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ABSTRACT

The RELAPS5-3D code is being considered as a thermal-hydraulic system code to support the
development of the sodium-cooled Actinide Burner Test Reactor as part of the Global Nuclear
Energy Partnership. An evaluation was performed to determine whether the control system
could be used to simulate the effects of non-convective mechanisms of heat transport in the fluid,
including axial and radial heat conduction and subchannel mixing, that are not currently
represented with internal code models. The evaluation also determined the relative importance
of axial and radial heat conduction and fluid mixing on peak cladding temperature for a wide
range of steady conditions and during a representative loss-of-flow transient. The evaluation was
performed using a RELAPS5-3D model of a subassembly in the Experimental Breeder Reactor-11,
which was used as a surrogate for the Actinide Burner Test Reactor.
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1. INTRODUCTION

The Actinide Burner Test Reactor (ABTR) is envisioned as a sodium-cooled, fast reactor that
will burn the actinides generated in light water reactors to reduce nuclear waste and ease
proliferation concerns as part of the Global Nuclear Energy Partnership. RELAP5-3D' is being
considered as a thermal-hydraulic system code to support the development of the ABTR. An
evaluation? of the code’s applicability for modeling the ABTR indicated that non-modeled
mechanisms of heat transport, including heat conduction and mixing in the fluid could be
important.

An evaluation was performed to determine whether existing models in RELAP5-3D could be
used to simulate the non-modeled mechanisms of heat transport. The evaluation determined the
importance of axial and radial heat conduction in the fluid for a wide range of steady-state
conditions and during a representative loss-of-flow transient. The evaluation also determined the
importance of mixing between adjacent rings within a subassembly. The evaluation used a
RELAPS5-3D model of a subassembly in the Experimental Breeder Reactor-II (EBR-II) because
the ABTR has not yet been designed.
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Section 2 of this paper describes the EBR-II subassembly and the RELAP5-3D models used in
the analysis. Section 3 describes the models for calculating the heat transport mechanisms
associated with heat conduction in the fluid and radial mixing within a subassembly. Section 4
presents results from the evaluations of these heat transport mechanisms. Conclusions and
references are also presented.

2. RELAPS-3D MODELS

Two RELAPS5-3D models were used in this evaluation. A one-dimensional model was used to
simulate the effects of axial heat conduction in the fluid. A two-dimensional model was used to
simulate the effects of radial conduction and mixing.

The RELAP5-3D models were based on a model® of the instrumented XX09 subassembly* in
EBR-II. The XX09 subassembly is illustrated in Figures 1 and 2. The subassembly contained 61
rods arranged in a triangular array within a hexagonal wall. The array contained 59 wire-
wrapped fuel rods and two rods that were used for instrument leads. Thermocouples were used
to measure fluid temperatures near the top of the active core and in the mixing section near the
top of the subassembly. The fuel rods contained a long gas plenum above the top of the core to
accommodate fission gas release. The “annular” thimble flow region outside of the subassembly
wall provided space for control rod insertion.
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Figure 1 Schematic of the XX09 Subassembly (from Ref. 4).
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Figure 2 Cross-sectional View of the XX09 Subassembly (from Ref. 4).

The one-dimensional model of the XX09 subassembly is illustrated in Figure 3. The model
represented the inlet, active core, gas plenum, thimble, and outlet regions of the subassembly.
The active core was modeled with Component 140, a one-dimensional pipe that contained ten
axial control volumes. Heat structures were used to represent the fuel rods and the subassembly
and thimble walls. Components 100 and 220 were time-dependent volumes that specified the
temperature of the sodium entering the subassembly and the pressure at the top of the
subassembly. Flow boundary conditions were applied at the bottom of the subassembly with a
time-dependent junction (Component 110). The flow area at Junction 190 was adjusted so that
the thimble received 5% of the total flow at normal operating conditions. Reference 4 did not
report the magnitude of the thimble flow, but Reference 5 stated that it was small. Reference 4
also did not describe the power profile in the XX09 subassembly or report values for the heat
loss from the thimble wall to the bypass region between subassemblies. Thus, simple
assumptions were made for this analysis. Specifically, the axial power profile was generated
with a chopped cosine distribution with a maximum axial peaking factor of 1.2 and the radial
power distribution was assumed to be uniform within the subassembly. The outer surface of the
thimble wall was assumed to be adiabatic.

The RELAPS5-3D model does not represent the XX09 subassembly exactly because of a lack of
information about the power and flow distributions within the XX09 and adjacent subassemblies
and the geometry in the inlet and outlet regions. Nonetheless, it is considered representative of a
fuel subassembly in a sodium-cooled fast reactor.
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Figure 3 One-dimensional RELAPS5-3D Model of the XX09 Subassembly.

