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ABSTRACT 
 
For accurate prediction of the margins to boiling inside the guide tube of a PWR fuel assembly the bypass 
mass flow and the guide tube heat source has to be determined. Historically due to a lack of numerical 
solution methods a conservative approach based on one-dimensional fluid analysis (e.g. Bernoulli 
principle, sudden contraction and expansion pressure loss) has been used. In reality the fluid moves in a 
complicated, three-dimensional way in the vicinity of the flow-hole:  there is a sharp flow area change 
from fuel channel through the flow-hole into the guide tube together with two sharp 90 degree bends.  
In this study, a three-dimensional CFD model with full channel length has been developed to have a 
numerical determination of the flow-hole pressure loss coefficient. The ISO 5167 standard small sharp-
edged cylindrical orifice was selected to validate the CFD model. The calculated values for the pressure 
loss coefficients (Kin) are in good agreement with the ISO standard. The developed model has been 
applied to calculate the pressure loss under different process parameters, such as: 1) Control rod position 
– to study the effect of control rod position on the mass flow in the guide tube; 2) Space grid – to study 
the guide tube mass flow influence on the effect of the pressure drop in the fuel channel; 3) Mass flow -- 
to study the relation between Kin and channel flow Reynolds number. 
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1. INTRODUCTION 
 
In the design and safety analysis of a PWR, it is important to accurately predict the margins to boiling 
inside guide tubes (GT) under normal and abnormal operating conditions in order to exclude the 
possibility of stress corrosion cracking on inserted control rod fingers. The coolant mass flow from the 
fuel channel (FC) to the GT through the GT flow-hole together with the GT heat source are the main 
parameters to determine the margin to boiling. The pressure loss in a fuel assembly is an important 
parameter for this analysis because it controls the flow redistribution between FC and GT. To evaluate the 
mass flow through the flow-hole, measuring of the pressure loss would be the most commonly used 
approach. However the full scale real geometry measurement is difficult to set up due to the complex 
construction details. In these traditional designs, the few available conservative experimental correlations 
from the open literature or handbook for the maximum pressure loss coefficient at the GT inlet flow-holes 
were used. [1-2]  
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The traditional, conservative approach is based on one-dimensional (1D) fluid analysis (e.g. Bernoulli 
principle, sudden contraction and expansion pressure loss) to evaluate the pressure loss coefficient at GT 
inlet flow-holes. In reality the fluid moves in a complicated, three-dimensional (3D) way in the vicinity of 
the flow-hole:  there is a sharp flow area change from fuel channel through the flow-hole into the guide 
tube (GT) together with two sharp 90 degree bends. This motivates our analysis to re-evaluate the value 
derived from the 1D method with modern computational tools. 
  
Pressure loss coefficients of the cross flow between flow channels of nuclear fuel bundles have been 
studied by using theoretical and experimental analyses [3,4]. Computational fluid dynamics (CFD) offers 
a three-dimensional method for prediction of the pressure loss through flow-holes and has been widely 
used in recent years to model pressure loss through standard orifices [5-10]. Their results showed a good 
agreement between experimental data and CFD prediction viz. velocity/pressure profiles and discharge 
coefficients. The published results showed that the difference between simulated discharge coefficient CD 
and values expected from the ISO 5167:2003 standard is lower than 5%.  The reliability of predicting 
pressure loss coefficients with CFD methods in the above studies means that they potentially can be used 
as an alternative tool to determine best-estimate GT flow hole pressure loss coefficients instead of 
conducting time consuming experiments with a full length fuel assembly inside a flow channel test rig. 
      
The objective of this study is to develop a 3D CFD model to get a numerical determination of the flow-
hole pressure loss coefficient (Kin) at the guide tube for a PWR fuel assembly. The CFD model is 
validated with ISO 5167 – measurements of fluid flow by means of pressure differential devices inserted 
into circular-cross section conduits [11]. The developed model has been applied to calculate Kin at a GT 
inlet flow-hole under different process parameters, such as: 1) Control rod position – to study the effect of 
control rod position with regard to the mass flow in the guide tube; 2) Space grid – to study the guide tube 
mass flow influencing the effect of pressure drop in the fuel channel; 3) Mass flow -- to study the relation 
between Kin and channel Reynolds number. The numerical predicted pressure loss coefficients can be 
used as input for analysis the flow redistribution in the FC and GT based on Bernoulli’s principle.  
 
