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ABSTRACT	
  

While high fidelity modeling capabilities for various physics phenomena are being 
pursued under advanced modeling and simulation initiatives under the DOE Office of 
Nuclear Energy, they generally rely on high-performance computation facilities and 
are too expensive to be used for parameter-space exploration or design analysis. One-
dimensional system codes have been used for a long time and have reached a degree 
of maturity, but limit their validity to specific applications. Thus, an intermediate 
fidelity (IF) modeling method is being pursued in this work for a fast-running, 
modest-fidelity, whole-core transient analyses capability. The new approach is 
essential for design scoping and engineering analyses and could lead to improvements 
in the design of the new generations of reactors and to the reduction of uncertainties 
in safety analysis.  

This report summarizes the initial effort on the development of the intermediate-
fidelity full assembly modeling method. The requirements and the desired merits of 
the IF approach have been defined. A three-dimensional momentum source model has 
been developed to model the anisotropic flow in the wire-wrapped rod bundle without 
the need to resolve the geometric details. It has been confirmed that the momentum 
source model works well if its affecting region is accurately imposed. The validity of 
the model is further verified by mesh and parameter sensitivity studies. The 
developed momentum source model, in principle, can be applied to any wire-wrapped 
bundle geometries and any flow regimes; while the modeling strategy can be applied 
to other conditions with complex or distorted geometry, such as flow in blocked 
channels.  
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1 Introduction	
  
Under the U.S. Department of Energy’s Nuclear Energy Advanced Modeling and 

Simulation (NEAMS) Program, reactor integrated performance and safety codes (IPSC) are 
being developed within the SHARP framework.[1] High-fidelity, coupled neutron transport 
and thermal hydraulics capabilities are being developed to exploit advances in computers and 
software tools in order to facilitate reactor design optimization, provide increased assurance of 
performance and safety characteristics, and reduce the need for large scale integral 
experiments needed to characterize or validate reactor performance. 

While the high fidelity modeling capabilities for various physics phenomena are being 
pursued, they generally rely on high-performance computation facilities and are too expensive 
to be used for parameter-space exploration or design analysis. Although one-dimensional 
system codes have been used for a long time and have reached a high degree of maturity, new 
computation tools towards multi-dimensional, multi-scale, multi-physics approaches could 
lead to improvements in the design of the new generations of reactors and to the reduction of 
uncertainties in safety analysis. Thus, an intermediate fidelity (IF) modeling method is being 
pursued to develop a fast-running, modest-fidelity, whole-core transient analyses capability.  

To model the thermal-hydraulics behavior in fuel rod bundles, a multi-resolution approach 
is being pursued at Argonne National Laboratory. Within the multi-resolution framework, 
higher-resolution methods can serve as a validation tool and supply modeling parameters for 
lower-resolution methods, as shown in Figure 1, and lower-resolution method can supply 
boundary conditions to higher-resolution method in a coupled resolution simulation. High-
resolution spectral Large Eddy Simulation (LES) methods are used to improve turbulence 
models for coarser resolution Reynolds-Averaged Navier-Stokes (RANS) based methods, and 
in turn, RANS simulations can be used to improve or extend correlations used in traditional 
sub-channel tools, or coupled with the existing tools to model the whole plant behavior while 
resolving the details of important components.  

For wire-wrapped rod bundles, previous studies [2-4] showed that RANS-based methods 
can provide accurate hydrodynamic predictions but are limited by their capability to 
characterize long-term transients or large system simulations; and that traditional sub-channel 
tools can provide whole-plant transient response but cannot resolve the details of the 
anisotropic velocity distribution due to the wire-wrap sweeping. Thus, the IF modeling 
method aims at an intermediate-resolution modeling approach to fill the gap between the 
RANS-based method and the traditional sub-channel method. The objective is to develop 
scalable intermediate-resolution assembly modeling methods to support full-core transient 
modeling when coupled to existing or emerging neutronics and fuel performance models.  

