of the outer diameter. For example,
varying a from 0 to 0.7 yields the ratio (dy,_q7,/doq-0)* = 1.9, which approxi-
mately equals the ratio of maximum wall temperature at a = 0 to that at a = 0.7
(64 max (a=0y/ Owmaxa=07y = 2.1) at t* = 0,054. The slight differences among the
curves in Figure Ba may be attributed to variations in the thermal properties of the
cladding material with temperature (note that ¢* = ta/d?).

Figure 9¢ shows that the distribution of diluent has negligible effects on
decreasing the maximum wall temperature during transient operation for the same
reasons stated in the steady state analysis section. Varying the diluent material
and, consequently, the diluent thermal properties, however, proved to have a
considerable effect on the value of the maximum wall temperature (Figure 94) due
to the different thermal diffusivities of the materials (Table 3). Materials of higher
thermal diffusivities (UO, and graphite) show lower wall temperatures than those
of lower thermal diffusivities (Al,O, and SiC).

Table 3. Average thermal diffusivities of various diluent materials

Material o, mz/s

UG, 728 x 1077
Graphite 9.4 x 1077
Al, O, 9.8 x 1078

SiC 1.9 x 10°7
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Figure 9. Variation of (4) dimensionless and (b) dimensional maximum wall temperatures with time for
radially diluted rods (central dilution). Variation of maximum wall temperature with time for (¢) central
and central-and-strip radial dilutions and (d) central radiat dilution using different diluent materials
(a =0.7).

Maximum fuel temperature. The streamwise distribution of the fuel cen-
terline temperature is depicted in Figure 10a and shows, as anticipated, a shift of
the maximum toward the center. Figure 104 displays the variation of the maximum
fuel centerline temperature with time (¢+*) for the various diluent additions. A
better improvement than that experienced by the wall temperature is noticed (as
compared with the nondiluted rod), which is expected due to (1) better steady state
performance and (2) the initial small rates of increase due to initial low wall
temperatures. Consequently, the improvement in the fuel centerline temperature
overrides the ratio of the diameters squared defined in the previous section.

The diluent thermal diffusivity also affects the value of the maximum fuel
centerline temperature (Figure 10c), the uranium dioxide and graphite showing
better performance. Even though redistributing the radially added diluent using
central and strip practices for a = 0.7 resulted in higher maximum fuel tempera-
ture under steady conditions, during unsteady performance (Figure 104), this
difference decreases with time until the two curves merge.

CONCLUSION

The thermal performance under steady and unsteady conditions of axially
and radially diluted nuclear fuel cells was investigated numerically. Results gener-
ated indicate that axial dilution has a negligible effect on reducing the maximum
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Figure 10. (a) Transient axial distribution of centerline temperature in radially diluted rods (a = 0.7,
central dilution). Variation of dimensionless maximum centerline temperature with time for (&) radially
diluted rods (central dilution), (c) radially diluted reds using different diluent materials (a = 0.7, central
dilution), and (d) radially diluted rods using central and central-and-strip radial diluticn practices
(a=0.7.

fuel and wall temperatures of the fuel rod during steady performance and on
increasing the time delay before melting during unsteady operations. As such, its
implementation is not recommended. On the other hand, radial dilution shows a
great reduction in these temperatures during steady operation and a noticeable
increase in time delay before melting under unsteady conditions. Thus, this
configuration enhances the safety of the reactor, and its use is strongly recom-
mended. Finally, whether such fuel rods can economically be manufactured re-
mains an open question for the industry to answer,
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