2. 1D MODEL AND 3D CFD MODEL 
 
2.1. 1D model-- Bernoulli principle 
 
The Bernoulli equation from flow hole inlet position to exit at guide tube top is written as (Figure 1): 
 �� ����� + �� + ����� = �� ����� + �� + ����� + 	�
 + 	��     (1) 

 
Where 	�
is the pressure loss due to the friction on the inner GT channel surface and on the control rod 
surface, 	��is the pressure loss through the GT inlet flow-hole. 
   
The mass balance equation gives: 
 ������ = ������           (2) 

 
Combining eq. (1) and (2) yields a relationship for the exit velocity: 
 

�� = 
 �����(�� �� ���� �� �)
��������� ��� ���� �� ����� �!"�� ��� #�� /$%

               (3) 
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The total pressure loss from guide tube flow-hole, along the control rod until the outlet is calculated as: 
 	�
 + 	�� = & (�� ��� )$% ��� ��� + '*, ��� ���       (4) 
 
It can be found that Kin in Equation 3 and 4 is a key coefficient to determine the total pressure drop and 
mass flow in the GT channel. 

 
  Figure 1 Geometry region of guide tube applied for Bernoulli principle  
 
2.2. 3D CFD model 
 
2.2.1. Governing equations 

 
The calculation of single-phase incompressible flow is accomplished by solving the mass and momentum 
conservation equations given as:  
 
Continuity equation:  -(�)-. + --0� (12*) = 0                               (5) 
Momentum equation:  --. (�2*) + --04 (12*25) = 6 -7-0� + -8�4-04 + 9:�                 (6) 

where xi are the Cartesian coordinates; ui are the corresponding average velocity components; t is the 
���������	�
��	�����
��	����		������ij are stress tensor components; SFi are the source terms for momentum 
equations.  
 
The success of numerical prediction methods depends to a great extent on the performance of the 
turbulence model used. From the literature review in section one, it can be seen that the Realizable k-��
and SST k-����
�������������	������������	�
����������� model in the simulation of the flow through 
small holes. The Realizable k-����
����	����	�
���
�����������
�����������
�������
�������������
����-
separated flow [12]. SST k-���������������
����	����	�
���
�������	������������
����������������������
separated or swirl flow [13]. In this study, the two turbulence models are selected and compared with the 
ISO 5167 standard.     
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Where k is �����������������������������	������������������
�		��������������!��	�������������	��	�����!t is 
turbulent viscosity; Gk represents the generation of turbulent kinetic energy due to the mean velocity; YM 
represents the contribution of the fluctuating dilatation in compressible turbulence to the overall 

�		��������������"��	�������������	��	�����#k ��
�#� ������������������
���
���������	���������
���
respectively.  
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���������	������������������
�		��������������$k represents the generation of turbulent kinetic energy due 
to mean velocity gradients; G� �����	���	����������������������#� �	���������������
���
���������	��������
Yk and Y� represent the dissipation of k a�
���
����������������&� 
 
Though some other turbulence models (Reynolds stress model, RSM and Large eddy simulation, LES) 
have been reported to be superior to others in some flow scenarios, there is no universal turbulence model 
that is best for all flow conditions. Considering the complexity of the geometry, the total number of 
elements is expected to be large and turbulence models that require fine meshes were ruled out in the first 
step of this study.   
 
2.2.2. Computational details 
 
The CFD calculation domain is built for four fuel sub-channels (2x2), and one GT channel. The geometry 
is shown in Figure 2. The simulations are performed with the commercial CFD code -- Star-CCM+ 
v.9.02. A three dimension, steady state and segregated solver was used. The second-order upwind scheme 
is used to calculate the convective flux. The discretized equations were solved in a segregated manner 
with the semi-implicit method for pressure-linked equations (SIMPLE) algorithm [14].   The solutions 
were considered to be converged when the sum of the normalized residuals for all the cells became less 
than 10-4 for the variables:  
 ;< = > ?> @�A<�A�B�@C<C�A ?DEFFGH > ?@C<H?DEFFGH    (12) 

 
'�����*p ��
�*nb are the variable of the present and neighboring cells, respectively, ap is the coefficient of 
the present cell, and anb are the coefficients for the neighboring cells, b is the contributions of the constant 
part of the source term and boundary conditions.  
 