This report summarizes the initial effort of the ongoing work, which encompasses two 
major activities: defining the requirements or the desired merits of the IF modeling method, 
and developing the methodology to model the anisotropic flow in a complex flow channel 
with relatively coarse spatial discretization which does not resolve all the geometric details.  
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Figure 1: Thermo-Fluid Dynamics modeling Hierarchy – Multi-Resolution Approach 

 

2 Requirements	
  for	
  the	
  IF	
  Modeling	
  Method	
  
The IF method for thermal-hydraulics modeling in the fuel assembly is being developed to 

fill the gap between CFD methods and traditional sub-channel methods, which requires 
modest resolution and improved models in reduced-order methods. 

The spatial discretization of the IF method should represent the local heterogeneity 
explicitly at sub-pin and sub-subchannel level to allow integrated simulation of neutronic, 
thermal-hydraulic, and thermo-mechanical phenomena. It could utilize existing meshing tools 
such as CUBIT[5] to generate scalable or adaptive mesh. For coolant region in a reactor rod 
bundle geometry, the discretization scheme in Figure 2 is of interest since it could divide a 
sub-channel into 3 (or 6) identical cells in a triangle lattice, and 4 (or 8) identical cells in a 
square lattice. 

   
(a) triangle lattice       (b) square lattice 

Figure 2: Sample spatial discretization schemes of the IF modeling Approach 
 

The IF modeling method will also improve the empirical models and correlations 
incorporated in the existing system and sub-channel analysis codes which limit their validity 
to specific applications. Due to the large uncertainties and discrepancies among various 
correlations in the literature, the cross-flow and the turbulent mixing models in the rod 
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bundles are of primary interest in this work. As shown in Figure 3[6], large discrepancies 
were found among various correlations for the mixing Stanton number. It is highly dependent 
on the channel geometry yet many existing correlation are geometry independent.   

 
Figure 3: Various correlations for the mixing Stanton number[6] 

 
Other desired merits of the IF modeling method include: 

1) Relying on available frameworks or tools to reduce the development workload. It will 
be developed under the MOAB[7] framework to allow convenient multi-physics 
integration with other tools being developed within the Reactor and Fuels IPSC; 
CUBIT could be used for mesh generation; and PETSc[8] could be utilized in the 
solver development.  

2) Parallel implementation to allow execution in high performance computers for full-
core transient simulations.  

3) High flexibility to be coupled with existing system analysis tools and CFD tools, or 
coupled with neutronics or thermo-mechanical codes, for multi-scale multi-physics 
simulations.   

The requirements and desired merits of the IF modeling method have thus been defined. 
The initial work was then devoted for the thermal-hydraulics modeling of wire-wrapped rod 
bundles, as described in the following section. A three-dimensional momentum source model 
has been developed to model the anisotropic flow in the wire-wrapped rod bundle. While the 
developed model is specific for a wire-wrapped rod bundle, the methodology is suitable for 
flow channels with complex geometry, such as deformed channels resulting from rod bowing 
or ballooning. 

 

3 Development	
  of	
  the	
  3D	
  Momentum	
  Source	
  Model	
  
Modeling the flow in the analysis of wire-wrapped rod bundles is still a challenging 

problem. Large uncertainties exist in the treatment of wire-spacers and drag models in the 
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momentum transfer of current low-resolution (lumped parameter) models. Some traditional 
subchannel codes, such as SAS4A/SASSYS-1[9] and SUPERENERGY-2[10], treat the wire 
effects as solely enhancement of turbulent mixing but ignore the directional cross flow 
between subchannels. Others, such as COBRA-4[11], ASFRE[12], and MATRA-LMR-
FB[13], apply “forcing function” type models to account for the diversion flow but are limited 
in their applications to certain validated conditions (flow regime, channel geometry, or 
operating conditions) and rely on complex coefficients which were derived from fitting 
certain sets of experimental data.  

Recently, Computational Fluid Dynamics (CFD) simulations of wire-wrapped rod bundles 
have received extensive interest. This includes the work[2-4] preceding this work, as well as 
the work of Hamman and Berry[14], Gajapathy et al.[15], and Natesan et al.[16] who used 
RANS-based simulations to study geometries ranging from 7-pin to 217-pin configurations.  
However, the CFD simulations are still limited in their capability to characterize long-term 
transients or large system simulations.  

