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ABSTRACT 
 

Understanding the impact of the spacer grids on the reactor core thermal-hydraulics involves 
experimental mockup tests, numerical simulations, and development of reliable empirical or semi-
empirical models. The state-of-the-art in modeling spacer effects on the thermal-hydraulic 
performance of the flow in Light Water Reactor (LWR) rod bundles employs numerical 
experiments by means of Computational Fluid Dynamics (CFD) calculations. The capabilities of 
the CFD codes are usually being validated against mock-up tests.  Once validated, the CFD 
predictions can be used for improvement and development of more sophisticated models of the 
subchannel codes.  Because of the involved computational cost, CFD codes can not be yet 
efficiently utilized for full bundle predictions, while advanced subchannel codes are a powerful 
tool for LWR safety and design analyses. Subchannel analyses are used for whole LWR core 
evaluations with relatively short CPU times and reasonable computer resources. 
 
The objectives of the presented work were to develop, implement, and qualify an innovative 
spacer grid model utilizing the Computational Fluid Dynamics within a framework of an efficient 
subchannel analysis tool. A methodology was developed for off-line coupling between the CFD 
code STAR-CD and the subchannel code CTF. The developed coupling scheme is flexible in axial 
mesh overlays. It was developed to be easily adapted to any pair of a CFD and a subchannel code.  
Separate modeling of the spacer grid effects on the diffusive and on the convective processes was 
implemented and successfully validated against experimental data. 
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1. INTRODUCTION 
 
Originally designed to maintain proper geometrical configurations of the fuel rod bundles, spacer 
grids have a significant influence on the fluid dynamics and the heat transfer in nuclear reactor 
cores. Spacers act as flow obstructions and therefore increase the overall pressure losses. On 
another side, spacer grids change the free flow area, thereby disrupting and re-establishing the 
fluid and thermal boundary layers on the fuel rod, which increases the local heat transfer within 
and downstream of the spacer. In Boiling Water Reactors (BWRs), spacers also lead to a local 
liquid film thickening due to droplets collection and run-off effect and local upstream dry 
patches due to “horseshoe” effect. Spacers are in a direct contact with the liquid film on the rod 
surfaces causing an increase of the entrainment rate. Spacer grids may have special geometrical 
features to promote turbulence, the effect of which may propagate further downstream. The 
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coolant mixing within a subchannel and between the subchannels is significantly enhanced by 
the mixing vanes, which work as mixing promoters and/or flow deflectors. Some mixing vane 
configurations may create strong lateral flows and thus enhance the mass, heat and momentum 
exchange between neighboring subchannels. In general, spacer grids have a beneficial effect on 
the critical heat flux/critical power in the Light water Reactor (LWR) fuel assemblies. The 
hydrodynamic behavior of the spacers depends on their geometrical characteristics as well as on 
the local flow conditions as pressure, local mass velocity and steam quality. 
 
When modeling the thermodynamic phenomena in a real rod bundle, one should take into 
account the existence and geometrical specifics of the spacers. The classical subchannel analyses 
codes used for routine evaluations of the local thermal-hydraulic safety margins and design 
studies of LWRs, are generally not capable of an accurate and complete modeling of the spacer 
effects. Their models are primary based on empirical correlations and are usually limited to 
simulations of the pressure losses, the entrainment and deposition, and the downstream heat 
transfer augmentation. These codes are capable of predicting the “bulk” flow re-distribution 
inside rod bundles, but are not able to simulate the local flows caused by mixing vanes.  
 
