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Three-Dimensional Simulation of Turbulent Flow
in 3-Sub Channels of a VVER-1000 Reactor

H. Ganjiani1 and B. Firoozabadi2;�

Abstract. In this study, the 
uid dynamics and convective heat transfer for turbulent 
ows through
a 3-sub channel of a rod bundle, which is representative of those used in VVER-1000, are examined.
The rod bundle is constructed from parallel rods in a hexagonal array. The rods are on constant pitch
by spacer grids spaced axially along the rod bundle. The geometry details of the bundle and heat 
ux
from the fuel rod are similar to that of the Iranian nuclear reactor under construction. A numerical
study using Computational Fluid Dynamics (CFD) was carried out to estimate the 
ow �eld, pressure
loss and heat transfer coe�cients in spacer grids and rod bundles. Turbulence has been modeled using the
k � " turbulence model. At a distance of 2Dh from the beginning of the spacer grids, in the direction of

ow, because 
uid enthalpy and Nusselt numbers have maximum and minimum values, respectively, the
probability of nucleate boiling (PNB) is much higher, and a two phase 
ow will occur. Predicted results
are found to be in close agreement with those of the experimental results reported in the literature.

Keywords: Sub channel; Rod bundle; Spacer grid; Computational Fluid Dynamics (CFD); Turbulent
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INTRODUCTION

The basic role of a reactor in a nuclear power plant
is the generation of heat energy. This heat energy
is generated from nuclear �ssion in fuel rods and the
transfer to a liquid coolant that 
ows in the space
between the rods. The rod bundle is constructed from
parallel fuel rods.

A series of spacer grids spaced axially along the
rod bundle provides structural support for the fuel
rods. In addition to positioning the fuel rods, the
spacer grids a�ect the hydrodynamics of the pressur-
ized water and heat transfer from the rods. The spacer
grids locally reduce the 
ow area through the rod
bundle. This causes 
ow acceleration and deceleration
in regions upstream and downstream of the spacer
grid, respectively. The growth of the thermal and
hydrodynamic boundary layer along the surfaces of the
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rods is disrupted by a spacer grid. In addition, the
spacer grid increases the turbulence intensity in the

ow just downstream of the spacer grid [1]. Spacer
grids are di�erent in reactors.

Rehme and Trippe [2] conducted some experi-
ments on turbulent 
ows through rod bundles and an-
alyzed their pressure drop. Detailed measurements of
the velocity distributions in a hexagonal 19-rod bundle
were compared with predictions for fully developed
turbulent 
ows. Pressure drop correlations for fully
developed 
ows, for both turbulent and laminar 
ows
through rod bundles, were established by calculations
based on theoretical studies. The frictional pressure
losses were determined based on a function of the
Reynolds number and geometry factors. Rehme and
Trippe [2] outlines a method for determining the
turbulent 
ow geometry factors based on the laminar

ow geometry factor, which can be calculated for
any geometry by solving Poisson's equation. The
friction factors obtained agree well with experimental
measurements over a variety of rod bundle geometry
parameters. In addition, correlations for calculation of
the pressure loss due to spacer grids were presented and
compared with experimental data.

Sato et al. [3] reported a method for obtaining
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friction factors based on the geometry factor of the
rod bundle sub channels. For P=D and W=D ratios
of approximately 1.3, the geometry factor for a square
array rod bundle is within 5% of the geometry factor
for a turbulent 
ow in a smooth pipe. Thus, the friction
factors are well predicted by the correlations developed
for a turbulent 
ow in a smooth pipe.