A two-dimensional RELAP5-3D model of the XX09 subassembly was also developed. The two-
dimensional model was identical to the one-dimensional model except that it used five parallel
components to represent the core and gas plenum regions as shown in Figure 4. Each
component represented one of the five hexagonal rings inside the subassembly wall shown in
Figure 2. The boundaries between rings were defined by lines drawn through the center of each
row of fuel rods. The five radial rings were represented by Components 141 through 145 in the
core and Components 161 through 165 in the gas plenum region. Components 141 and 161
represented the first (innermost) ring, Components 142 and 162 represented the second ring, and
so forth. Multiple junction components (Components 156 through 159 and 176 through 179)
allowed crossflow between adjacent rings in the core and gas plenum regions.
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Figure 4 Two-dimensional RELAPS5-3D Model of the XX09 Subassembly.

3. CONDUCTION AND MIXING MODELS

The control system model of RELAP5-3D was used to simulate the effects of fluid heat
conduction and mixing. The control system provides a generalized capability to evaluate
algebraic and differential equations using standard mathematical operations and functions that
can interact with the code’s hydrodynamic calculations. In this evaluation, the control system
used fluid temperatures to calculate the heat transfer associated with heat conduction and radial
mixing in the fluid. The calculated amount of power was then added to or removed from the
various control volumes in the subassembly to represent these heat transport mechanisms. The
model used to represent fluid conduction is described in Section 3.1. The model was initially
developed for axial conduction and then was extended to represent radial conduction. Section
3.2 describes the development of the mixing model.
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3.1. Fluid Conduction

RELAPS5-3D was originally developed for analysis of light water reactors. The code does not
represent axial or radial heat conduction in the fluid because the relatively low thermal
conductivity of water ensures that their effects are small. However, the thermal conductivity of
sodium is about 100 times greater than that of water. Consequently, heat conduction in the fluid
has the potential to be important in fast reactors cooled by liquid sodium.

A simple rule of thumb® states that axial conduction may affect the heat transfer if the Peclet
number is less than 100. The axial Peclet number for the XX09 subassembly in the EBR-II was
about 100 at design conditions. Thus, the effects of axial conduction in the fluid could be
important for fast reactors cooled by sodium, particularly during transients in which the flow
decreases.

Reference 7 evaluated the effects of fluid axial conduction in the proposed STAR-LM reactor,
which is cooled by the natural circulation of lead-bismuth. The relative importance of the axial
conduction term was determined by choosing reference parameters and obtaining a non-
dimensional energy equation, which can be written as

DT 1 &*T"

_ -0 * 1
Dt"  Pe* ox*? Q M

where T is the temperature, t is time, X is the spatial coordinate, the superscript + refers to a non-
dimensional parameter, and D/Dt refers to the substantial or total time derivative. The Q,, term
represents wall heat transfer, the details of which are not important here. The modified Peclet
number, Pe*, can be written as

Pe* = RePrL 2)
h

where Re is the Reynolds number, which is based on the hydraulic diameter, Dy, Pr is the Prandtl
number, and L is the length of the component. Since the traditional Peclet number is the
Reynolds number times the Prandtl number, the modified Peclet number is just the traditional
value times the length-to-diameter ratio.

Appropriate choices for the reference parameters result in the first and third terms in Equation 1
having an order of magnitude of one at steady state. If the modified Peclet number is of order
one, the axial conduction term will also be of order one and hence will be of comparable
importance to the convection term. If the modified Peclet number is 100, the axial conduction
term will be roughly 1% of the convection term. Since RELAP5-3D should be able to represent
second- and third-order effects, Equation 1 indicates that axial conduction in the fluid should be
modeled when the modified Peclet number is less than 100.

A numerical method was developed to simulate the effects of axial conduction in the fluid.
Figure 5 illustrates a simple nodalization that contains three control volumes and two junctions
and defines a global distance coordinate, x. The subscripts, m-1, m, and m+1 refer to the



C. B. Davis NURETH-12
Evaluation of fluid conduction and mixing within the ABTR Log: 186

volumes while the subscripts m-1/2 and m+1/2 refer to the connecting junctions. The
temperature, T, at the center of each volume is assumed to be known. The density, p, heat
capacity, C, and thermal conductivity, k, are assumed to be constant within a control volume, but
are allowed to vary with temperature between control volumes. The geometry is defined by the
length, Ax, and flow area, A, of each volume.

X -
m-1 m-1/72 m m+1/2 mt+l
B AX | Ax | AX R

Ty Toin T, Toie Tan
pm—lcm-l mem pm+lcm+1
Ko k., Kt
Am-l Am Am+1
Ax, Ax,, AX

Figure 5 Nodalization Diagram for the Axial Fluid Conduction Model.

