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a b s t r a c t

Coolant in wire-wrapped fuel assembly flows not only in axial direction but also in a transverse direction.
This special flow is critical for momentum exchange and heat transfer in fuel rod bundle. To obtain a bet-
ter performance wire-wrapped fuel assembly for advanced reactor cores, in this paper, the characteristics
of turbulent flow and heat transfer inside 19-pin heated rod bundles where each pin is wrapped with four
circular shaped and four trapezoid shaped wires are numerically studied, respectively. Considering the
geometric complexity, the advanced hybrid-grid technique that combines the structured hexahedron
grids and unstructured pentahedral grids is adopted to divide the modeling assembly. The validity of both
RSM and SST k-xmodel is assessed by comparing calculated pressure loss with the available experimen-
tal data to determine a proper turbulence closure. Special attention has been paid to understand the
effect of secondary flows created by the wire wraps on the reduction of coolant temperature variation.
Additionally, in order to assess the effectiveness of the different shaped wires, comparisons on both glo-
bal heat transfer and associated penalty in pressure loss are evaluated. Results indicate that the frictional
pressure loss of the rod bundle with circular shaped wires is smaller than that with trapezoid shaped
wires, while the global heat transfer is equivalent. However, the trapezoid shaped wires give a lower
maximum temperature as well as a uniform temperature distribution within the subassembly in compar-
ison with circular shaped geometry.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Heat generation in nuclear reactor cores generally takes place in
fuel assemblies with axial coolant flow. The most important task
for thermal-hydraulic design of reactor cores is the reliable predic-
tion of the flow field and temperature distributions in the fuel rod
bundles (Natesan et al., 2010). To promote coolant mixing between
adjacent sub-channels and enhance the rate of heat transfer, the
fuel rods are mostly arranged in bundles of triangular configura-
tion and each pin is wrapped with wire spacers following a helical
pattern around the pin axis. These wire wraps create secondary
flows in the bundles which lead to a more efficient local mixing
and thereby fewer hot spots. Besides, they also play a fixed role
to reduce mechanical vibration and maintain proper spacing
between adjacent fuel rods. However, the application of wire
wraps also gives additional pressure loss penalty. To ascertain
the complicated effects of wire wraps on the operation of the fuel
assembly and provide a check on the design of reactor cores,
detailed thermal-hydraulic investigations on wire-wrapped rod
bundles are essential.

Since one advantage of the wire spacer is an enhanced lateral
mixing of coolant, extensive experimental works have been carried
out to study flow mixing and the nature of secondary flows
induced by the wire wraps. Collingham et al. (1970) investigated
a 7-pin rod bundle and observed that the wire wrap causes a forced
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Nomenclature

a upper base length of trapezoid (mm)
b bottom base length of trapezoid (mm)
c trapezoid height (mm)
cp specific heat capacity (J�kg�1�K�1)
D rod diameter (mm)
Ds wire diameter (mm)
Dh hydraulic diameter (mm)
F frictional factor
Fh,j diffusional energy flux in direction xj
H helical wire pitch (mm)
K thermal conductivity (W�m�1�K�1)
L width across flats of the hexcan (mm)
p pressure (Pa)
pstatic static pressure (Pa)
ptotal total pressure (Pa)
pout static pressure at outlet (Pa)
P rod pitch (mm)
pe Peclet number, Pe = RePr
pr Prandtl number, Pr = lcp/K
DPf frictional pressure loss (Pa)

qw heat flux density (W/m�2)
Re Reynolds number, Re = quinDh/l
T temperature (K)
T’ fluctuations about the ensemble average temperature

(K)
Tw wall temperature (K)
Tf bulk temperature of the coolant (K)
ui velocity component in direction xi
uj velocity component in direction xj
uin inlet velocity (m�s�1)
u’ fluctuations about the ensemble average velocity