Rehme [4] reviewed the published data in order
to form a complete picture of the turbulent structure
in rod bundle sub channels and the natural mixing
between the interconnected sub channels. Rehme [4]
concluded that the secondary 
ow velocities do not
cause the high mixing rates observed in rod bundles
with small gap sizes. Review of the measured Reynolds
stress data highlighted that the eddy viscosities mea-
sured normal to the rod surface are comparable to
data obtained from circular tubes and have only a
small dependence on the relative gap size. However,
the eddy viscosities parallel to the rod surfaces have
a strong dependence on the gap size and increase as
the gap size is decreased. Thus, the anisotropy of
the eddy viscosities increases with a decreasing of the
gap size. Rehme [4] concluded that the macroscopic

ow pulsations across sub channel gaps are the reason
for high mixing rates between sub channels. A com-
parison between the mixing factors determined based
on experimental data and those determined based on
the periodic 
ow pulsations are in good agreement,
which supports the conclusion in rod bundles that the
macroscopic 
ow pulsations cause the high mixing rates
observed.

Rehme [5] carried out a systematic experimental
study of turbulent 
ows through sub channels of a
rectangular channel with four parallel rods. The data
show that the structure of turbulent 
ows through the
rod bundles is di�erent from turbulent 
ows through
circular tubes, at least for P=D and W=D ratios less
than 1.2.

An investigation of spacer grids with mixing vanes
a�ecting the turbulent structure in the sub channels
of a 5 � 5 rod bundle were performed experimentally
by Yang and Chung [6]. The detailed hydraulic
characteristics were measured by using a Laser Doppler
Velocimeter. For evaluating the friction factor for a
rod bundle and the loss coe�cient for the spacer grid,
pressure drop measurements were also performed.

Imaizumi et al. [7] compared measurements and
CFD estimation of pressure distribution near a spacer
grid. Hoshi et al. [8], Teshima et al. [9] and In [10]
carried out CFD analyses to estimate the coolant 
ow
mixing downstream of spacer grids, which is created by
de
ectors on the spacer grid, and compared the velocity
measurements.

Jian et al. [11] developed a simple analytical
method for the prediction of the friction factor, f , of
fully developed turbulent 
ows and the Nusselt num-

ber, Nu, of fully developed turbulent forced convection
in rod bundles arranged in square or hexagonal arrays.
The method was based on the law of the wall for
velocity and the law of the wall for the temperature,
which were integrated over the entire 
ow area to
yield algebraic equations for the prediction of f and
Nu. Jian et al. [11] derived an algebraic equation
for the friction factor of turbulent 
ow in smooth rod
bundles in a similar form to the classical equation
for the friction factor of turbulent 
ow in a smooth
circular tube. An explicit equation for the Nusselt
number of turbulent forced convection in these rod
bundles, as a function of the friction factor, Reynolds
number and Prandtl number, was developed. Their
method is applicable to in�nite rod bundles in square
and hexagonal arrays with a low pitch to rod diameter
ratio, P=D < 1:2, extended the analysis to rod bundles
with a rough surface and provided a method for
the prediction of the friction factor and the Nusselt
number.

Bottcher [12] carried out a CFD model for the
complete VVER-1000 reactor pressure vessel. Due to
computational limits, details of the core and some other
geometry are not modeled. Detailed coolant 
ow in the
rod bundle and sub channels was not investigated in his
study.

Since excessive heat is generated in fuel rods, the
investigation details of the 
ow �eld and heat transfer
in sub channels are very important. Therefore, a
numerical study using CFD under a single-phase 
ow
condition was carried out to estimate the pressure
loss, velocity and temperature distributions in a sub
channels fuel rod bundle of a VVER-1000 reactor.

CFD MODELING

Geometry and Mesh

VVER-1000 is a pressurized water reactor with an
open type of hexagonal core geometry that contains
163 fuel assemblies. The fuel assembly VVER-1000
reactor consists of 311 fuel rods of diameter 9.1 mm
arranged in hexagonal arrangements (Figure 1), which
is the same as that of the Iranian nuclear reactor
under construction in Boshehr, Iran. The rod bundle
investigation was conducted using an approximately
3.837-m long assembly of fourteen spans with �fteen
spacer grids.

Due to the limitations in computer hardware
resources, it is di�cult to analyze the whole of the 
ow
�eld in the rod bundle. Therefore, the �rst 700 mm
length of a 3-rod bundle with two spacer grids was
selected for the analysis.