Because of the specifics in each new spacer design, it is impossible to perform accurate studies 
for the fuel assembly performance without involving costly thermal-hydraulic experiments; but 
with its newest developments, the Computational Fluid Dynamics (CFD) has the potential to 
significantly reduce the need for such expensive experiments and to expedite the improvement 
process. Recent development in computer technology makes us to believe that both, experiments 
and subchannel analyses could be replaced by CFD. But to be realistic, we have to recognize that 
the CFD capabilities are not yet sufficiently advanced to simulate the complex nature of two-
phase phenomena in a boiling flow. We have to recognize as well that even the newest massive 
parallel computers are not powerful enough to allow full bundle CFD calculations for routine 
applications. In this situation, the subchannel analyses remain the most practical and reasonable 
option. Nowadays, the experiments are still indispensable and the CFD calculations would be 
used as a supporting tool on behalf of subchannel analyses. 
 
The objective of this work was to develop, implement, and qualify an innovative spacer grid 
model utilizing CFD capabilities within a framework of an efficient subchannel analysis tool. 
 
 

2. THE NEED OF A NEW SPACER GRID MODEL IN CTF 
 
There is a wide range of published experimental studies that investigate the spacer grid effects on 
the thermal-hydraulic performance of rod bundles. The major phenomena examined are the 
additional pressure drop in the axial flow; the natural mixing between adjacent subchannels 
resulting from lateral pressure gradients; the specific flow patterns, axial and lateral, created by 
mixing vanes; and the heat transfer augmentation near spacers due to enhanced turbulence [1–9]. 
Many numerical studies that examine the flow mixing in nuclear fuel assembly have been 
reported covering a variety of mixing vane geometries such as split vanes, twisted vanes, side-
supported vanes, and swirl vanes [10-17]. 
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In subchannel codes, the turbulent exchange of momentum, mass, and energy is commonly 
modeled in a similarity to the molecular diffusion by assuming linear dependence between the 
change rate of a given quantity and its gradient in the media. That approach involves the 
definition of the proportionality coefficient, the so-called turbulent diffusion coefficient or 
turbulent mixing coefficient. Attempts were made in a numerical prediction of the single-phase 
mixing coefficient [16, 17]. 
 
The CTF code is a version of the well-known and widely used COBRA-TF code [18]. Over the 
last years, the CTF models have been continuously improved and validated at the Reactor 
Dynamics and Fuel Management Group (RDFMG) at the Pennsylvania State University (PSU) 
[19, 20]. CTF is an advanced thermal-hydraulic subchannel code widely used for best-estimate 
evaluations of nuclear reactors safety margins of LWRs. It is a transient code based on a 
separated flow representation of the two-phase flow. The conservation equations for each of the 
three fields (vapor, continuous liquid, and entrained liquid) and for heat transfer from and within 
the solid structure in contact with the fluid are solved using a semi-implicit, finite-difference 
numerical technique on an Eulerian mesh. The code is able to handle both post critical heat flux 
(CHF) and normal flow regimes and it is capable of calculating reverse flow, counter flow, and 
crossflow situations. The code is developed for use with either three-dimensional (3D) Cartesian 
or subchannel coordinates and therefore it features extremely flexible nodding for both the 
thermal-hydraulic and the heat-transfer solution.  The CTF code was subjected to an extensive 
verification and validation program and was applied to variety of LWR steady state and transient 
simulations. However, its spacer grid models were limited to the local pressure losses in a 
vertical flow due to spacer grids; the de-entrainment on the spacers; the single-phase vapor 
convective enhancement downstream of the spacers; the grid rewet under dispersed flow 
conditions; and the droplet breakup model. The code lacked adequate models for the spacers’ 
effects on the mass, heat, and momentum exchange mechanisms such as turbulent mixing and 
void drift; the lateral flow patterns created by specific configurations of the vanes (directed 
crossflow); and the swirl flow created by the mixing vanes. 
 