(m�s�1)
xj Cartesian coordinate (i = 1, 2, 3)
xj Cartesian coordinate (j = 1, 2, 3)
dij Kronecker delta
q density (kg�m�3)
l dynamic viscosity (Pa�s)
sij viscous stress tensor components
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drive of the coolant between inner and outer sub-channels to
reduce temperature difference. Fenech (1985) showed that the
cross-flow between sub-channels increases with Reynolds number
and tends to reduce the hot spot factors. Lorenz et al. (1974) found
that the wire wrap improves the flow mixing and makes the aver-
age velocities in both peripheral and interior sub-channels nearly
equal to the average bundle velocity. Fernandez and Carajilescov
(2000) measured the static pressure and wall shear stress distribu-
tions in a 7-pin rod bundle and discovered that the dimensionless
static pressure and wall shear stress profiles are nearly indepen-
dent of the Reynolds number but strongly dependent of the wire
wrap position. Diller et al. (2009) compared a fuel assembly
designed with wire wrap spacer and traditional grid spacer. Rela-
tive to the grid spacer design, they found wire wrap design has
smaller fretting wear, lower pressure loss and higher CHF. Later,
an economic analysis was also presented by Shuffler et al. (2009)
to investigate the potential economic benefits of fuel assembly
supported by these two designs. Also, various experiments have
been performed to derive suitable pressure loss and heat transfer
correlations for wire-wrapped rod bundles. These include the
works of Novendstern (1972), Rehme (1973, 1987), Engel et al.
(1979), Cheng and Todreas (1986), Choi et al. (2003) for friction
factor analysis and Arwikar and Fenech (1979), Kazimi and
Carelli (1980) and Fenech (1985) for Nusselt number analysis.
Chun and Seo (2001) investigated a 19-pin rod bundle to assess
the performance of the existing correlations for friction factor. A
similar work was reported by Choi et al. (2003) for a 271-pin fuel
assembly. Recently, Chen et al. (2014) also made a detailed com-
parison of these correlations and evaluated their applicable ranges.

In addition to experiments, CFD simulations were also per-
formed mainly based on Reynolds averaged Navier-Stokes (RANS)
turbulence models to obtain the details of flow field and tempera-
ture distributions which are extremely difficult to measure with
experimental techniques but essential for design optimization.
Ahmad and Kim (2006) simulated a 7-pin rod bundle and showed
that the transverse gradients induced by wire wraps exhibit direc-
tional periodicity between adjacent sub-channels. Gajapathy et al.
(2007) investigated a 7-pin rod bundle with and without wire
wraps. Their results revealed that the difference in bulk tempera-
ture between peripheral and central sub-channels is reduced by
a factor of 4 when compared to that with bar rod. Later, the same
authors Gajapathy et al. (2009) also characterized the thermal-
hydraulic features in rod bundle having 7, 19 and 37 pins and their
extendibility to 217-pin assembly. Raza and Kim (2008a) com-
pared three cross-sectional shapes of the wire, viz., the circular,
hexagon and rhombus and concluded that the last geometry gives
the highest overall pressure loss as well as heat transfer rate.
Hamman and Berry (2010) found that the peak temperature gener-
ally exists near the regions between the rod and an adjacent wire
wrap, which suggested the need for design optimization to avoid
localized hot spots appear. Rasu et al. (2013) investigated the flow
and temperature development in the entrance region of a 37-pin
rod bundle. The wire wrap was seen to shorten the thermal entry
length and significantly enhance the global heat transfer whereas
its influence on hydrodynamic entry length is not significant.
Gajapathy et al. (2015) studied the helical pitch and wire diameter
effects on the flow and temperature distribution of a 217-pin fuel
assembly. They showed that the transverse flow, friction factor and
Nusselt number increase with decrease in helical pitch and
increase in wire diameter. Recently, Gajapathy and Velusamy
(2016) also compared a fuel assembly wrapped with helical and
straight wires to assess the advantages of using former case.
Merzari et al. (2016) performed a series of 7-pin rod bundle simu-
lations using RANS models (k-e cubic model, k-e realizable model,
k-x SST model) and showed SST k-x model reproduces correctly
the behavior in the immediate proximity of the wire while all k-e
models underestimate it. Brockmeyer et al. (2016) studied the bun-
dle size effects on inter-subchannel mixing of inner sub-channels.
They observed that the transverse velocity and mass exchange
increase with larger bundle sizes and the inter-subchannel mixing
is a strong function of bundle size for bundles up to 91 pins. Raj
and Velusamy (2016) investigated the local flow pattern and heat
transfer in a 217-pin fuel assembly with an axial length of seven
helical wire pitches. The transverse flow in the central sub-
channels was found to follow a cosine profile and the mean clad
temperature exhibited a non-monotonic increase along the flow
direction.