The computational domain is shown in Figure 2.
The structural model of a rod bundle with a spacer
grid is shown in Figure 3; schematics of the rod and
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Figure 1. Fuel assembly for VVER-1000 reactor.

Figure 2. Computational domain.

Figure 3. Rod bundle with a spacer grid model.

Figure 4. Rods and spacer grids arrangement (top view).

spacer grid arrangement are also shown in Figure 4.
The �rst, the model of three rods and spacer grids, is
created in CAD packages software. Then, the surface is
exported to the CFD code and volumetric tetrahedral
cells are created. The generated mesh is shown in
Figure 5. The analysis was performed by an inhouse
CFD code using the QUICK numerical scheme and two
turbulence models, i.e. standard k�" and the standard
Reynolds Stress Turbulence (RSM) model. The same
results were achieved by these models, but since the
standard k� " model showed a fairly fast convergence,
the standard k � " model was selected in this study.
All the simulations were conducted by means of a
segregated method using the SIMPLE scheme [13] for
pressure-velocity coupling. A total of 2,000,000 cells
were created (which required a computer with at least
a 2 GB RAM).

Governing Equations

The equations that govern the 
uid 
ow and heat
transfer process in the rod bundle are as follows [14]:
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Figure 5. Mesh distribution in a cross sectional view.
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Boundary Conditions

The boundary conditions imposed on Equations 1
to 8 in sub channels are presented in Figure 6. The
hydraulic diameter of the bundle is 5.2 mm. For the

ow calculations, the solid surfaces of the fuel rod and
spacer grid have no slip boundary condition, and a
symmetric condition was imposed on the other outer
surface. In the thermal study, the heat 
ux over the
fuel rods is speci�ed. The heat 
ux, 278.7 kW/m2,
speci�ed over the surface of the rods, corresponds to
the average value of the axial heat 
ux in modeling of
the domain in the VVER-1000 reactor at full power
(3000 MW) [16,17]. This method is expressed in the
Appendix. The inlet velocity of water and the inlet
water temperature are 5.6 m/s and 291�, respectively.
The Reynolds number for this inlet velocity is 2:3�105

and is well inside the turbulent 
ow regime. The 
uid

ows upward in the fuel assembly.

RESULTS AND DISCUSSION

Velocity Distribution

The contours of the axial velocity at various axial
planes along the 
ow direction after the �rst spacer
grid are depicted in Figures 7a to 7d. Figure 8 shows
variation axial bulk velocity after two spacer grids. It
is observed that the axial 
ow after any spacer grid has
a similar pro�le that di�ers by increments. Due to the
complex 
ow present in rod bundle sub channels, which

Figure 6. Boundary conditions.
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Figure 7. Axial velocity distribution, W (m/s): (a) Z = 0Dh, (b) Z = 8Dh, (c) Z = 16Dh and (d) Z = 32Dh.

exhibit a secondary 
ow, mixing between sub channels
and unsteady 
ow pulsations, true fully-developed

ow conditions are not as directly achieved. The
streamwise distance required to reach fully-developed

ow conditions in a rod bundle sub channel varies from

Figure 8. Development axial bulk velocity in 2 spans.

the number of rods in the bundle, the type of rod array
and the rod bundle construction. For rod bundles
constructed using a series of spacer grids, the axial
spacing between the spacer grids can be long enough for
fully-developed 
ow conditions to develop in the span
between two consecutive spacer grids. The ratio of the
maximum velocity to average velocity decreases from
1.18 to 1.15 at 25 hydraulic diameters, after any spacer
grids, beyond which it changes very little. This also
indicates that the 
ow has reached full development at
25 hydraulic diameters.