 In order to enable CTF for industrial applications, including LWR safety margins evaluations 
and design analyses, its modeling capabilities related to the spacer grid effects were revised and 
substantially improved [21]. New models for turbulent mixing enhancement and directed 
crossflow were developed based on off-line coupling with the CFD code STAR-CD, version 
3.26 [22]. The spacer grids enhance the lateral turbulent transport between subchannels due to 
increased turbulence level in the flow and therefore, the turbulent transport needs to be increased 
locally within the basic code framework where the spacer grid exists. The directed crossflow is a 
flow pattern caused by the sweeping effects of the mixing vanes or other grid structures. The 
magnitude of the directed crossflow depends of the spacer geometry. Each phenomena of interest 
was accounted for by an additional source term in the code conservation equations. In other 
words, the new model is a “construction kit” system, separating the effects of different 
phenomena.   
 
Additional points of interest were the stability analysis of the explicit time discretization scheme 
with respect to new source terms and the possible increase of CPU time due to new model or 
finer spatial discretization. 
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3. MODELING OF THE DIRECTED CROSSFLOW CREATED BY SPACER GRIDS 
 
The crossflow in rod bundles can be divided into three categories: turbulent mixing, void drift, 
and diversion crossflow. Additionally, some spacer designs create specific lateral flow patterns 
due to velocity deflection on their structural elements as the mixing vane blades. This kind of 
diversion crossflow is very often referred as directed crossflow. In other words, the directed 
crossflow is a flow pattern caused by the sweeping effects of the vanes or other grid structures. 
The magnitude of the directed crossflow depends of the spacer geometry. Examples for spacer 
designs creating directed crossflow are the HTPTM and FOCUSTM spacers (both are trademarks 
of AREVA NP GmbH). The HTPTM design has a specific shape at the rod-to-rod gap regions that 
directs the flow to enter or leave the subchannel. In the FOCUSTM design the mixing vanes 
configuration (mirrored and rotated in 90 degree) leads to coexistence of an intra-subchannel 
swirling flow and a crossflow meandering in opposite directions within a subchannel. 
 
A precise modeling of the directed crossflow would require detailed geometrical information 
such as vanes length and orientation, declination angle, etc. The subchannel codes usually do not 
have advanced mechanistic models for evaluation of the lateral flow rates specified by a change 
of the axial velocity vector. An exception is the COBRA-IV code family [23], which utilizes a 
simplified directed crossflow model. However, the work of Krulikowski [24] has shown that the 
model needs further improvements and more extensive validation.  
 
A very coarse approach is still being used in the subchannel analyses: the contribution of the 
lateral convection to the crossflow is approximated by artificially increasing the single-phase 
mixing coefficient to calculate a crossflow with a magnitude sufficient to reproduce experimental 
results of the available mixing tests. In this way, the single-phase mixing coefficient combines 
the effects of the turbulent diffusion and the forced convection by mixing devices or other 
discrepancies from the bundle symmetry. Such a methodology violates the physics behind the 
turbulent diffusion approximation: the mixing rate is proportional to the gradients in the medium 
and should not depend on convective mechanisms.  To overcome the above discussed modeling 
deficiency, the new generation subchannel codes must separate the treatment of the diffusive and 
the convective effects of the spacer grids. 

3.1. Lateral Momentum Equations in a Subchannel Formulation 

 
In the COBRA-TF family subchannel codes, the lateral mass flow rates are defined by solving 
the lateral momentum equations for each field: continuous liquid, entrained liquid, and vapor.  
The generalized phasic axial momentum equation has the following form: 
 

      T
k

d
kkkkkkkkkkkkkk MMMPgUUU

t



 

 (1) 

 
where  is the average k-phase void fraction; k k  is the average k-phase density; kU  is the 

average k-phase velocity vector;  is the acceleration of gravity vector; g
k
  is the average k-

phase viscous stress tensor;  is the average supply of momentum to phase k due to mass 
kM
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transfer to phase k;  is the average drag force on phase k by the other phases; and  is the 
average supply of momentum to phase k due to turbulent mixing and void drift. The momentum 
equations are solved on a staggered mesh where the momentum cell is centered on the scalar 
mesh cell boundary. 