On the other hand, when uprating the power density of reactor
cores, one of the technical issues is to improve the thermal-
hydraulic performance of the fuel assembly. Relative to the
single-wire wrapped fuel assembly, the design of fuel assembly
with multi-wire wraps (i.e., double-wire or four-wire wraps) has
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been found to give higher thermal efficiency (Razumovskiy et al.,
2008, 2009; Liu et al., 2013). However, this new geometry may
cause additional pressure loss to reduce coolant flow at the fuel
core (Fomichev and Solonin, 2014). Some preliminary investiga-
tions on this bundle design have been carried out by several
researchers. Using air as coolant, Fomichev and Solonin (2014)
measured the friction factors for a 37-pin fuel assembly spaced
by double-wire trapezoidal wraps and showed that the typical
empirical correlations of Novendstern (1972), Rehme (1973) and
Cheng and Todreas (1986) all over-predict their experimental
results. Razumovskiy et al. (2008, 2009) studied the temperature
distribution of the supercritical water flowing through the four-
wire wrapped rod bundles having 1, 3 and 7 pins. Gong et al.
(2012) and Li et al. (2015) investigated the flow resistance of water
through the 19-pin rod bundle wrapped with four circular and
trapezoid shaped wires in each pin. Both of them found that the
widely used Rehme correlation over-predicts their pressure loss
data.

From the detailed survey of literatures above, it is clear that a
lot of researches have been carried out to analyze the thermal-
hydraulic characteristics of the rod assembly with different num-
bers of fuel pins (7, 19, etc), however, most of them are rod bundles
where each pin is wrapped with a single helical wire. For fuel
assembly with four wire wraps in each pin, only some flow resis-
tance was primarily studied and there is a lack of information on
flow field, heat transfer and flow mixing in this complex fuel
assembly.

As a result, to obtain a better performance wire-wrapped fuel
assembly for advanced reactor cores, in this paper, three-
dimensional modeling of 19-pin heated rod bundles where each
Fig. 1. Configuration of a 19-pin wire-wrapped rod assembly, (a) computational domain
wires.
pin is wrapped with four circular shaped and four trapezoid shaped
wires has been respectively carried out using the CFD code. The
advanced hybrid-grid technique that combines structured hexahe-
dron grids and unstructured pentahedral grids in conjunction with
the RSM are adopted for numerical calculation. Effect of wire wrap
shape on turbulent flow, the secondary flows created by the wire
wraps and the consequent mixing of coolant have been detailed
investigated. Special attention has been paid to understand the
effect of secondary flows on the reduction of coolant temperature
variation. In order to assess the effectiveness of the different
shaped wire wraps, comparisons on global heat transfer and fric-
tional pressure loss are also evaluated and compared with existing
empirical correlations.
2. Numerical simulation

2.1. Geometrical model and mesh strategy

Fig. 1(a) shows the configuration of a 19-pin hexagonal rod
bundle where each pin is wrapped with four circular shaped
(Fig. 1(b)) and four trapezoid shaped wires (Fig. 1(c)), respectively.
The analysis is performed for a single period of the helical wires
which are mounted on the fuel rods in a counter clock-wise direc-
tion. The geometric parameters of the test assembly and the sub-
channels of the assembly, i.e., interior, corner and peripheral sub-
channels are also defined in this figure. The specifications of the
test assemblies are shown in Table 1.

Mesh generation is a challenging task for wire-wrapped rod
bundle in numerical analysis since for circular shaped wire rod
bundle, the wire wraps and fuel rods are in point contact in two
and defined sub-channels (b) four circular shaped wires (c) four trapezoid shaped



Table 1
Specifications of the test assemblies.