The secondary 
ow intensity is de�ned as the
magnitude of the secondary 
ow vector divided by axial
bulk mean velocity, as described in Equation 9:

V Icross =
1
A

Z  p
U2

1 + U2
2

Ubulk

!
dA; (9)

where Ubulk is the axial bulk velocity.
Lee et al. [18] showed that the secondary 
ow,
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even if its magnitude is small, is important because
it greatly in
uences the promotion of heat transfer
from rods to sub channels and a�ects the mean axial
velocity, turbulent kinetic energy and wall shear stress
distributions. Figure 9 shows the development of
secondary 
ow intensities, V Icross, after two spacer
grids.

V Icross shows an abrupt increase in secondary 
ow
intensities just after the spacer grids, but a subsequent
rapid decrease as the 
ow goes downstream.

Pressure Drops

Figure 10 shows the development of pressure drops
in the axial direction. As shown in Figure 10, the
behavior of the pressure drop in the rod bundle between
the spacer grids is linear and, when across, the spacer
grids deviated from linearity and increased the pressure
drops.

Typically, the pressure drop across a spacer grid is
expressed using a pressure loss coe�cient. The pressure
drop at the spacer grid is expressed as:

Figure 9. Developments of cross-sectional velocity
intensities.

Figure 10. Developments of pressure drops.

�Psg =
CB�U2

bulk
2

; (10)

where CB is the loss coe�cient of the spacer grid.
Rehme [19] proposed a correlation for the loss

coe�cient of a spacer grid based on the blockage ratio
of the spacer grid:

CB = C"2
g; (11)

where "g is the blockage ratio of the spacer grid and is
de�ned as the ratio of the projected area of the spacer
grid to the open 
ow area through the rod bundle:

"g =
Asg
Arb

: (12)

For a Reynolds number greater than 5� 104, the value
of C in Equation 11 is between 6 and 7. In Table 1,
the pressure loss coe�cients are compared with the
Rehme's data [19]. The present result is in a reasonable
range compared with this data [19].

Friction factor, f , was evaluated to analyze the
friction loss in the rod bundle, i.e.:

f =
�Prb

0:5�U2
bulk

Dh

L
: (13)

In general, the rods and walls of the rod bundle are
smooth, and the friction factors are compared with
the friction factors established for turbulent 
ow in
a smooth pipe as obtained from the Moody diagram
or alternative correlation, such as the correlation pro-
posed by Prandtl [20]:

1p
f

= 2:0 log10

�
ReDh

p
f
�� 0:8: (14)

For a rod bundle of �nite dimensions, the hydraulic
diameter of the rod bundle, Dh, is the appropriate
characteristic length to use for calculation of the
friction factor. The friction factor is compared with
the Moody's correlation for a smooth tube [21], Yang
and Chung's data [22] and the Prandtl correlation in
Figures 11 and 12, respectively. The results show
that the friction factors for rod bundle are lower
than the values given in the Moody's charts. The
reason is not clear because, in general, the di�erence
of con�guration between the rod bundle and circular
tube and, moreover, the friction factors for rod bundles
depends on various kinds of geometric parameters, such
as P=D and the type of spacer grid [23].

Table 1. Comparison of the pressure loss coe�cient of
spacer grids.

Rehme [19] Present Study

0.0936 0.0913
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Figure 11. Comparison of the friction factor with Blasius
correlation and Yang's data.

Temperature Distribution

The water temperature development along the axial
direction after the �rst spacer grid is presented in
Figures 13a to 13d in the form of contours. To
evaluate the heat transfer characteristics directly, the

Figure 12. Comparison of the friction factor with
Prandtl correlation.

non-dimensional Nusselt number, Nu, is used. Nu is
de�ned by Equation 15:

Nu =
hDh

k
: (15)

The Dittus-Boetlter equation [24];

Nu = 0:023Re0:8Pr0:4; (16)

Figure 13. Axial temperature distribution: (a) Z = 0Dh, (b) Z = 8Dh, (c) Z = 16Dh and (d) Z = 32Dh.
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is the basic correlation developed hydrodynamically
and thermally for fully-developed pipe 
ows that have
been used as benchmarks for measurements of fully-
developed heat transfer coe�cients in rod bundles.

