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ABSTRACT 

The RELAP5-3D 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 RELAP5-3D model of a subassembly in the Experimental Breeder Reactor-II, 
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.  RELAP5-3D1 is being 
considered as a thermal-hydraulic system code to support the development of the ABTR.  An 
evaluation2 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 
RELAP5-3D 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. RELAP5-3D MODELS 

Two RELAP5-3D 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 model3 of the instrumented XX09 subassembly4 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.   

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 RELAP5-3D 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 RELAP5-3D 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 RELAP5-3D 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 

RELAP5-3D 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 thumb6 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  

w2

2

Q
x
T

*Pe
1

Dt
DT     (1) 

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 Qw term 
represents wall heat transfer, the details of which are not important here.  The modified Peclet 
number, Pe*, can be written as  

     
hD

LRePrPe*       (2) 

where Re is the Reynolds number, which is based on the hydraulic diameter, Dh, 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 
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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, , 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, x, and flow area, A, of each volume.   
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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  

       
1m

1m1/2m
1m1m1/2m1,m x0.5

TTAkq  .    (3) 

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

m

1/2mm
mmm1/2,m x0.5

TTAkq .     (4) 

For convenience, a volume property, B, and a junction property, D, are defined as 

       
m

mm
m x

AkB       (5) 

and

      
m1m

m1m
m1,m BB

B2BD      (6) 
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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    

        
m1m

mm1m1m
1/2-m BB

TBTBT  .   (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 

       )T(TDq 1mmm1,mm1,m  .   (8)  

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

      
Outlets

im,
Inlets

mi,m qqQ      (9) 

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 RELAP5-3D 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 factor8 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, * ,

* =  effective transverse mass flux / axial mass flux =  tan)A/(AC 1/2
1r1m   (10) 
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where

     
0.5

mTm D
DP0.14CC      (11) 

for turbulent flow and 

     
0.5

mLm D
DP0.077CC      (12) 

for laminar flow.  The geometrical parameters Ar1 , 1A , and  are calculated as

     /6)DD(DA wwr1 ,      (13) 

/8DP/43A 22
1  ,     (14) 

and

2
w

2 ))D(D(HH/cos   ,    (15) 

where D is the diameter of the fuel rod,  Dw 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,  

     300log1)1.7(P/D
L

1010ReRe  .     (16) 

For turbulent flow,  

41)0.7(P/D
T 10ReRe   .     (17) 

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

2/3
LTL )*-*(**      (18) 

where

  .    
L10T10

L1010

Relog-Relog
Relog-Relog      (19) 
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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,  Tm , between rings is calculated as  

      TT AG*m ,      (20) 

where G is the axial mass flux and  AT is the transverse flow area, which is calculated as  

      xD)(PnA rodT ,     (21) 

where  nrod is the number of rods along the boundary between rings and x  is the height of the 
control volume.   

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

       )TC(TmQ jiTij ,     (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 tests10 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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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  

2k
xCt

2

     (27) 

where t is the time step size.  Based on the thermal properties of sodium and the node sizes for 
the XX09 subassembly in the RELAP5-3D 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 RELAP5-3D.  Thus, an explicit numerical 
scheme is expected to be acceptable for representing heat conduction in the fluid in RELAP5-
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 
RELAP5-3D 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 
Dh Hydraulic diameter    t Time 
Dw Wire diameter     T Temperature 
G Mass flux     v Fluid velocity 
H Wire wrap revolution height   x Spatial coordinate 
k Thermal conductivity 
L Length      *  Effective eddy diffusivity 

Tm  Transverse mass flow rate    Density    
P Fuel rod pitch      Interpolating parameter 
Pe Peclet number 
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Subscripts      Superscripts 

L Laminar     + Dimensionless parameter 
T Turbulent 
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