19-pin assembly Circular
shaped
wire

Trapezoid
shape
wire

Rod diameter, D (mm) 6 6
Rod pitch, P (mm) 7 7
Helical wire diameter, DS (mm) 0.5 /
Upper base length of trapezoid, a (mm) / 0.25
Lower base length of trapezoid, b (mm) / 0.5
Trapezoid height, c (mm) / 0.5
Helical wire pitch, H (mm) 215 215
Width across flats of the hexcan, L (mm) 32 32
Hydraulic diameter, Dh (mm) 2.238 2.515
Pin number N 19 19
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dimensions and in line contact in three dimensions. For trapezoid
shaped wire rod bundle, however, the adjacent wire wraps are
embedded in each other. The complexity arises due to the presence
of the helical edge contact. It is not possible to obtain a volume
mesh for these kinds of geometries with the available resources.
To overcome the geometric complexity, surface blending between
the fuel rods and wire wraps has been used to allow a small gap
(0.1 mm) between the adjacent wires. That is, a radial offset of
0.05 mm for each wire towards the adjacent rod is provided. By
this approximation, the line contact between the rods and wires
gets converted into a surface contact for the circular shaped wire
assembly, while it converts into a narrow gap region between
the adjacent wires for trapezoid shaped geometry. As has already
been discussed (Gajapathy et al., 2007; Raza and Kim 2008a,b;
Hamman and Berry 2010), this approximation does not change tur-
bulent flow and heat transfer characteristics of the wire-wrapped
rod bundle significantly. Different from the previous study
employing unstructured tetrahedral grids to simulate the flow
and heat transfer inside the assembly, in this work, in order to
maintain a good quality of the mesh as well as a relative low cell
count, advanced hybrid-grid technique that combines the struc-
Fig. 2. Cross section grid distribution, (a) circu
tured hexahedron grids and unstructured pentahedral grids has
been adopted to divide the modeling assembly. Fine grid is created
all along the surface of the fuel rods, wire wraps and hexagonal
duct walls to capture free velocity and temperature gradient. The
generated grid structure on one of the periodic planes is shown
in Fig. 2.

2.2. Description of numerical model

For three-dimensional steady incompressible flows, mass,
momentum and energy conservation equations are given as
follows:

Continuity:

@

@xj
ðqujÞ ¼ 0 ð1Þ

Momentum:

@

@xj
ðqujui � sijÞ ¼ � @p

@xi
ð2Þ

where

sij ¼ l @ui

@xj
þ @uj

@xi

� �
� 2
3
l @uk

@xk
dij � qu0

iu
0
j ð3Þ

Energy:

@

@xj
ðqujcpT � Fh;jÞ ¼ 0 ð4Þ

where

Fh;j ¼ K
@T
@xj

� qcpu0
jT

0 ð5Þ

Here, q is the fluid density, u the mean velocity component, p
the pressure, l the dynamic viscosity, u0 and T 0 a fluctuating com-
ponent of velocity and temperature, cp the specific heat, K the ther-
mal conductivity, and dij the Kronecker delta. Repeated i, j indices
lar shaped wire (b) trapezoid shaped wire.
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indicate summation from one to three. �qu0
iu

0
j is known as the Rey-

nolds stresses which can be modeled by directly solving the Rey-
nolds stress equations and by exploiting the Boussinesq
hypothesis.

In this analysis, three-dimensional twisted flow is induced by
wire wraps and its streamlines curve obviously. Since the Reynolds
stress model (RSM) and shear-stress transport k-x (SST k-x)
model are widely used to describe the flow in wire-wrapped rod
bundles (Raza and Kim, 2008a,b; Podila and Rao, 2014), in the pre-
sent work, both RSM and SST k-x model are adopted, in order to
determine a turbulence closure in better agreement with experi-
mental results available in literatures.

2.2.1. Reynolds stress model
The RSM includes the effect of anisotropy of turbulence, which

yields it superior to models based on Boussinesq approach when
simulating highly swirling flows and stress-induced secondary
flows. The RSM provides one equation for each Reynolds stresses
component together with an equation for the dissipation rate.
The transport equations are shown below (Ansys Fluent, 2010,
2011):

@

@t
ðqu0

iu
0
jÞ þ

@

@xk
ðquku0

iu
0
jÞ ¼ DT;ij þ DL;ij þ Pij þ /ij þ eij ð6Þ

where DT;ij, DL;ij, Pij, /ij and eij represent the turbulent diffusion,
molecular diffusion, stress production, stress strain and the dissipa-
tion, respectively.

DT;ij ¼ � @
@xk

qu0
iu

0
ju

0
k þ p0ðdkju0

i þ diku0
jÞ

h i
DL;ij ¼ @

@xk
l @

@xk
ðu0

iu
0
jÞ

h i
Pij ¼ �q u0

iu
0
k
@uj
@xk

þ u0
ju

0
k
@ui
@xk

� �
/ij ¼ p0 @u0

i
@xj

þ @u0
j

@xi

� �
eij ¼ �2l@u0

i
@xk

@u0
j

@xk

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

ð7Þ

Of the above terms, DL;ij and Pij do not require any modeling,
whereas DT;ij, /ij and eij need to be modeled to close the equations.
The turbulent diffusion DT;ij is modeled by using a scalar turbulent
diffusivity (Lien and Leschziner, 1994):