Yao et al. [25] developed a correlation for the axial
developed 
ow of heat transfer downstream of spacer
grids, based on the 
ow blockage of the spacer grid:

Nu
Nufd

= 1 + 5:55"2
ge
�0:13 Z

Dh ; (17)

where "g is the blockage ratio of the spacer grid.
The normalized Nusselt numbers decrease with

increasing axial distance downstream of the spacer
grid. In Figure 14, the ratio, Nu/Nufd, was compared
with Yao's correlation. At an axial location of 25Dh,
the heat transfer enhancement has decayed to ap-
proximately 1, which indicates fully-developed 
ow
conditions at spans. The di�erence between normalized
Nusselt numbers is obtained in this study, and Yao's
correlation at this location is 26.8%. Figure 14 shows
the abrupt increase in normalized Nussselt number just
after the spacer grid due to the action of the secondary

ow.

Developments of 
uid enthalpy and Nussselt num-
ber in the computational domain are shown in Fig-
ures 15 and 16, respectively. At a distance of 2Dh
from the beginning of the spacer grids, in the direction
of the 
ow, 
uid enthalpy has maximum values (peaks
in Figure 15) and the Nusselt number has minimum
values (bottoms in Figure 16). In this place, because

uid enthalpy and Nusselt number have maximum
and minimum values, respectively, the probability of
nucleate boiling (DNB) is much higher, and two phase

ow will occur.

Although the DNB phenomenon is analyzed by
CFD under a two phase 
ow, the distribution of 
uid
enthalpy and Nusselt number under a single phase

ow will determine initial conditions and important
information regarding the two phase 
ow structure.

Figure 14. Developments of normalized Nusselt numbers.

Figure 15. Developments of 
uid enthalpy.

Figure 16. Developments of Nusselt number.

CONCLUSION

A three-dimensional computational 
uid dynamic anal-
ysis of turbulent 
ows around 3 rods with spacer grids
is carried out. The pro�le of the 
ow in the spans is
similar and the spacer grids create a small amount of
secondary 
ow in the sub channels that decay rapidly.

The spacer grids increase pressure drop and the
value of the coe�cient pressure loss of spacer grids,
0.0913, is obtained and compared to analytical data,
and shows good agreement. The friction factor for a
rod bundle was compared with the Moody correlation
for smooth tubes and the Prandtl correlation. The
value of the friction factor was lower than the values
given by Moody's charts, due to dependency on geo-
metric parameters and the type of spacer grid. The
normalized Nusselt number in the rod bundle obtained
from the present study is seen to agree well with Yao's
correlation. Due to the action of the secondary 
ow,
the normalized Nusselt number was increased abruptly
just after the spacer grid. At a distance of 2Dh from
the beginning of the spacer grids, in the direction of

ow, because 
uid enthalpy and the Nusselt number
have maximum and minimum values, respectively, the
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probability of nucleate boiling (DNB) is much higher,
and a two phase 
ow will occur.
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APPENDIX

The axial variation of heat 
ux along the fuel rod is
given by:

q00 = q00c cos
��z
H

�
; (A1)

where q00c and H are heat 
ux at the center of the
fuel rod and the height of the fuel rod with heat 
ux,
respectively [17]. The value of H in the rod bundle is
3.53 m. The average height of a cosine function, having
amplitude of q00c , is:

q00m =
2
�
q00c : (A2)

The approximate value of the average heat 
ux in any
fuel rod can be obtained by dividing the full power of
the reactor per the total surface of the fuel rods [16]:

q00m =
P
S
: (A3)

S is obtained by:

S = �(163� 311)DH; (A4)
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where D is the diameter of the fuel rod. Now the value
of the average of the heat 
ux in the modeling domain
is obtained from:

q00m;domain =

R �H2 +Hhf
�H2 q00dzR �H2 +Hhf
�H2 dz

; (A5)

where Hhf is the height of the fuel rod with the heat

ux in the modeling domain.
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