Applying Fourier’s law of heat conduction to calculate the heat transfer, q, between Volume m-1
and Junction m-1/2 yields

Tm—1/2 _Tm—l ] (3)
0.5A%,,

A1, m-12 = koA

Similarly, the heat transfer from Junction m-1/2 to Volume m is

T -T
=—k m m-1/2 . 4
qm—1/2,m m* *m O.SAXm ( )
For convenience, a volume property, B, and a junction property, D, are defined as
k A
B, =—o-= 5
" A (%)
and
-2B_ B
— m— m 6
m-1,m B B ( )

m-1"—"m
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No energy is assumed to be stored at the junction between adjacent volumes. Therefore,
Equations 3 and 4 can be equated and solved to obtain the temperature at the junction

Bm—le—l + Bme
Than = B +B
m-1 m

(7

Equations 5, 6, and 7 can be combined with either Equation 3 or 4 to obtain the heat transfer
from Volume m-1 to Volume m

qm—l,m = Dm—l,m (Tm - Tm—l) . (8)

The total power added to Volume m, Q.,, can be written as

Q.= ZQi,m - qu,i )

Inlets Outlets

where the first sum is taken over all the junctions attached to the inlet face of Volume m and the
second sum is taken over all the junctions attached to the outlet face of Volume m. The usage of
the terms “inlets” and “outlets” here is governed by the global distance coordinate, x. The inlets
are those junctions connected to the face of Volume m with the lower value of x while the outlets
are connected to the face with the higher value of x. Hence, the definition of inlets and outlets
used here differs from the normal RELAP5-3D usage, where inlets and outlets are based on the
definition of positive flow according to a local coordinate that can vary for every control volume.

The RELAPS5-3D control system model summarized by Equation 9 can be extended to simulate
radial conduction by using appropriate values for the geometry. The length term in Equation 5 is
based on the input length in the crossflow direction. The flow area term in Equation 5 is
calculated as the fluid volume of the control volume divided by the input length. Since the fluid
volume accounts for the presence of the fuel rods, the radial conduction model also accounts for
the presence of the fuel rods in an average sense. A conduction shape factor® could be applied to
obtain a more accurate representation of the geometrical effects on the radial heat conduction
process, but was not used in this evaluation.

3.2. Radial Mixing

Each fuel rod in the XX09 subassembly was wrapped with a helical wire that maintained
separation between the fuel rods and promoted mixing between subchannels. A model was
developed to simulate the effects of mixing between adjacent rings in the two-dimensional model
summarized in Figure 4.

The calculated mixing between rings was based on the model described in Reference 9. The
transfer of energy between adjacent subchannels is based on the dimensionless effective eddy

diffusivity, &*,

g*= effective transverse mass flux / axial mass flux = C_ (A, /A})"*tand (10)
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where

-0.5
P-D
C, =C :0.14(Tj (11)

for turbulent flow and
P-D

-0.5
C,=C, = 0.077[Tj (12)

for laminar flow. The geometrical parameters A;;, A}, and 0 are calculated as

A,=x(D+D,)D, /6, (13)

Al =(V3/4)p> - 208 (14)
and

cosd = H/y/H? + (z(D+D,))* , (15)

where D is the diameter of the fuel rod, Dy, is the diameter of the wire, P is the fuel rod pitch,
and H is the height of one revolution of the helical wire wrap.

The flow regime is determined from the Reynolds number, Re, which is calculated for flow in
the axial direction and accounts for the presence of the wire on the fluid velocity and the
hydraulic diameter. For laminar flow,

Re< RCL — 10147(P/D—1)+10g10300 . (16)
For turbulent flow,

Re>Re, =1007®P-D+ (17)

The dimensionless effective eddy diffusivity in the transition region between laminar and
turbulent flow is calculated as

g*=g* +(e* -e* P (18)
where

_ logyRe-log; Re

= (19)
log ,Rer -log,Re,
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The dimensionless effective eddy diffusivity accounts for the mixing caused by the wire
wrapping and turbulence. The mixing caused by the wire wrapping is larger than that caused by
turbulence. Based on the geometry of the XX09 subassembly, ¢* varies between 0.013 for
laminar flow and 0.023 for turbulent flow.

The effective transverse mass flow, m;, between rings is calculated as
m; =e*GA;, (20)
where G is the axial mass flux and Ar is the transverse flow area, which is calculated as
Ar=n,4(P-D)Ax, 21)

where ny04 1S the number of rods along the boundary between rings and Ax is the height of the
control volume.

The effective rate of energy interchange, Qjj, between rings i and j is calculated as

Qij =mC(T; - Tj) > (22)

where C is the specific heat capacity of the fluid and T is the fluid temperature. The values of
the dimensionless effective eddy diffusivity and mass flux in Equation 20 and the heat capacity
in Equation 22 are averaged from the corresponding values in the adjacent rings. The RELAP5-
3D control system was used to simulate the energy exchange associated with Equation 22. The
mass exchange associated with Equation 20 was not modeled directly.

4. RESULTS

4.1 Axial Conduction

The one-dimensional RELAP5-3D model shown in Figure 3 was used determine the effects of
axial conduction in the fluid for a wide range of steady-state conditions and a loss-of-flow
transient. The RELAP5-3D control system was used to calculate the heat transfer given by
Equation 9 for all of the control volumes in the model except for the two time-dependent
volumes. The model required about 7 control variables per junction to simulate axial
conduction. The net power added to each volume due to axial conduction was input into the
fluid using the direct heating option of the heat structures that represented the subassembly and
thimble walls. Note that the net power could be either positive or negative.