As part of the ongoing effort to pursue an intermediate-fidelity modeling capability for 
pin-bundle thermal-hydraulics and to fill the gap between RANS-based methods and 
traditional sub-channel methods, a three-dimensional momentum source term that spirals 
around each rod is introduced to characterize the wire-wrap effects on the hydraulics in the 
rod bundle. The wire-wrapped rod bundle can then be simulated using a bare-bundle 
geometry. A separate effort has been initiated for modeling the natural turbulent mixing due 
to velocity fluctuations.[17] The momentum source model was examined in both 7-pin and 
37-pin configurations using the commercial CFD code STAR-CCM+[18]. Simulation results 
were compared between the reference wire-wrapped bundles and bare-bundles with extra 
momentum sources. The validity of the model is further confirmed by mesh and parameter 
sensitivity studies. 

 

3.1 The	
  Three-­‐Dimensional	
  Momentum	
  Source	
  Model	
  	
  

To account for the wire geometry, a three-dimensional momentum source (MS) model is 
derived from momentum conservation and is dependent on local velocity profiles. The 
momentum source is represented as a body force within the volume previously occupied by 
the wire-wrap. It is decomposed into three directions: normal to the wire and tangential to the 
pin nn, along to the wire nt, and normal to the pin and wire npt. The forces in the normal 
directions are to block the flow, while the force in the wire tangential direction is assumed to 
introduce additional friction: 

 

! 

f
"

= fn
"

+ f t
"

+ f pn
"

  (1) 

The Navier-Stokes momentum conservation equation for an incompressible fluid is 
considered: 

 

! 

"
Dv

#

Dt
= $%p + µ%2 v

#

+ f
#

  (2) 

In the wire normal direction,  
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! 

Dvn
Dt

=
"vn
"t

+ vn
"vn
"nn

+ vt
"vn
"nt

+ vpn
"vn
"npn

  (3) 

Assuming that the introduced body force is the dominant contributor to change the 
momentum of the fluid in the wire normal direction and neglecting the time-dependent term, 
we can obtain 

 

! 

fn = ("vn
#vn
#nn

+ "vt
#vn
#nt

+ "vpn
#vn
#npn

)$ (%nn
&

)  (4) 

where 

nn
!

= [cos! "cos(" ## / 2), cos! "sin(" ## / 2), cos!], wire normal direction;  

! 

nt
"

= [sin#$ cos(% +& /2),sin#$ sin(% +& /2),cos#], wire tangential direction; 

! 

npn
"

= [cos#,sin#,0], direction normal to both the pin and the wire. 

The above normal vectors and the angles,  and  are 
shown in Figure 4, where D is the pin diameter, dw is the wire wrap diameter, and H is the 
wire wrap lead length. The velocity vectors are then

! 

vn =V " nn
#

; 

! 

vt =V " nn
#

; 

! 

vpn =V " npn
#

. 

 
Figure 4: Geometry of the wire-wrapped pin bundle 

 
Given the [x, y, z] coordinates of each mesh cell, the body force will be applied only to the 

region previously occupied by the wire: 

! 

d = (x " xw )
2 + (y " yw )

2 # rw = dw /2 , where the 
coordinate of the center of the wire, [xw, yw, zw], relative to the center of the bottom surface of 
the pin are defined in the following parametric equations in which t is in the range 0 to 2π. 

 

! 

xw = (R + rw )cos(t)
yw = (R + rw )sin(t)

zw =
H
2"

# t

$ 

% 

& 
& 

' 

& 
& 

 (5)

 
It is seen from Eq. (3) that the introduced force should be dependent on local velocity 

gradient caused by the existence of the wire. The above M.S. model was examined with the 

! 

" = 2#z /H

! 

" = atan(# (D+ dw ) /H)
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CFD software STAR-CCM+. Due to a limitation that only cell center velocity is available, the 
velocity gradients were assumed proportional to the cell center velocity in the normal 
directions. Assuming !vn !nn =Cvn dw , !vn !nt =Cvn dw / cos!( ) , and !vn !npn =Cvn dw , 
we obtain: 

 

! 

fn =
C"vn (vn + vt cos# + vpn )

dw
$ (%nn

&

) , (6)

 
where C is a multiplication coefficient. Since the fluid cannot flow through the wire, the 
velocity gradient should be large enough to block the flow in the directions normal to the 
wire. Thus, C should be larger than two, as illustrated in Figure 5.  