DT;ij ¼ @
@xk

lt
rk

@u0
i
u0
j

@xk

� �

lt ¼ qCl k2

e

Cl ¼ 0:09

9>>>=
>>>;

ð8Þ

where lt is the turbulent viscosity:
The dissipation tensor eij is modeled by using an additional ‘‘di-

latation dissipation” term YM according to the model of Sarkar and
Balakrishnan, (1990):

eij ¼ 2
3 dij qeþ YMð Þ

YM ¼ 2qeM2
t

)
ð9Þ

where Mt is the turbulent Mach number.
The modeling of the pressure-strain term /ij is particular chal-

lenging and often considered to be responsible for compromising
the accuracy of RSM predictions. In general, there are three sub-
models to treat this term: Linear Pressure-Strain (LPS) RSM model,
Quadratic Pressure-Strain (QPS) RSM model and low-Re Stress-
Omega RSMmodel. According to Speziale et al. (1991), the quadra-
tic pressure-strain model which has been demonstrated to give
superior performance in the flows with streamline curvature, is
adopted in the present work to model the stress strain. On this
basis, the wall boundary condition from k equation is adopted for
the Reynolds stress and the scalable wall functions are used for
near-wall treatment. Scalable wall functions avoid the deteriora-
tion of standard wall functions under grid refinement below a crit-
ical value and produce consistent results for grids of arbitrary
refinement. Then these wall functions can force the usage of the
log law in conjunction with the standard wall functions approach
(Ansys Fluent, 2011).

2.2.2. SST k-x model
The SST k-x model combines the advantages of the k-x model

activated in the near-wall region and the k-e model used in the
region far from the wall with a blending function (Menter, 1994).
Bardina et al. (1997) and Raza and Kim (2008a,b) have reported
that compared with other eddy viscosity models, the SST model
efficiently captures the separation under an adverse pressure gra-
dient and hence accurately predicts the near wall turbulence,
which is critical for the accurate prediction of the turbulent heat
transfer. The transport equations for this turbulence model are:

@

@t
ðqkÞ þ @

@xi
ðqkuiÞ ¼ @

@xj
lþ lt

rk

� �
@k
@xj

� �
þ Gk � Yk ð10Þ

@

@t
ðqxÞ þ @

@xj
ðqxujÞ ¼ @

@xj
lþ lt

rx

� �
@x
@xj

� �
þ Gx � Yx þ Dx ð11Þ

where rk and rx are the turbulent Prandtl number for k and x. The
terms Gk, Gx, Yk, Yx and Dx represent the production of k andx, the
dissipation of k and x due to turbulence, and the cross-diffusion
term, respectively.

Gk ¼ �qu0
iu

0
j
@uj
@xi

Gx ¼ a
mt
Gk

Yk ¼ qb�kx
Yx ¼ qbx2

Dx ¼ 2ð1� F1Þ q
1:168x

@k
@xj

@x
@xj

9>>>>>>>=
>>>>>>>;

ð12Þ

Here, F1 is the blending function which is used in the model to
active the Wilcox k-omega model close to the wall and k-epsilon
model in the outer region.

The detailed description of above equations can refer to Ansys
Fluent (2011). In the numerical calculation, the low Reynolds num-
ber modification is used to enable a low-Reynolds-number correc-
tion to the turbulent viscosity and the curvature correction is also
adopted.

2.3. Grid independency

Grid independency tests have been carried out to find the num-
ber of grids for numerical analysis. Fig. 3 shows the results of fric-
tional pressure loss Dpf for the 19-pin wire-wrapped rod bundles
obtained using four different grid systems. All of the solver param-
eters including the flow and boundary conditions are the same for
each test case. Fig. 3(a) is the result obtained from a given Reynolds
number flow with two different turbulence models and Fig. 3(b) is
the result obtained from a given turbulence model with two differ-
ent Reynolds numbers. From the results, 6.72 million and 7.42 mil-
lion are selected as the optimum grids number for circular shaped
and trapezoid shaped wire fuel assemblies, respectively.

2.4. Model validation

The values of pressure loss obtained from numerical calcula-
tions are compared with the available experimental data of Li
et al. (2015) and presented in Fig. 4 in terms of friction factor f,
to assess the predictive capability of the proper turbulence model
for simulating the flow created by the four-wire wraps. In Li et al.