2.2.3. Mesh and boundary conditions 
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The computational domains were discretized with an unstructured polyhedral mesh with a prismatic 
elements layer in the region near the walls in order to adequately capture the flow gradients in such areas. 
Meshes are refined in the flow-hole region. Mesh extrusion is used for inlet and outlet parts in order to 
simulate the full flow channel.  A mesh independency study was performed to find a mesh that was 
sufficiently fine to provide an accurate solution.  The geometries are imported from a CAD model created 
by Pro/Engineer. In order to create a high quality CFD mesh the de-featuring technique was used to 
remove those small features in the CAD model (such as smaller fillets, smaller faces/edges, small holes), 
which have little effect on the result. The mixing vanes, grid strap, spring and dimple in fuel channel are 
simplified by using the porous media model. The computational domain is shown in Figure 2 and the 
CFD mesh is shown in Figure 3. The rod pitch is 14.3 mm. The outer and inner diameter of GT are 13.8 
mm and 12.4 mm. Bypass flow-hole diameter is 2.6mm. 8 porous media regions were defined to simulate 
space grids. Grid span length is 534 mm. The isotropic inertial (quadratic) and viscous (linear) resistance 
are defined as source terms in the momentum equation. The coefficients for inertial and viscous resistance 
are 6300 kg/m4 and 6000 kg/m3-s.  The polyhedral mesher, with the embedded prism layer mesher, was 
used to build the volume mesh in the region close the bypass hole. The extruder mesh was used to 
generate the volume mesh in the channel in order to produce the orthogonal extruded cells (Figure 3).  
Mesh independency studies have been performed with the focus on the bypass mass flow. Mesh 
independence occurred at approximately 6 million volume meshes. The surface average y+ is around 60 
and maximum y+ is around 110.  
 
 
 

 
 

 
 a) flow channel b) flow boundary 

 
Figure 2 Geometry of flow calculation domain 
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Figure 3 CFD computational meshes 
 
In all simulations, a velocity inlet boundary condition is used at the inlet of the fuel channel (Vin in Figure 
2b). A wall function is applied to bridge the viscous sub-layer and provide near-wall boundary conditions 
for the mean flow and the turbulence transport equations. The wall conditions are connected by means of 
empirical formulae to the first grid node close to the solid surfaces [15]. The input parameters for 
simulation are listed in Table 1. Pressure outlet boundary conditions (Pref=0) are set up at the top plane of 
both fuel channel and GT channel. Symmetric boundary conditions are applied at the rod gap.  
 

Table 1 Process parameters and physical properties 
 

Parameter Dimension Value 
Inlet velocity m/s 1,2,3,4,5,6  
Density  kg/m3 746.2 
Viscosity Pa·s  9.24 *10-5 
Pressure  Bar 155 
Inlet Temperature oC 290 
GT inner diameter  Mm 12.4 
CR outer diameter Mm 13.8 

3. VALIDATION OF CFD MODELS   

The ISO standard 5167 is selected to validate the CFD model. The principle of this ISO standard is based 
on the installation of an orifice plate into a pipeline in which a fluid is flowing. This standard gives the 
detailed geometry design, installation and operation conditions. The presence of the orifice plate causes a 
static pressure difference between the upstream and downstream sides of the plate. The mass flowrate, 
Qm, can be determined using the following equation IJ = KLM��NO PQ RS T�M2	V$�                 (13) 

Where CD �	�
�	������������������>�?
d is differential pressure, d is orifice hole diameter, D is pipe 

�������>�J��	�
��������������U
XZ\>��l is expansion factor, for liquids it is constant one.  

The discharge coefficient CD relates the actual flow-rate to the theoretical flow-rate through a device. It is 
related with the turbulence of the flow and the restriction the device makes to the flow. To calculate the 
discharge coefficient from empirical data, ISO 5167 gives the large Reader-Harris/Gallagher formula 
[16].  For each orifice plate, at least one upstream pressure and one downstream pressure taps are installed 
in one or other of standard location, i.e. as D and D/2, flange or corner tappings.  The corner tapping 
results are used to validate the CFD results. 
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^������		������		�?
����������������������	�
�	�����
����_`{|}~���	���������������������
��������

���������������		����?
d by Equation (14), 

	V = W��NO"��KL�#�KLN�
W��NO"��KL�#�KLN� 	V$               (14) 

^������		������		�?
��	������������������		������		�����������������������������
��������		�������������

���	��������������������	������
�
����������
���������������		����?
d. Figure 4 shows the pressure and 
velocity contour in the center cross section based on the CFD simulation.   