d
kM T

kM

 
The finite-difference lateral momentum equation for the continuous liquid field is given as an 
example in Equation 2.  
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Quantities evaluated at the old time carry the superscript n. Donor cell quantities that have the 
superscript n~  are evaluated at the old time. In the lateral momentum equations, the pressure 
force term and the velocities in the wall and interfacial drag terms are new time values, while all 
other terms and variables are computed using old time values. The equations for the three fields 
are solved first using currently known values for all variables to obtain an estimate of the new 
time flow. All explicit terms and variables are computed at the beginning of the current time step 
and are assumed to remain constant during the remainder of the time step. The semi-implicit 
momentum equations have the forms: 
 

entvapliq memdmcPbam        (3) 

 
In Equation 3, the constant a represents the explicit terms such as momentum efflux terms and 
the gravitational force; b is the explicit portion of the pressure gradient force term; the constants 
c, d, and e represent the explicit factors that multiply the fields flow rates in the wall and 
interfacial drag terms.  
 
In regard to the new spacer grid model, the rate of change of momentum by directed crossflow 
can be calculated as  
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and added to the coefficients a in Equation 3. In Equation 4, t  is the time difference (time step 

size),  is the spatial difference (gap length), and y tI   is the change of momentum. 

3.2. Calculation of the Lateral Momentum Change by Directed Crossflow 

 
When developing the new methodology for CFD based subchannel modeling of the directed 
crossflow, our goal was to establish a model that: 1) represents the convective nature of the 
phenomenon; 2) is simple and can be easily implemented into the subchannel momentum 
equations; and 3) is efficient in regard to the CPU time.  
 
Three alternative approaches were considered for preliminary investigations. While the first two 
utilized CFD predictions of the velocity curl in a lateral plane for evaluation of the lateral 
momentum change, the third directly used the CFD predicted lateral velocities. Based on 
performed comparative analyses the third approach was selected and it is briefly described 
hereafter.  
 
Let us consider two fluid volumes, geometrically identical, connected to each other through a 
gap with an area , where S  is the gap clearance and xSA ijlat  ij x  is the axial node size. The 

fluid in both volumes is at isothermal conditions and is moving in an axial direction  with a 
constant velocity of .  Let us now assume that at a given elevation along the length there 

exits a force  that results in a non-zero fluid velocity V  in the lateral direction . Since, the 
model is constructed to avoid pressure and temperature gradients in the lateral plane, the force 
acting on the fluid in the gap region can be defined as  

x

inletUU 
F y

 

lat
2

lat AVVmF        (5) 

 
and it is equal to the momentum change latI  in the lateral direction  over the time interval y t . 

 
Let us now consider a rod bundle of geometrically identical subchannels with uniform 
distribution of the power and the inlet flow. Let obstacles exist in each subchannel that cause a 
change of the velocity vectors resulting in a non-zero lateral flow. At such conditions, the 
crossflows existing in the bundle will be caused only by a velocity deflection on the obstacles. If 
we can predict in advance the magnitude and the direction of the resulting lateral velocities, the 
above described model can be used for prediction of the lateral momentum change due to 
specific mixing vane configurations in fuel rod bundles. In others words, the coefficients a in 
Equation 3 can be corrected to account for the additional momentum change  as calculated 

by Equation 5. However, the lateral velocity predicted with the CFD code will account for the 
lateral pressure losses due to skin friction on the rods. Therefore, we either have to “correct” the 
CFD results or to terminate the modeling of the lateral friction pressure losses in the subchannel 
model. 