Similarly, we can obtain 

 

! 

f pn =
C"vpn (vn + vt cos# + vpn )

dw
$ (%npn

&

) . (7)

 
For the force in the wire tangential direction, a general form of friction force is assumed: 

 

! 

ft =
f fr"vt

2

2dw
# ($nt

%

) , (8)

 
in which

! 

f fr  is the friction factor. For simplicity, the Blasius-McAdams correlation [19] for 
tube flow is used in this work. Later, the effects of the tangential force on flow distribution 
and pressure drop will be discussed.  

 
Figure 5: Illustration of minimum velocity gradient using velocity at cell center  

 

3.2 7-­‐pin	
  Bundle	
  Simulations	
  

The momentum source model was first examined in a 7-pin bundle configuration using 
the commercial CFD software STAR-CCM+. Star-CCM+ supports the use of generic 
polyhedral mesh elements, greatly simplifying the generation of computational meshes for 
complex geometries. All simulations presented herein are steady state RANS-based 
simulations using the realizable k-ε turbulence model and the two-layer all-y+ wall 
formulation[18]. The SIMPLE predictor-corrector algorithm was used. Evaluations of 
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sensitivities of predictions for 7-pin wire-wrapped fuel assemblies to computational mesh 
density, RANS turbulence model formulation, boundary flow conditioning, and comparisons 
to Large Eddy Simulations (LES) have been previously discussed in references [2] and [3]. It 
is confirmed that RANS-based simulations can provide acceptably accurate hydrodynamic 
predictions in the wire-wrapped bundle geometry.  

Hydrodynamics inside a bare bundle is simulated to examine the impact of the momentum 
source model in which additional momentum sources were applied as described above. In 
STAR-CCM+, only cell centroids (coordinates at geometric center) are known. Thus, if the 
cell centroid is inside the wire, the whole cell is considered to be inside the momentum source 
affecting region. To obtain an accurate MS affecting region, an in-place interface for the wire 
surface was added in the STAR-CCM+ model, as shown in Figure 6.  Later, the effects of this 
modeling approximation will be examined.  

The predicted lateral flow velocity distribution at the span outlet is shown in Figure 7, 
along with that of the wire-wrapped bundle case. The cross-flow distribution and magnitude 
are very similar for the two cases, except the abnormal high cross flow rate in the upstream of 
the wire and the high bouncing cross flow away from the wire, which is underestimated in the 
bare bundle with momentum source case. To facilitate the comparison between different 
simulations, average cross-flow velocities (normalized to the inlet velocity) were calculated as 
a function of axial position along four groups of inter-subchannel cut planes shown in Figure 
8. 

For the wire-wrapped pin bundle, the cross flow velocity distributions for planes in group 
A are shown in Figure 9. Almost identical profiles are obtained for each plane in the group. If 
shifting them to the same phase, they will overlap each other. The same symmetry exists in 
the other groups, as well as in the plane groups in the bare bundle case. The results of these 
inter-subchannel cross-flow velocities for different plane groups (after shifting and averaging) 
are shown in Figure 10 for the wire-wrapped and bare-bundle cases. Very similar cross-flow 
velocities are found for all four types of plane groups, indicating that the proposed momentum 
source model is adequate for representing the wire-wrap effects on swirl flow around the fuel 
pins.  It is interesting to find that the sudden changes of the cross flow rates due to the wire-
wrap sweep through the planes were also slightly reproduced by the new momentum source 
model. Sinus distributions are found for all four groups, but the inner-planes (A and B) are 
subject to two incidents where the wire-wrap sweeps through the planes, while at the outer 
planes (C and D) this happens once. At the inner planes, the coolant could flow both counter-
clockwise (positive cross velocity) and clockwise (negative cross velocity) with symmetry. 
However, a strong counter-clockwise flow occurs in the outer planes. 