 
 

 

 
a) Velocity contour 

 

 
b) Pressure contour 

 
Figure 4 Velocity and pressure contour  in the middle cross section 

 
While flowing through the orifice plate the fluid undergoes a flow contraction that is followed by a flow 
expansion. During flow contraction the flow velocity increases and the static pressure decreases 
(Bernoulli). Here, the potential energy is transformed into kinetic energy without significant energy 
losses. During flow expansion after passing through the hole, the flow velocity decreases and the static 
pressure increases (Figure 4). Fluid flow in the direction of increasing pressure results in a significant 
pressure loss. Figure 5 shows the pressure loss through the orifice plate along the center streamline. The 
differential pressure ?
 at the orifice plate is 19000 KPa and the pressure loss ?
d (permanent pressure 
loss) is 14000 KPa. The comparison between CFD predictions and ISO standard is shown in Table 2. The 
Discharge coefficient can be used to directly compare the results and the difference is smaller than 3.1%.  
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Figure 5 Predicted pressure through orifice plate along center streamline 

 
 
 

Table 2 Comparison of CFD and ISO 5167 
 Discharge 

Coefficient (CD) 
Difference 
(CD) 

����������	���
��� 
����������
��� 

ISO 5167 0.608  14000  
CFD 0.627 3.1% 14550 3.9% 
  
The turbulence model study was completed by using two different turbulence models described 
previously, namely Realizable k-����
��-��``^&�Figure 6 shows the pressure loss through the orifice plate 
along the center streamline with the two different turbulent models.  The Realizable k-����
��-��``^�
models predict nearly the same differential pressure ?
 at the orifice plate. A slight difference is observed 
at the downstream of orifice plate. The Realizable k-����
����	�	������
��������������������	�	������������
next section.       

 

 
 

Figure 6 Pressure losses through the orifice along streamline with the different turbulent models 
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4. RESULTS AND DISCUSSION   

 

The CFD model was applied in predicting the pressure loss for a PWR fuel assembly using the same 
procedure as in the previous sub-section. To study the pressure loss through the GT flow-hole, the CR 
position, the FC mass flow and the spacer grids were used as geometry structure and process parameters. 
Based on the CFD results, the effects of different geometries and process parameters on the pressure loss 
coefficients of the GT flow-hole was predicted.      

 

4.1 CR position  

 
In the following two limiting cases for the control rod position are analyzed. In the first case the control 
rod is fully inserted and extends beyond the flow hole to the bottom of the GT. In the second case the 
control rod tip is standing just above the flow-hole position. The first case is limiting with regard to the 
maximum heat source within the GT. The second case is limiting with regard to the minimum mass flow 
within the GT because in this case the pressure loss through the flow whole will be maximal. Figure 7 
shows the velocity contour at two different cross sections for both cases: control rod close to channel 
bottom, and close to channel outlet. The inlet velocities are set to 5 m/s at the bottom plane of the fuel 
channel and it is uniformly distributed at this plane. The blue color in the GT channel means a low 
velocity and stagnation region below the flow hole. To the region close to the outlet, it shows a fully 
developed channel flow pattern in the fuel channel. The increase of velocity in the GT means the bypass 
flows through the flow hole.  
 
Figure 8 shows the pressure drop along streamlines in the different cases. Two typical streamlines are 
selected: one is in the center of fuel channel and the other is in the center of flow hole. The inlet pressure 
drop (at Y= 0.0 position) is calculated from the exported CFD data. The flow-hole’s pressure drop is 
marked by the red arrow in the figure.      

 

The pressure loss at inlet flow-hole can be written as Equation 15:  	V = '*, X �� ���                 (15) 

The calculation parameters of the pressure loss coefficient Kin are listed in Table 3. The velocities of the 
inlet hole (v) is calculated by the using the GT outlet velocities.  
 
The results of the two CFD simulation cases show that:  
 

1) The inlet velocities through the flow hole are quite similar for the two cases. 
2) The pressure drops through the flow hole are similar. The pressure curves show same tendency in 

the GT.   
3) The calculated pressure loss coefficients is 2.8 (CR fully inserted) and 2.9 (CR 1 cm above flow 

hole). The inlet pressure loss coefficients through the flow hole are not sensitive to CR positions 
in the GT which indicates that the movement of CR in the guide tube has a minor effect to the 
inlet pressure loss. Traditionally both cases were analyzed to determine the minimum mass flow 
through the GT. In most of these analyses the second case turned out to be the most limiting one 
because by using standard, conservative formulas for the pressure loss through the expansion of 
the fluid from the small flow-hole area to the full GT area the minimum mass flow occurred.  
CFD analysis indicates that a fully inserted control rod is the limiting case for the margin to 
boiling safety analysis because it has the maximum possible heat source. 
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Table 3 Calculated pressure loss coefficient by using CFD results 
 

Parameter Annular Flow CR 1cm above hole 
GT outlet velocity (m/s) 0.77 0.76 
Hole inlet velocity (m/s)  5.639 5.575  
Density (kg/m3) 746.2  746.2 
Pressure Loss (KPa) 33 33.5 
Pressure Loss Coefficient  2.8 2.9 

 

 

 
Bottom (CR fully inserted)  

Bottom (CR 1cm above flow-hole)   