FIlat 

 
Under the consideration that the inlet fluid velocity, the fluid density, and the area available for 
lateral flow exchange in the simulated bundle correspond to ones used in the CFD calculations, 
the force to be added to the momentum equations of the subchannel code can be given as 
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CFD
lat

CFD2CFDCFDCFD
latSG_lat A)V(VmF      (6) 

 
However, since the CFD calculations are costly in regard to the computational time, it is 
inefficient to perform CFD pre-calculations for each particular case to be simulated with the 
subchannel code. Moreover, the CFD calculations are performed at given axial velocity, which is 
assumed to remain constant over the axial length. This is not the case of the subchannel analysis, 
where not only the inlet velocity could be different form the one used in the CFD predictions, but 
it usually varies along the axial length. Therefore, the model has to be made applicable to any 
flow conditions to be simulated by the subchannel code, or in other worlds, the CFD predictions 
for the lateral velocity have to be scaled to the actual subchannel conditions. This scaling 
involves the definition of the ratio of the lateral velocity as predicted by the CFD code and the 
inlet axial velocity in the CFD model, the so-called spacer grid lateral convection factor: 
 

CFD
inlet

CFD

SG_lat U

V
f  .     (7) 

 
It is dimensionless parameter that gives the information how the magnitude of the lateral velocity 
depends on the magnitude of the inlet velocity. The spacer grid lateral convection factor is a 
function of the axial distance from the grid. During the evaluation of the subchannel crossflow 

, the CTF donor cell logic and upwind discretization approach have to be taken into 

account. Implying such a scaling procedure reduces the required CFD pre-calculations to 
modeling of the sample geometries only. 

SCH
latm

 

3.3. Model Verification 

 
The functionality of the new model was verified against CFD simulations using a 2×2 
subchannels model of FOCUSTM spacers. It consists of four geometrically identical subchannels 
arranged in a 2×2 array. The fluid in all four subchannels is water at temperature of 300 °C and 
inlet axial velocity of 5 m/s. There are no heated walls. The fluid properties remain constant 
along the axial length. The spacer grid configuration is such that each subchannel contains a pair 
of two rotated and mirrored mixing vanes, which create an intra-channel swirl downstream of 
their top edges and a directed crossflow between adjacent subchannels a with meandering 
pattern. The mixing vanes configuration and a three-dimensional view of the FOCUSTM spacer 
are shown in Fig.1. The chosen fluid conditions assure no diffusive effects due temperature 
gradient and therefore lateral flows are driven only by convective processes.  
 
In total four CFD calculations were performed, in which the mixing vane angle varied from 10 to 
40 degree by 10 degree. The lateral (UW) velocities were extracted at every 10 mm axial 
distance. It was observed that immediately downstream of the grid the lateral flow structures 
exhibit a swirling flow created by the mixing vanes. Because the mixing vanes were mirrored, 
the swirls in any two neighboring subchannels are rotating in opposite directions and thus 
creating a crossflow through the gaps. The magnitude of the swirl, and respectively the 
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magnitude of the crossflow, is decreasing further downstream of the spacer. Larger is the mixing 
vane angle, stronger is the crossflow.  
 
The lateral convection factors , evaluated with Equation 7, are plotted in Fig.2. In the 

figure the length is extended to 3 m, which corresponds to the heated length of the 5×5 rod 
bundle with FOCUSTM spacer, which was used later for validation of the new model. There are 
five spacer grids instrumented along the length. 

SG_latf

 

  

 

 

Figure 1.  Mixing vanes configuration in the 2×2 FOCUSTM model. 
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Figure 2.  Lateral convection factor for different mixing vane angles. 

 
The data exchange between the CFD code and the subchannel code was maintained via an 
interface module, which 1) contains the lateral convection factor in a two-dimensional table 
format as function of the axial location downstream of the spacer and the mixing vane 
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declination angle; and 2) controls the exchange between the CFD data base and CTF. For the 
purposes of routine safety analyses, the code can be supplied with sets of data representing 
spacer designs that are currently in use. For new design studies, a new data set can be developed 
based on more recent CFD calculations.  
 
CTF simulations of the 2×2 channel model of FOCUSTM spacer were carried out. The predicted 
lateral velocity and mass flux are shown in Fig. 3. It can be seen that the proposed methodology 
is able to reproduce the axial variation of the lateral mass flux between the adjacent subchannels 
in both qualitative and quantitative manners. The obtained results demonstrate the functionality 
of the proposed methodology and therefore the model was implemented in the latest version CTF 
for simulation of directed crossflow created by different velocity deflectors. The validation of the 
new modeling is presented in the next section. 
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Figure 3.  Lateral convection factor for different mixing vane angles. 
 