Since the applied momentum sources are dependent on local velocity, the magnitude 
adjusts automatically during the steady-state simulation, thus avoiding over-predicting the 
cross flow in the peripheral region. An example of the distribution of the introduced force is 
shown in Figure 11, in which the introduced force is much smaller in the upper left wire 
because the velocity inside is already very close to the wire tangential direction.  
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Figure 6: Mesh of a 7-pin bare bundle, wire surface conserved 

 

 
(a) Wire-wrapped bundle    (b) Bare bundle with momentum source 

Figure 7: Lateral velocity distributions at the mid-span plane in 7-pin bundles 
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Figure 8: Geometry of the 7-pin wire-wrapped pin bundle; cut lines indicate planes and plane 
groups used for cross-flow comparisons (group A: plane 1-6;  group B: plane 7-12;  group C: 

plane 13-18;  group D: plane 19-24. ) 
 

 
Figure 9: Cross flow velocity distributions for planes in group A, wire-wrapped bundle 
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Figure 10: Comparison of inter-subchannel cross flow velocities  

 
Figure 11: Momentum source distributions at ¼ span plane in a 7-pin bare bundle 

 
(a) Plane Group A      (b) Plane Group B 

 
(c) Plane Group C     (d) Plane Group D 
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3.3 Mesh	
  and	
  Parameter	
  Sensitivity	
  Studies	
  in	
  7-­‐pin	
  Bundle	
  	
  

Additional simulations were conducted to examine the mesh and parameter effects of the 
momentum source model.   

3.3.1 	
  Mesh	
  effects	
  
As discussed in Section 3.2, to obtain an accurate MS affecting region, an in-place 

interface for the wire surface was added in the STAR-CCM+ model, which resulted in even 
higher mesh number than the wire-wrap case. To confirm the need of this modeling, another 
case was simulated with a relatively coarse mesh that did not conserve the wire-sweeping 
surface. The MS affecting region is shown in Figure 12. The lateral flow velocities are shown 
in Figure 13, and the pressure drops are listed in Table 1. Noted that the pressure drops were 
calculated from the plane-wise average pressures at the span inlet and outlet. 

It is seen in Figure 12 that the MS affecting region is quite irregular if the mesh does not 
conserve the wire-sweeping surface. With a coarse mesh, the MS affecting region calculated 
from cell centroids will be larger than the actual wire-sweeping region. Thus, the resulting 
cross flow rates are enhanced at the peripheral planes, as shown in Figure 13 (c and d). 
Nonetheless, it is interesting to find that the cross flow rates at the inner planes are similar to 
those of the wire-wrapped bundle case. Similarly, the pressure drop of the MS with no wire-
surface case is higher than the other two cases, as shown in Table 1.  

An additional mesh sensitivity study was conducted by reducing the mesh cell number 
while conserving the wire surface. The cell number is reduced from two million (2007358, 
fine mesh), to 800K (807581, coarse mesh 1), and to 470K (470132, coarse mesh 2). The 
predicted cross-flow velocities are very similar for each of the different meshes, as seen in 
Figure 14. It is concluded that if the wire outer-surface is conserved, the inter-subchannel 
cross flow rate is only slightly sensitive to the cell number. 

 
Figure 12: MS distributions at ¼ span plane in a 7-pin bare bundle, without wire sweeping 

surface 
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Figure 13: Inter-subchannel cross flow velocities, effects of wire sweeping surface 

 
Table 1: Pressure drop comparison, effects of wire sweeping surface 

Case Wire-wrapped 
bundle 

B.B. with M.S., 
conserving wire 

surface 

B.B. with M.S., 
without conserving 

wire surface 
Pressure drop (kPa) 15.61 15.76 16.86 

 

 
(a) Plane Group A      (b) Plane Group B 

 
(c) Plane Group C     (d) Plane Group D 
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Figure 14: Inter-subchannel cross flow velocities, effects of mesh cell number 

 
Table 2: Pressure drop comparison, effects of mesh cell number 

Case 
Wire-

wrapped 
bundle 

B.B. with 
M.S., fine 

mesh 

B.B. with 
M.S., coarse 

mesh 1 

B.B. with 
M.S., coarse 

mesh 2 

Pressure drop (kPa) 15.61 15.76 15.21 15.31 
 

3.3.2 The	
  effect	
  of	
  the	
  tangential	
  force	
  	
  
As discussion in Section 3.1, a force is introduced in the wire tangential direction to 

simulate the friction effects by the wire-wrap. It is of interest to investigate its effect on the 
cross-flow rates and pressure drop since it is modeled with a simple friction correlation.  