A series of steady-state calculations was performed to determine the importance of axial
conduction in the fluid for five operating conditions. The first operating condition corresponded
to the design conditions for the XX09, which were 2.594 kg/s and 486 kW. The inlet
temperature was 616 K based on the reported value for loss-of-flow tests'® in EBR-II and was
held constant for all the calculations. The other four operating conditions were performed at
reduced flows and powers. The design flow and power were multiplied by the same percentage,
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which varied between 10% and 0.01%, so that the same steady outlet temperature would be
achieved in each case.

The flow and power boundary conditions used are illustrated in Figure 6. The model initially
started with no flow and no power. The flow was ramped up to the design value over 10 s. The
power was ramped up to the design value beginning at 10 s and ending at 20 s. The calculation
was then continued with constant boundary conditions until steady conditions were achieved.
The flow and power were then decreased by an order of magnitude in a near step change until a
new steady state was achieved. This process was continued until a steady state was obtained at
all of the desired operating conditions with and without axial conduction in the fluid. The
modified Peclet number at the center of the core varied from about 10* to 1 during this process.

Normalized value

Time (s)

Figure 6 Flow and Power Boundary Conditions Used in the Steady-state Calculations.

Figure 7 shows steady-state axial fluid temperature profiles for the cases without axial
conduction. As expected, the exit temperature was nearly the same for all of the cases because
the power-to-flow ratio was the same for all the calculations. The axial temperature profiles
were also nearly identical for all of the cases.
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Figure 7 Fluid Temperature Profiles for the Cases without Axial Conduction.
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Figure 8 shows the steady-state axial fluid temperature profiles for the cases with axial
conduction. The primary effect of the axial conduction was to preheat the fluid in the inlet
region, which resulted in higher temperatures in the lower core. The amount of the preheating
depended on the magnitude of the flow. The maximum difference in fluid temperature due to
axial conduction was 0.08 K for the 100% case, 0.3 K for the 10% case, 2 K for the 1% case, 18
K for the 0.1% case, and 95 K for the 0.01% case. Based on a comparison of Figures 7 and 8,
the effects of axial conduction were nearly imperceptible until the normalized flow decreased to
0.1%.
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Figure 8 Fluid Temperature Profiles for the Cases with Axial Conduction in the Fluid.

The calculated effects of axial conduction shown by a comparison of Figures 7 and 8§ are
consistent with those expected from Equation 1. For example, the RELAP5-3D calculations
indicate that the effects of axial conduction are nearly imperceptible in the 1% case. The
modified Peclet number for the 1% case was about 150. Equation 1 indicates that the axial
conduction term is expected to be about 0.7% of the convective term at a modified Peclet
number of 150 and thus should be negligible. The RELAP5-3D calculations show that the
effects of axial conduction are important for the 0.01% case, which had a modified Peclet
number of 0.8. Equation 1 indicates that the axial conduction term should be slightly larger than
the convective term at a modified Peclet number of 0.8, and thus clearly should be important.

The results shown in Figure 8 accounted for axial conduction in the fluid, but did not account for
axial conduction in the heat structures. A review of the geometry in the core indicated that the
effects of axial conduction in the fluid should be larger than those due to axial conduction
through the fuel rods because the area for axial conduction in the rods is about the same as that in
the coolant and the thermal conductivity of the sodium is significantly greater than the average
value for the rods. The effects of axial conduction of the heat structures were quantified using
the code’s conduction enclosure model, which allows an approximate multi-dimensional
analytical capability because the user can input a conductance that simulates axial heat transfer
between adjacent heat structures. As described in Reference 11, the results of the code
calculations confirmed that the effects of axial conduction in the fluid are larger than those due to
axial conduction through the fuel rods.
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The calculated results shown previously represented the effects of axial conduction for a wide
range of steady-state conditions. Calculations were also performed that simulated a loss-of-flow
transient'? in a loop-type reactor. The transient was initiated by a loss of the primary sodium
pumps, which caused a reactor scram. After the primary pumps coasted down, the pony motors
held the flow at about 15% until they were assumed to fail about 5 minutes into the event.
Reference 12 reported that the flow reversed in most of the core channels before the onset of
natural circulation. The flow in the high-powered subassembly never reversed, but approached
stagnation conditions.

The RELAPS5-3D model shown in Figure 3 was used to simulate a loss-of-flow event based on
the transient described in Reference 12. The normalized flow and power boundary conditions
for the transient are shown in Figure 9. The inlet flow was assumed to completely stagnate for
40 s to maximize the effects of axial conduction. The power was assumed to remain constant at
2.5% of the design value for the XX09 subassembly, which is reasonably consistent with the
expected decay power following infinite operation of U-235." The normalized power exceeded
the normalized flow for about 80 s prior to the onset of natural circulation near 440 s. The inlet
fluid temperature was held constant at 616 K.