3.4. Model Validation 

 
Mixing experiments performed with the SIEMENS Test Section 53 (DTS53) were used for 
validation of the new model. The tests were conducted at the Columbia University, New York in 
1990 for SIEMENS KWU (AREVA NP GmbH) PWR test section TDS53 [25]. In total twenty-
one tests were performed in a 5×5 rod bundle array. The radial power distribution was non-
uniform: the sixteen peripheral rods had a relative power of 0.94 and the nine internal rods had a 
relative power of 1.11. The axial power distribution was uniform. The operational conditions are 
given in Table I. FOCUSTM spacer grids with straight inlet edges, oval dimples, and diagonally 
oriented springs were instrumented along the axial length. The strips have thickness of 0.453 mm 
and height of 40 mm.  Split mixing vanes were attached at the upper edge of the strip. There are 
five spacers along the heated length equidistantly distributed with a span of 545 mm. The mixing 
vanes declination angle was set to 22 degrees. 
 
The experimental data include exit subchannel fluid temperatures in a 6×6 matrix and differential 
pressure drop measurements. The uncertainties of the temperature measurements are reported 
being between 0.61 and 1.0 K for the absolute temperature in the range of 205 ºC to 343 ºC  [26]. 
If the measured temperature exceeded the saturation temperature by 5 degrees, it was set to a 
negative value in the data base. The total error in absolute pressure measurements is reported 
being ± 0.41 bars. 
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Table I. Range of conditions for test section DTS53 
 

Parameter Range 
Exit pressure, bar 159.2 ÷ 160.6 

Fluid inlet temperature, ºC 203.6 ÷  282.1 
Average mass flux, kg/m2-s 3546.4 ÷ 3655.7 
Bundle power, kW 1162.9 ÷ 4620.9 

 
 
The CTF model of the 5×5 bundle is a full bundle model that consists of 36 subchannels, each 
divided into 75 equidistant axial nodes of 40 mm height. A schematic of the model and the 
mixing vanes arrangement and meandering flow patterns established in the bundle are shown in 
Fig. 4. Inlet boundary conditions of flow rate and enthalpy and exit boundary conditions of 
pressure were applied. The spacer grids effects were modeled as velocity head losses in a vertical 
flow with an average value of 1.12 for the pressure loss coefficient, as provided in the tests 
specification. No pressure losses in lateral direction were modeled. Turbulent mixing was 
modeled using a single-phase mixing coefficient, as predicted with the correlation by Rogers and 
Rosehart [27] and Beus’ model [28] for enhanced two-phase turbulent mixing. 
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a)  CTF 5×5 model of the DTS53 bundle b) Meandering flow patterns in the DTS53 bundle 
 

Figure 4.  Mixing vanes arrangement and meandering flow patterns in the 5×5 TDS53 test 
bundle 

 
The experimental conditions and the bundle geometry were expected to result in a lateral mass 
flux caused by 1) turbulent mixing due to density and void fraction gradients; 2) diversion 
crossflow due to lateral pressure gradients; and 3) directed crossflow due to velocity deflection 
on the mixing vanes surfaces.  
 
The CTF calculations of the TDS53 experiments were carried out utilizing two different 
modeling options. In OPTION 1, the spacer grid effects were modeled by pressure losses in a 
vertical flow applying a pressure loss coefficient of 1.12 to all subchannels. The turbulent mixing 
is modeled using the correlation by Rogers and Rosehart for the single-phase mixing coefficient 
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and Beus’ model for two-phase mixing. For OPTION 2, in addition to the models in Option 1, 
the directed crossflow as estimated by the new model was included. 
 