A new simulation without the wire tangential force was conducted and compared with the 
full momentum source model. The inter-subchannel cross-flow velocities are shown in Figure 
15, and the pressure drops are shown in Table 3. It is seen in Figure 15 that the force in the 
wire tangential direction only has minor effects on reducing cross flow rates. More significant 

  
(a) Plane Group A      (b) Plane Group B 

  
(c) Plane Group C     (d) Plane Group D 
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effects are observed that contribute to pressure drop. Pressure drop reduces from 15.76 to 
14.79 kPa when the tangential force is excluded. 

 
Figure 15: Inter-subchannel cross flow velocities, tangential force effect 

 
Table 3: Pressure drop comparison among various momentum source models 

Case Wire-wrapped 
bundle B.B. with M.S.  B.B. with M.S., without 

tangential force  

Pressure drop (kPa) 15.61 15.76 14.79 
 

3.3.3 Velocity	
  effects	
  
The MS model was derived from the N-S equations with very few assumptions, with the 

goal to be flow regime independent and to cover a wide range of operating conditions. Several 
different operating conditions were considered to evaluate the MS model with respect to flow 
regime.  

The velocity effects on the amplitudes of the cross flow were first examined with the wire-
wrapped bundle. Flow in the 7-pin wire-wrapped bundle at four different Reynolds numbers 

 
(a) Plane Group A      (b) Plane Group B 

 
(c) Plane Group C     (d) Plane Group D 
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(56000, 28000, 5600, 1120) were simulated in STAR-CCM+, representing normal operating 
condition (turbulent flow), reduced turbulent flow, laminar-turbulent transition flow, and 
laminar flow conditions respectively. It should be noted that the laminar flow model was used 
for the Re = 1120 case, and the realizable k-ε turbulence model and the two-layer all-y+ wall 
formulation were applied to the other cases. The modeling choice of the laminar flow and 
laminar-turbulent transition flow conditions were verified with a comparative study of three 
models: laminar flow model, v2f k-ε model, and realizable k-ε model.  

For the laminar flow case (Re = 1120), it was found in Figure 16 that the predictions of 
the normalized cross flow velocities from the v2f k-ε model are consistent with the results 
from the laminar flow model; and the resulting turbulent kinetic energy is negligible. Thus, 
the flow is in laminar regime, and the standard realizable k-ε two-layer model should not be 
used.  For laminar-turbulent transition flow case (Re = 5600), the realizable k-ε and the v2f 
model predicted similar cross flow velocities, as seen in Figure 17. However, the realizable k-
ε turbulent model should be used because: 1) the v2f model resulted in higher turbulent 
kinetic energy although it was intended for flow with small turbulence; and 2) the v2f model 
did not converge as well as the realizable k-ε two-layer model.  

The resulting cross flow velocities in the wire-wrapped bundle cases were normalized and 
are shown in Figure 18. Similar distributions were found for all different flow conditions, 
indicating that the normalized cross flow is dominantly dependent on the bundle geometry, 
not the flow regime. In Figure 19, the cross flow velocities of the bare bundle with MS cases 
are compared with the results of the wire-wrapped bundle cases. For most flow regimes, the 
results confirm that the cross flow velocities match well between the two modeling 
approaches, indicating that the MS model is valid for a wide range of operating conditions 
without adjusting any modeling parameters. However, the model did not work as well under 
laminar flow conditions. Nonetheless, it should not be an opposing factor for the application 
of the model, since during low flow conditions, energy exchange due to the cross flow is 
likely to be negligible comparing to conduction. Thus, the accuracy of the cross flow 
prediction is not expected to be critical to reactor safety. This issue will be revisited once an 
intermediate-fidelity method is established.  
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Figure 16: Cross flow velocities in wire-wrapped bundle, model effects at Re=1120 

 
Figure 17: Cross flow velocities in wire-wrapped bundle, model effects of at Re=5600 
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Figure 18: Cross flow velocities in wire-wrapped bundle, effects of Reynolds number 

 
Figure 19: Cross flow velocities in wire-wrapped and B.B. with M.S. cases, velocity effects 
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3.4 37-­‐pin	
  Bundle	
  Simulations	
  

To further examine the validity of the momentum source model described in Section 3.1, 
it is applied to a larger 37-pin bundle. For comparison, both the wire-wrapped pin bundle and 
the bare bundle with momentum source were simulated. The same models and boundary 
conditions used in the 7-pin bundle are applied.  