0,20 —r 7 T 177 1T 17T T T T17
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$
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g 0.05 .
B
2 .
0.00 .
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Figure 9 Boundary Conditions for the Loss-of-flow Transient.

Two calculations were performed to simulate the loss-of-flow transient after the loss of the pony
motor. The calculations were started from a steady state based on the normalized flow and
power shown in Figure 9 at 300 s. The first calculation neglected the effects of axial conduction
in the fluid and the heat structures. The second calculation accounted for the effects of axial
conduction using the control system summarized by Equation 9 to simulate the effects of
conduction in the fluid and enclosure models to simulate the effects of conduction in the heat
structures.

The results of the transient simulations are summarized in Figures 10 and 11, which show the
maximum cladding temperature in the core as a function of time and the axial fluid temperature
profile at 430 s, respectively. Axial conduction raised the temperature at the bottom of the core
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and lowered the temperature at the top of the core, but the effects were relatively small. The
largest difference in maximum cladding temperature was 16 K. The effect of axial conduction
was exaggerated by the assumption of complete flow stagnation at the inlet to the subassembly
and by the use of the one-dimensional model, which does not allow internal natural circulation
within the subassembly. As will be shown later, internal natural circulation is an important
cooling mechanism at low flows.
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Figure 10 Maximum Cladding Temperature during the Loss-of-flow Transient.
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Figure 11 Axial Fluid Temperature Profiles during the Loss-of-flow Transient.

Reference 14 presents a closed-form solution for one-dimensional transient heat conduction in a
solid with constant thermal properties that is bounded by two parallel planes. Graphical results
are presented for a solid that is at a uniform initial temperature and subjected to a step change in
temperature at both surfaces, which are also applicable for the case in which the temperature at
one surface experiences a step change and an artificial surface at the midpoint of the solid is
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adiabatic. Based on the geometry of the XX09 subassembly and the thermal properties of
sodium, 190 s are required for 5% of the step change in temperature at one end of the core to
reach the other end. The time required for 95% of the step change to propagate through the core
is more than 2500 s. Since the duration of flow stagnation in the transient was only 40 s, it is not
surprising that the effects of axial conduction are small during the transient.

A direct examination of the energy equation also confirms the fact that the axial conduction term
is small compared to the transient term during the flow stagnation. The one-dimensional energy
equation can be written as

oT or | o°T
pCE‘FpCV&—kaX—ZT—QW, (23)

where v is the fluid velocity, Qy, is the power per unit volume that is added to the coolant from
the walls, and the other variables are as defined in Section 3. An evaluation of Equation 23
based on the geometry of the XX09 subassembly showed that the first and last terms were
dominant during the flow stagnation and that the second and third terms were more than an order
of magnitude smaller. Consequently, the effect of axial conduction on the peak cladding
temperature is small compared to the temperature rise during the transient.

4.2 Radial Heat Transport

Radial fluid temperature measurements presented in Reference 4 showed variations of nearly 100
K near the top of the EBR-II XX09 subassembly during normal operation. Consequently,
evaluations were performed to determine the importance of radial heat transport due to
conduction and mixing. The evaluations utilized the two-dimensional RELAP5-3D model
shown in Figure 4.

Calculations were performed both with and without the radial heat transport models summarized
by Equations 9 and 22 for the sixty crossflow junctions illustrated in Figure 4 in the core and gas
plenum regions. The radial conduction and mixing models required about 8 and 15 control
variables per junction, respectively. Artificial heat structures were added to the inner four rings
of the model so that the net power added to each volume due to radial heat transport could be
accounted for using the code’s direct moderator heating option. The artificial heat structures,
which were only used in the calculations with radial conduction and radial mixing, were small.
Their thermal capacitance was only 1% of that of the cladding in the corresponding control
volume, so that they would not excessively affect calculated results during transients. The
effects of axial conduction in the fluid and heat structures were neglected. The calculations that
used the radial conduction model did not utilize the radial mixing model and vice versa so that
the influences of each heat transport mechanism could be distinguished.

The five steady-state calculations described previously in the evaluation of axial conduction were
repeated with the two-dimensional RELAP5-3D model. Figure 12 shows calculated radial
temperature profiles at the top of the core for normalized flows and powers varying between
100% and 0.01% of the design values. These results were obtained without radial conduction in
the fluid or radial mixing. The radial variation in temperature was large for the 100% and 10%
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cases, with a maximum value of about 130 K between the first and last rings. The large radial
variation in fluid temperature was primarily caused by differences in the power-to-flow ratios.
The mass flow rate in each ring was nearly proportional to the flow area of the ring. In the inner
four rings, the power-to-flow ratio was relatively high because the fluid was heated by fuel rods
on both the inner and outer boundaries. In the outermost ring, the power-to-flow ratio was about
half of that in the inner rings because the subassembly wall was unheated. Cooling of the
outermost ring by the flow through the thimble region also contributed to the radial temperature
variation. The radial temperature profiles were nearly flat when the normalized power and flow
were 1% or less of the design values. For these cases, buoyancy enhanced the flow through the
interior rings and reduced the flow in the outermost ring, which flattened the radial temperature
profile. For the 100% and 10% cases, buoyancy effects were insignificant compared to the
frictional effects.