The CTF predictions of the fluid temperature at the subchannels’ exits were compared to the 
measured subchannel exit temperatures. For each test point (the so-called run) the mean values 

and the standard deviations of the absolute temperature difference, expcalc TT  , and the 

temperature difference relative to the temperature rise along the heated length, 

 in
exp

out
expexpcalc TTTT  , were calculated. Results are given in Table II. 

 
 Table III shows the temperature differences  

isubchannelcalc TT
_exp  for each subchannel i averaged 

over the calculated test points. There is no value given for the first subchannel, because only two 
measured points are available for this subchannel.  
 
In summary, the original CTF models, which do not simulate the directed crossflow, mispredict 
the fluid temperature distribution at the bundle exit by 3.6 ºC in an average. There is a strong 
overprediction for the central region of the bundle and underprediction for the peripheral region. 
This is an indication that the lateral transfer is underestimated by the code: the fluid surrounding 
the hotter rods in the central region is not redistributed to the less heated peripheral subchannels.    
 
Applying an additional force calculated by Equation 6 to the all lateral momentum cells, 
regardless of their location in the computational domain, results in an improvement of the overall 
prediction, but not for the peripheral region, where the calculated fluid temperature becomes 
significantly overpredicted. In other words, the hotter fluid from the central region is artificially 
forced to the bundle periphery. These results are not unexpected. We have applied a force, which 
was calculated using lateral convection factor derived for a geometry corresponding to four 
central subchannels, to a very different configuration of adjacent subchannels. However, at the 
same time, there is a significant improvement for the central subchannels: the mean value of the 
absolute temperature differences is reduced from 6.8ºC in an average to only 1.7ºC.   
 
Learning the lesson from the above discussed results, the force was applied only to the gaps 
connecting internal-to-internal subchannels. Since, there were no CFD predictions available for 
the corner-to-side, the side-to-side, and the side-to-internal subchannels configurations, no 
additional force was applied to those gaps. Of course, this is not a truly physical approach, but it 
will assure that incorrectly calculated rates of lateral momentum change will be not added to the 
subchannel equations. As it was expected, the results showed no significant change in the code 
predictions for the internal and central subchannels, but the agreement with the experimental data 
for the peripheral subchannels was improved.  
 
The validation of the developed modeling of directed crossflow in rod bundles against AREVA 
NP GmbH DTS53 mixing experiments showed very promising results. Nevertheless that the new 
model was partially applied, due to the lack of full set of CFD data, it provided better 
representation of the flow distribution inside rod bundles than the recently used methodology of 
simulating convective lateral transfers with an enhanced turbulent mixing. This indicates that the 
two effects, turbulent mixing and convective mixing, have to be modeled separately in the 
momentum equations of the subchannel codes. 
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Additionally, the computational performance and efficiency of the modified code version was 
investigated. Comparisons of the code temporal convergence are given in Fig.5. It can be seen 
that the new model did not lead to prolonged CPU times.  Performed stability analyses showed 
no distortions in the code convergence on mass and heat balance due to the new modeling. 

 

Table II.  Mean value of the subchannel fluid temperature differences for different 

subchannel types 

Mean Value of the Subchannel Fluid Temperature Differences:  
N

TT
T

N

1n
nexpcalc

abs




   