A relatively coarse polyhedral mesh was used for the 37-pin wire-wrapped bundle, as 
shown in Figure 20. Again, average cross-flow velocities (normalized to the inlet velocity) 
were calculated as a function of axial position along the inter-subchannel planes for different 
types of plane groups shown in Figure 20.  

 
Figure 20: Mesh of a 37-pin wire-wrapped bundle in STAR-CCM+; cut lines indicate inter-

subchannel plane groups 
 

For the wire-wrapped pin bundle, the cross flow velocity distributions for planes in inner 
groups are shown in Figure 21, while the outer plane groups are shown in Figure 22.  Similar 
distributions are found as those in the 7-pin wire-wrapped bundle. However, it is interesting to 
note that the magnitude of the sinusoid distribution of the cross-flow velocities gradually 
reduces when moving from central planes to outer planes (1→6→7→8→9), possibly due to 
the weaker wall effects for the inner planes.  

For the 37-pin bare bundle case, an in-place interface for the wire surface was also added 
in the STAR-CCM+ mesh to obtain an accurate MS affecting region, as shown in Figure 23. 
The calculated cross flow velocity distributions are shown in Figure 24 for inner plane groups, 
and in Figure 25 for outer plane groups.  The same tendency of reduced cross-flow rates from 
central to outer planes was observed. The inter-subchannel cross flow velocities for 4 typical 
plane groups are compared between the wire-wrapped and bare-bundle cases and is shown in 
Figure 26. The cross-flow distributions matched very well between the two cases for the four 
selected plane groups, indicating that the proposed momentum source model is also suitable 
for a 37-pin bundle.  
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Figure 21: Averaged cross flow velocities in the 37-pin wire-wrapped bundle, inner plane 

groups 

 
Figure 22: Averaged cross flow velocities in the 37-pin wire-wrapped bundle, outer plane 

groups 
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Figure 23: Mesh of a 37-pin bare bundle, wire surface conserved 

 

 
Figure 24: Averaged cross flow velocities in the 37-pin bare bundle with MS, inner plane 

groups 
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Figure 25: Averaged cross flow velocities in the 37-pin bare bundle with MS, outer plane 

groups 
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(a) Plane Group 1     (b) Plane Group 7 

 
(c) Plane Group 9     (d) Plane Group 2 

Figure 26: Inter-subchannel cross flow velocities in 37-pin bundles  
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4 Summary	
  
This report summarizes the initial effort on the development of the intermediate-fidelity 

full assembly modeling method, aimed at providing full-core transient modeling capability 
when coupled to existing or emerging neutronics and fuel performance models. The 
requirements and the desired merits have been defined. A three-dimensional momentum 
source model has been developed to model the anisotropic flow in the complex flow channel 
without resolving the geometric details.  

The momentum source model has been examined in both 7-pin and 37-pin bundle 
configurations by using the commercial CFD code STAR-CCM+ to simulate both wire-
wrapped and bare bundle geometries with momentum sources applied. It is shown that the 
momentum source model works well if its affecting region is accurately imposed. The 
calculated inter-subchannel flow velocities match very well between the bare bundle and 
wire-wrapped bundle cases. The validity of the model is further confirmed by mesh and 
parameter sensitivity studies. Moreover, the model is valid among a wide range of operating 
conditions, from laminar-turbulent transition flow to high Reynolds number turbulent flow. 
Because the momentum source model was derived from momentum conservation equations 
and depends only on local velocity profiles, it is expected that it can be applied to any wire-
wrapped bundle geometries and any flow regimes. It is also expected that the modeling 
strategy can be applied to other conditions with complex or distorted geometry, such as flow 
in blocked channels.  

Further investigation on the intermediate-fidelity full assembly analysis method will be 
focused on developing improved models for natural turbulent mixing in bare and wire-
wrapped bundles, verification and validation of the developed models, the developing strategy 
and the implementation of the intermediate-fidelity code.  
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