 
Outlet (CR fully inserted)  
 

 
Outlet (CR 1cm above flow-hole) 
 

 
a)  Annular Flow b) CR 1 cm above hole  

 
 

Figure 7 Velocity contours on two different cross sections in channel 
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a) CR fully inserted 
 
 
 

 
 

b) CR 1cm above hole 
 

Figure 8 Pressure drop along streamlines 
 

4.2 Space grid 
 
The CFD simulation region consists of two parallel channels (FC and GT) with different geometrical 
configuration and hydraulic diameter. There is a pressure equalization process for FC and GT channels 
due to the bypass flow through GT inlet hole. The spacer grids and fuel rod friction determine the 
pressure drop in the fuel channel, while the GT inlet hole and the CR friction determine the pressure drop 
in the GT channel. 
  
As shown in Figure 2b, there are eight spacer grids above the GT inlet flow-hole in this design. The 
spacer grids have many small components with thickness of 1-2mm. The geometric complexity requires 
the adoption of a finer mesh.  To reduce computational time and effort, the porous media approach for the 
spacer grids is applied in this study. Porous media are modeled by the addition of a momentum source 
term to the standard fluid flow equations. The source term is composed of two parts: a viscous term and 
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an inertial loss term. The spacer grids are simplified solid material with uniformly dispersed in the flow 
domain. The porosity and flow resistance replicate the volume-average characteristics of their real 
geometrical domain.     
 

 
Figure 9 Calculated pressure drop in the fuel channel (with 8 spacer grids) and GT channel 

Figure 9 shows the CFD calculated pressure drop in the fuel and the GT channel. The pressure drop along 
the fuel rods is considered to be due to friction and the pressure drop in the spacers is calculated by using 
the porous medium model. The total pressure drop increased in the fuel channel due to the spacers 
compared with the case without spacers (Figure 7). The higher pressure drop in the fuel channel leads to 
an increased mass flow through the GT inlet hole.   The calculated pressure loss coefficients is 2.3 which 
is 0.5 lower than the case without spacer grids (Kin=2.8).  One explanation to the lower Kin with spacer 
grid is that the first spacer grid is about 7 cm above the GT inlet hole. The closed distance between spacer 
grid and GT inlet hole will change the local flow pattern, flow angle to GT inlet and turbulence strength 
near the GT inlet hole.   
 
4.3 Mass Flow  

Parametric studies were done which characterize the pressure loss coefficient Kin as the Reynolds number 
changes. Six different cases were set up with the fuel channel inlet velocities as 1,2,3,4,5,6 m/s. The mass 
flow through the GT inlet hole is increased when increasing the fuel channel inlet velocity. The results 
show that the pressure loss coefficient remains essentially constant across the range of Reynold number 
between 1x105 and 7x105.    

 

5 CONCLUSIONS   

A 3D CFD model to predict the flow-hole pressure loss coefficient (Kin) at the guide tube for a PWR fuel 
assembly has been developed in this study. The validity of the developed CFD model was evaluated with 
the help of the ISO 5167:2003 standard. A comparison of the Realizable k-� and the SST k-� turbulence 
models have been done.  The two turbulence models predict nearly the same differential pressure ?
 at 
the orifice plate in the ISO reference. A slight difference is observed downstream of the orifice plate. The 
discharge coefficient is smaller than 3.1% by comparing CFD results and the ISO standard result.      

The results of the CFD simulations on different control rod positions show that the GT hole inlet mass 
flow and pressure drops are quite similar. The calculated pressure loss coefficients is 2.8 (CR fully 
inserted) and 2.9 (CR 1 cm above flow hole). The inlet pressure loss coefficients through the flow hole 
are not sensitive to CR position which indicates that the movement of the CR in the guide tube has a 
minor effect to the inlet pressure loss. Traditionally, in most of these analyses the second case turned out 
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to be the most limiting one because, by using standard, conservative formulas for the pressure loss 
through the expansion of the fluid from the small flow-hole area to the full GT area, the minimum mass 
flow occurred.  This analysis shows that a fully inserted control rod (the first case) is the limiting case for 
the margin to boiling safety analysis because it has the maximum possible heat source. 

The total fuel assembly pressure drop is increased due to the flow resistance of the spacer grids. The 
higher pressure drop in the fuel channel leads to an increased mass flow through the GT inlet hole.  The 
calculated pressure loss coefficient is 2.3 which is 0.5 lower than the case without spacer grids. Six 
different cases (with space grids) were done with channel inlet velocities as 1,2,3,4,5,6 m/s. The results 
show that pressure loss coefficient remains essentially constant across the range of Reynold number 
between 1x105 and 7x105.   
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