850 - T T . —=
o o o
- O o o @) 4
800 - .
4
o - & & & A A 1
g o
s 750 | .
g 0 100% )
& ] 010%
= 700 ©1% 5 .
K A0.1% -
V)
650 <0.01% . )
0.00 0.01 0.02 0.03
Distance (m)

Figure 12 Steady-state Radial Fluid Temperature Profiles at the top of the Core.

The relative effects of the various models are compared in Figures 13 through 15, which show
radial fluid temperature profiles at the top of the core. Figures 13 and 14 show that the
maximum fluid temperature was nearly the same for all calculations with the two-dimensional
model when the normalized flow and power were 10% or more. However, radial conduction in
the fluid and radial mixing between rings flattened the temperature profile. These radial heat
transport mechanisms reduced the temperature in the fourth ring and increased the temperature in
the fifth ring. The effective conductance for radial conduction (-Dy,.; m in Equation 6) was about
four times bigger than the corresponding value for radial mixing (mC in Equation 22) at 100%

power and flow. Consequently, radial mixing had a larger effect on the temperature profile than
radial conduction at full power and flow. However, the effect on the temperature profile was
reversed at 10% power and flow, with conduction more important than mixing. The relative
importance of the mixing term decreased because the effect of mixing is roughly proportional to
the axial flow, which was a factor of 10 lower in the 10% case. The conduction and mixing
terms did not significantly affect the temperature profile when the normalized power and flow
were less than or equal to 1% because the energy transport within the subassembly was
dominated by internal natural circulation.
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Figure 13 Radial Fluid Temperature Profiles for a Normalized Flow and Power of 100%.
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Figure 14 Radial Fluid Temperature Profiles for a Normalized Flow and Power of 10%.
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Figure 15 Radial Fluid Temperature Profiles for a Normalized Flow and Power of 1%.
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Figures 13 and 14 show that the one-dimensional model under predicted the maximum fluid
temperature for the 100% and 10% cases by about 50 K. Thus, the one-dimensional model
would also under predict the maximum cladding temperature by about 50 K during normal
operation. The one-dimensional model provides a good estimate of the maximum cladding
temperature at the lower flow rates when the temperature profile is relatively flat, but of course
does not account for the natural circulation within the subassembly.

Figures 16 and 17 show the relative effects of the various models on the axial fluid velocity
profiles at the top of the core. All the two-dimensional models predicted a relatively flat velocity
profile at 100% flow, with the largest velocity occurring in the outermost ring because of its
larger hydraulic diameter. These results indicate that the velocity profile during normal
operation is dominated by friction effects. The two-dimensional model without radial
conduction and mixing predicted much steeper radial gradients when the normalized power and
flow were 1% of the design values. In this case, the velocity profile was dominated by buoyancy
effects. The velocity was lowest in the outermost ring, which was heated by only one row of
rods instead of two rows for the inner rings. Figure 17 shows that radial heat conduction
flattened the velocity profile significantly, but the effect of radial mixing was small.
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Figure 16 Axial Fluid Velocity Profiles for a Normalized Flow and Power of 100%.
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Figure 17 Axial Velocity Profiles for a Normalized Flow and Power of 1%.

The loss-of-flow transient described in Section 4.1 was also simulated using the two-dimensional
RELAP5-3D model summarized in Figure 4. Figure 18 shows the effect of the radial conduction
and mixing models on the maximum cladding temperature in the core. The location of the
maximum temperature varied during the transient, but was always located in the inner ring and in
the upper third of the core. The figure also shows results from the one-dimensional model
without axial conduction that were shown previously in Figure 10.
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Figure 18 The Effects of Radial Heat Transport Mechanisms on the Maximum Cladding
Temperature during the Loss-of-flow Transient.