All Subchannels 
Peripheral 

Subchannels 
Internal Subchannels Central Subchannels 

Run 
Number 

Option 1 Option 2 Option 1 Option 2 Option 1 Option 2 Option 1 Option 2 

8 3.5 2.5 2.2 3.1 4.9 1.8 8.6 1.5 
9 3.3 2.5 2.5 3.0 4.2 1.8 7.5 1.3 

10 3.6 2.7 2.6 3.4 4.8 1.8 8.1 1.3 
11 2.3 1.8 1.8 2.3 2.8 1.2 4.7 0.7 
12 2.3 1.8 2.1 2.3 2.6 1.2 4.7 0.8 
13 2.3 1.7 2.1 2.1 2.5 1.2 4.4 0.6 
14 1.6 1.4 1.3 1.7 2.0 1.1 2.9 0.7 
15 1.5 1.2 1.4 1.6 1.5 0.9 2.6 0.6 
16 3.1 2.7 3.0 3.0 3.3 2.5 5.0 1.8 
17 3.3 2.5 3.1 2.8 3.5 2.2 5.4 1.4 
18 3.4 2.5 3.1 2.8 3.8 2.2 6.0 1.3 
19 4.1 2.9 3.0 3.0 5.2 2.7 8.0 1.6 
20 4.0 2.9 3.4 2.6 4.5 3.1 7.2 2.0 
21 4.1 2.9 3.7 2.7 4.4 3.1 7.2 2.0 
22 4.4 2.9 3.5 3.0 5.2 2.9 8.2 1.9 
23 4.2 3.2 3.7 3.4 4.7 2.9 7.6 1.8 
24 4.1 3.2 3.6 3.4 4.7 3.0 7.2 2.1 
25 4.9 3.3 4.4 3.0 5.5 3.7 8.5 2.3 
26 5.4 3.6 4.7 2.8 5.9 4.2 9.2 3.1 
27 5.5 3.5 4.1 3.5 6.7 3.5 10.2 2.4 
28 5.4 3.7 3.8 3.5 6.7 3.9 9.8 3.7 

average 3.6 2.7 3.0 2.8 4.3 2.4 6.8 1.6 
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Table III. Mean value of the temperature differences for each subchannel: 

  NTT
N

1n
i_subchannelexpcalc



  

Option 1: No Directed Crossflow 
 n/a 1.4 1.4 1.4 -0.1 1.3 
-0.1 3.9 5.0 6.5 -0.8 -4.1 
0.9 7.2 5.7 7.6 2.0 -3.5 
-5.3 -1.1 4.6 9.3 6.0 3.6 
-3.3 -0.2 1.7 0.8 2.4 1.7 
2.5 -6.3 0.2 -5.0 -3.0 -4.7 
Option 2a: Directed Crossflow through All Gaps 
n/a 6.2 5.6 5.7 4.2 4.8 
4.0 3.0 3.6 3.3 -1.4 0.3 
3.6 2.8 -0.7 0.6 -2.2 -1.4 
-3.5 -5.4 -2.5 1.9 2.4 6.8 
0.9 -1.1 -2.2 -2.6 3.0 6.1 
6.3 -2.0 3.5 -2.2 2.8 2.4 
Option 2b: Directed Crossflow through Internal 

Gaps 
n/a 4.7 5.2 4.0 3.4 4.0 
3.3 3.6 4.9 2.9 -1.1 -0.4 
2.8 2.9 -0.3 0.8 -1.0 0.3 
-1.6 -4.2 -2.2 2.0 2.5 6.1 
0.2 -0.8 -2.3 -1.2 3.7 5.7 
5.5 -1.9 2.5 -0.5 2.3 0.5 
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Figure 5. Comparison of the code temporal convergence when modeling directed crossflow.  
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3. CONCLUSIONS  
 
Most of the subchannel codes do not have advanced mechanistic models for evaluation of the 
lateral flow rates caused by a change of the axial velocity vector in a lateral direction.  A very 
coarse approach is commonly used, in which the contribution of the lateral convection to the 
crossflow is approximated by artificially increasing the single-phase mixing coefficient to 
calculate a crossflow with a magnitude sufficient to reproduce experimental results of the 
available mixing tests. To overcome this modeling deficiency, the new generation subchannel 
codes must separate the treatment of the diffusive spacer grid effects and the convective spacer 
grid effects. 
 
A new methodology for modeling of the directed crossflow created by the mixing vanes of the 
spacer grids based on CFD analyses was developed. The required modifications of the 
subchannel code CTF were presented. The results of the model validation against experimental 
data confirm the new model applicability for design studies and safety evaluations. 
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