Fig. 3. Frictional pressure loss Dpf calculated under different grids, (a) different turbulence models (b) different Reynolds numbers.
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(2015)’s experiment, the pressure loss of water coolant flowing
through a 19-pin rod bundle where each pin is wrapped with four
trapezoid shaped wires was measured. As shown in Fig. 4(a), the
calculated results indicate that the RSM poorly predicts the friction
factor of low Reynolds number flows (Re < 15,000) while it is in
good agreement with the measurement under high Reynolds num-
ber conditions (Re � 15,000). This may be due to the fact that at
low Reynolds number, the flow is laminar flow or not turbulent
flow with strong streamline curvature, swirl and rotation, which
makes the RSM not suitable for the modeling (Ansys Fluent,
2011). Fig. 4(b) shows that the average relative deviation of the
results predicted by SST k-x model is nearly 20%, which is gener-
ally higher than that predicted by RSM. Considering the flow con-
ditions normally encountered in real reactor cores are highly
turbulent, the RSM is thus selected for all simulations presented
in this paper.
2.5. Boundary conditions and solver parameters

The boundary conditions in this study are presented in Fig. 5.
Liquid water is used as a coolant. The inlet mass flow rate and
the inlet water temperature are 1.022 kg/s and 394.8 K, respec-
tively. The corresponding inlet axial velocities uin for circular
shaped and trapezoid shaped wire assemblies are 3.57 m/s and
3.33 m/s, respectively. A turbulent intensity of 4.3% is used at the
inlet. The outlet pressure pout is 6.12 MPa for all cases. Reynolds
number based on the hydraulic diameter Dh and inlet axial velocity
uin (Re ¼ quinDh=l) varies from 32,844 to 34,399 and is well in the
turbulent flow regime (Novendstern 1972; Cheng and Todreas
1984). No slip boundary condition is imposed on all solid surfaces
of fuel rods, wire wraps and hexagonal duct walls. Constant heat
input, 127.75 kW is imposed on the circular and trapezoid shaped
wire rod surfaces. At the hexagonal duct wall, the adiabatic condi-
tion is applied.
The properties of the water coolant under above working condi-
tions are listed in Table 2. In the numerical calculation, the water
density and thermal properties are held constant.

The commercial Fluent code is used to construct and solve the
flow models here. With the RSM, turbulent heat transport is mod-
eled using the concept of Reynolds’ analogy to turbulent momen-
tum transfer (Ansys Fluent, 2010). The ‘‘modeled” energy
equation is:

@

@t
ðqEÞ þ @

@xi
uiðqEþ pÞ½ � ¼ @

@xj
kþ cplt

Prt

� �
@T
@xj

þ uiðsijÞeff
� �

ð13Þ

where E is the total energy and ðsijÞeff is the deviatoric stress tensor:

ðsijÞeff ¼ leff
@uj

@xi
þ @ui

@xj

� �
� 2
3
leff

@uk

@xk
dij ð14Þ

The term involving ðsijÞeff represents the viscous heating which
is only computed in the density-based solvers.

All the simulations in this work are conducted by means of a
segregated method using the SIMPLE scheme for pressure-
velocity decoupling. The nominally second-order accurate scheme
is selected for the discretization of the governing equations. The
convergence criterion used for the simulation is that the residual
of the equations drops more than five orders of magnitude.
3. Results and discussion

The internal structure of the assembly channels is very com-
plex. For comparison, three characteristic planes along y direction,
four characteristic lines along z direction along with various cross
sections of the assembly are respectively defined as shown in
Fig. 6. For characteristic lines, line 1 represents the position
between the two adjacent wires in the interior sub-channel, line
2 represents the position between the wire wrap and the corner
sub-channel, line 3 represents the center of the three adjacent fuel



Fig. 4. Comparison of the experimental results with calculated friction factor f, (a)
fraction factor f with different Re (b) average relative deviation.

Fig. 5. Boundary conditions for the analysis.

Table 2
The properties of water coolant under working conditions.

p (MPa) T (K) q (kg�m�3) l (Pa�s) K (W�m�1�K�1) cp (kJ�kg�1�K�1)

6.12 394.8 944.72 0.00023 0.6868 4.231
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rods (i.e., center of the interior sub-channel) and line 4 represents
the position between the fuel rod and the duct wall in the periph-
eral sub-channel.