The maximum cladding temperatures predicted by the two-dimensional models were about 10 K
higher that from the one-dimensional model prior to the loss of the pony motor near 330 s, but
the one-dimensional model predicted the highest cladding temperature during the transient by a
large margin. The peak value predicted with the two-dimensional model without radial heat
transport was 200 K lower than the one-dimensional result because of the mixing within the
subassembly due to the buoyancy-driven flows. The higher flow rates with the two-dimensional
models also resulted in cooler fluid reaching the top of the core sooner after the inlet flow
restarted, which resulted in an earlier peak temperature. The effect of radial mixing was
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insignificant because the amount of mixing is proportional to the axial flow rate, which was
relatively small during the loss-of-flow transient. The calculated peak cladding temperature with
radial conduction in the fluid was 66 K higher than the calculation without radial conduction.
Radial conduction by itself would tend to flatten the radial temperature profile, which should
result in a lower peak cladding temperature during a transient. However, the flatter temperature
profile also reduced the natural circulation flow inside the subassembly as shown by Figure 19.
The reduced flow with radial conduction caused higher temperatures in the core and lower
temperatures in the gas plenum. The flow was initially upwards through the entire core in all of
the calculations. However, the flow in the outermost ring reversed shortly before and returned
positive shortly after the inlet flow, shown previously in Figure 9, stagnated in the two-
dimensional calculations. This reverse flow in the outermost ring allowed the gas plenum and
core regions to mix during the flow stagnation and was responsible for the lower cladding
temperatures with the two-dimensional models.
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Figure 19 The Effects of Radial Heat Transport Mechanisms on the Axial Fluid Velocity at
the top of the Core in the Third Ring during the Loss-of-flow Transient.

Radial conduction in the fluid significantly affected the results during the loss-of-flow transient,
which was in sharp contrast to the results obtained previously with axial conduction. The fact
that radial conduction significantly affects transient results is consistent with theoretical
considerations. Reference 14 presents a closed-form solution for the one-dimensional
temperature distribution across a solid cylinder with a constant initial temperature that is
subjected to a step change in the temperature at the outer surface for the case with constant
thermal properties. The closed-form solution was applied to a solid cylinder with a radius equal
to that of the XX09 subassembly and with heat transfer properties that are representative of
sodium. The time required for 95% of the step change to propagate to the interior of the cylinder
was only 7 s. Since the duration of flow stagnation in the transient was 40 s, it is not surprising
that the effects of radial conduction were significant.
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4.3 Stability

The fluid conduction model summarized in Equation 9 utilizes old-time temperature values and
is an explicit numerical scheme. Explicit solutions to the heat conduction equation in solids have
a numerical stability limit (see Ref. 14) that can be represented as

pCAx?
2k

At <

27)

where At is the time step size. Based on the thermal properties of sodium and the node sizes for
the XX09 subassembly in the RELAPS5-3D model, the stability limit is about 10 s for axial
conduction and 0.25 s for radial conduction. These values are greater than the time step size
typically used with RELAP5-3D during transients. A finer nodalization than used here would
reduce the maximum allowed time step size and thus could be of concern with respect to
stability. However, there is a large margin with respect to the axial nodalization. The radial
nodalization of one ring per row of rods used in this evaluation is probably the most detailed
radial nodalization that would ever be used with RELAPS5-3D. Thus, an explicit numerical
scheme is expected to be acceptable for representing heat conduction in the fluid in RELAPS-
3D.

5. CONCLUSIONS

The effects of axial conduction in the fluid are not important for most ABTR applications. Axial
conduction did not noticeably affect the steady-state temperature profiles until the normalized
flow and power decreased to 0.1% of the design values. The calculated effects of axial
conduction were large when the normalized power and flow were 0.01% of the design values.
The effects of axial conduction during the loss-of-flow transient were relatively small because of
the short time periods involved. Even though the calculated effects of axial conduction were
relatively small, they were probably overstated because the analyses were performed with the
one-dimensional model, which neglected the internal flows caused by buoyancy effects. If the
two-dimensional model had been used, it is expected that the effects of internal natural
circulation would have overwhelmed the effects of axial conduction when the normalized power
and inlet flow were less than or equal to 1% of the design values.

Subchannel effects within the subassembly are important in the calculation of peak cladding
temperature in the ABTR. The two-dimensional RELAP5-3D model predicted more than 100 K
radial variations in fluid temperature at the top of the core during normal operation, primarily
because the outermost ring was bounded by an unheated subassembly wall. The one-
dimensional model underestimated the maximum fluid temperature in the subassembly by more
than 50 K during normal operation. During a loss-of-flow transient, the one-dimensional model
did not account for the internal recirculation due to buoyancy and thus neglected an important
cooling mechanism. As a result, the peak cladding temperature obtained with the one-
dimensional model was more than 130 K higher than the corresponding values from the two-
dimensional models.
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The effects due to radial conduction in the fluid are also important in the calculation of peak
cladding temperature for the ABTR. Radial conduction significantly affected the steady-state
radial temperature profile when the normalized power and flow were 10% or more of the design
values. Radial heat conduction increased the peak cladding temperature by about 60 K during a
loss-of-flow transient.

The effects of radial mixing in a subassembly are also important at high flow rates. The steady-
state analyses showed that the mixing between subassemblies affected the radial fluid
temperature profile more than radial conduction did at design conditions. The effect of mixing
on the peak cladding temperature during a loss-of-flow transient was small because the amount
of mixing was proportional to the axial flow rate, which was small during the event. The effects
of radial mixing are expected to be important during transients with high flow rates.

Although RELAP5-3D does not have internal code models to represent heat conduction within a
fluid or radial mixing between subchannels, both phenomena can be adequately simulated using
the code’s control system model. However, the control system approach has two limitations.
First, this approach places a burden on the user in terms of the amount of work required to
represent these phenomena. Internal code models that could be easily turned on or off would be
far easier to use than developing a control system for each new application. Second, the control
system approach places an upper limit on the number of junctions at which radial heat transport
can be modeled. Because of the finite number of control variables available, radial conduction
and mixing can be simulated for a maximum of about 430 junctions. Therefore, internal code
models that calculate the effects of heat conduction and mixing in the fluid should be added to
RELAPS5-3D to support analyses of the ABTR.
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NOMENCLATURE

A Flow area Pe*  Modified Peclet number
At Transverse flow area Re Reynolds number

C Heat capacity q Heat transfer rate

Cm Mixing constant Q Total heat transfer rate

D Fuel rod diameter Qw Heat transfer rate per unit volume
Dy, Hydraulic diameter t Time

D. Wire diameter T Temperature

G Mass flux v Fluid velocity

H Wire wrap revolution height X Spatial coordinate

k Thermal conductivity

L Length g* Effective eddy diffusivity
M1 Transverse mass flow rate P Density

P Fuel rod pitch v Interpolating parameter

Pe Peclet number
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Subscripts Superscripts
L Laminar + Dimensionless parameter
T Turbulent
REFERENCES
1. RELAPS5-3D Development Team, RELAP5-3D Code Manual Volume 1: Code Structure,

10.

11.

12.

13.

System Models and Solution Methods, Idaho National Laboratory, INEEL-EXT-98-
00834, Revision 2.3, April 2005.

C. B. Davis, Applicability of RELAPS5-3D for Thermal-Hydraulic Analyses of a Sodium-
Cooled Actinide Burner Test Reactor, ldaho National Laboratory, INL/EXT-06-11518,
July 2006.

J. Talley, “Modeling EBR-II Loss of Flow and Loss of Heat Sink without SCRAM using
RELAPS-3D,” 2006 International RELAPS5 Users Seminar, West Yellowstone, MT,
September 16-18, 2006.

N. C. Messick, P. R. Betten, W. F. Booty, L. J. Christensen, R. M. Fryer, D. Mohr, H. P.
Planchon, and W. H. Radtke, “Modification of EBR-II Plant to Conduct Loss-of-Flow-
without-SCRAM Tests,” Nuclear Engineering and Design, 101, 13-23 (1987).

F. E. Dunn, J. E. Cahalan, D. Hahn, and H. Jeong, 2006, “Whole Core Sub-Channel
Analysis Verification with the EBR-II SHRT-17 Test,” Proceedings of ICAAP 06, Reno
NV, June 4-8, 2006, Paper 6364.

W. M. Kays and M. E. Crawford, Convective Heat and Mass Transfer, Second Edition,
McGraw-Hill Book Company, New York USA (1980).

Y. J. Yoo, P. Sabharwall, J. N. Reyes, Q. Wu, and J. J. Sienicki, “Effects of Fluid Axial
Conduction on Liquid Metal Natural Circulation and Linear Stability,” 2003 ANS/ENS
International Winter Meeting, (Global 2003), New Orleans, LA, November 16-20, 2003,
pp. 1523-1530.

H.Y. Jeong, K. S. Ha, Y. M. Kwon, Y. B. Lee, D. Hahn, J. E. Cahalan, and F. E. Dunn,
“Evaluation of the Conduction Shape Factor with a CFD Code for a Liquid-metal Heat
Transfer in Heated Triangular Rod Bundles,” Nuclear Engineering and Design, Article in
Press (2007).

S. K. Cheng and N. E. Todreas, “Hydrodynamic Models and Correlations for Bare and
Wire-wrapped Hexagonal Rod Bundles — Bundle Friction Factors, Subchannel Friction
Factors and Mixing Parameters,” Nuclear Engineering and Design, 92, pp. 227-251
(1986).

D. Mohr, L. K. Chang, E. E. Feldman, P. R. Betten, and H. P. Planchon, “Loss-of-
Primary-Flow Without-Scram Tests: Pretest Predictions and Preliminary Results,”
Nuclear Engineering and Design, 101, pp. 45-56 (1987).

C. B. Davis, Evaluation of the Use of Existing RELAP5-3D Models to Represent the
Actinide Burner Test Reactor, ldaho National Laboratory, INL/EXT-07-12228, February
2007.

F. E. Dunn and F. G. Prohammer, “SASSYS Analysis of Degraded Shut-Down Heat
Removal Performance in LMFBRs,” ASME Paper No. 82-WA/HT-37 (1982).

American Nuclear Society, “Decay Heat Power in Light Water Reactors,” ANSI/ANS-5.1
(1979).



C. B. Davis NURETH-12
Evaluation of fluid conduction and mixing within the ABTR Log: 186

14. H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids, Second Edition, Oxford
University Press, London UK (1959).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