3.1. Velocity distribution

3.1.1. Axial velocity
The axial velocity distribution at various characteristic planes

are depicted in Fig. 7. The result shows that the uniform axial flow
after entering the rod bundle distorts significantly and the axial
velocity near the fuel rods and wire wraps is very small, which is
similar to the flow in single-wire wrapped rod bundle (Gajapathy
et al., 2009; Gajapathy and Velusamy, 2016). As the position of
the wires changes from one cross section to the other, the axial
flow also periodically changes and the axial velocity in inner char-
acteristic planes (plane 1, 2) is generally smaller than that in outer
characteristic plane (planes 3). For outer characteristic plane, the
axial velocity in the peripheral sub-channels continually increases
along flow direction. From the figure, it can also be seen that the
flow is fully developed in the location about 60Dh from the inlet
(i.e., z � 0.6H) and this flow is unaffected by the outlet conditions
in the location about 10Dh from the top exist. For the single-wire
wrapped rod bundle, Gajapathy et al. (2007) found that the
flow is fully developed in about one-fourth of the wire pitch while
Rasu et al. (2014) demonstrated that the velocity attains full devel-
opment within an axial length of 70 times the hydraulic diameter.

Fig. 8 shows the axial velocity distribution at plane z = 0.75H. As
can be seen in the figure, due to the presence of the wire wraps
reducing the flow area, the axial velocity is the maximum in the
center of the interior and peripheral sub-channels and minimum
around the wire wraps and in the corner zones of the assembly.
For circular shaped wire assembly, there exists flow stagnation in
the sharp corner of the wires. Also, for both shaped wire assem-
blies, the low axial flow area in the windward side of the wire is
found to be larger than that in the leeward side. In the case of
single-wire wrapped rod bundle, the maximum axial velocity
occurs in the zones where wire wrap is closer to the hex-can
(Gajapathy et al., 2009) whereas the lowest axial velocity occurs
upstream of the wire wrap (Ahmad and Kim, 2006; Raza and
Kim, 2008b).

The axial velocity distribution along various characteristic lines
are depicted in Fig. 9. It is found that the axial velocity distributed
in line 4 is the minimum compared to that distributed in lines 1–3.
The axial velocity in line 1 is approximately equal to that in line 2,
both of which are located near the wire and change periodically
along axial direction. The period equals one-quarter of a wire pitch
(i.e., H/4). The axial velocity in line 3 is the maximum and increases
gradually along flow direction.

3.1.2. Transverse velocity
The transversal flow induced by the wire wraps is defined as

Uh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

x þ U2
y

q
and depicted in Fig. 10 at plane z = 0.75H. In con-

trast to the axial velocity distribution (Fig. 8), the activity of trans-
verse flow is the maximum in the vicinity of the wire wraps due to
the swirl action of the circulating flow and the transverse velocity
in the windward side of the wire is found to be larger than that in
the leeward side for both shaped wire assemblies. Similarly, the
transverse flow is observed to be constrained between the two
adjacent wires due to the opposite direction of transverse flow
induced by these two wires. In the center of the interior sub-
channels, the narrow gap between the adjacent rods and the
peripheral sub-channels near the duct wall, this flow is also very
weak because these regions are far away from the wire wraps.
For the single-wire wrapped rod bundle, the transverse flow is
strong in the peripheral sub-channels and found to be constrained
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Fig. 6. (a) characteristic planes along y direction (b) characteristic lines along z direction.

Fig. 7. Axial velocity distribution at various characteristic planes along y direction, (a) circular shaped wire (b) trapezoid shaped wire.
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in the central sub-channels (Gajapathy et al., 2009; Gajapathy and
Velusamy, 2016).

On the other hand, as discussed above, the local axial velocity at
plane z = 0.75H ranges from 0.342 to 4.658 m/s for circular shaped
wire assembly (Fig. 8(a)) and it is 1.150 to 4.257 m/s for trapezoid
shaped (Fig. 8(b)). Fig. 9 indicates that the local transverse velocity
at z = 0.75H plane ranges from 0.0002 to 0.287 m/s for circular
shaped wire assembly and it is 0.0002 to 0.342 m/s for trapezoid
shaped. Then it can be calculated that the ratios of maximum axial
velocity to the maximum transverse velocity are about 16.2 (i.e.,
(Uz)max/(Uh)max = 4.658/0.287) and 12.4 (i.e., (Uz)max/(Uh)-
max = 4.257/0.342) for circular and trapezoid shaped wire assem-
blies, respectively. For circular shaped wire assembly, this ratio is
nearly 1.42 times as the tangent of the wire angle (i.e.,
tan h ¼ 215=6p) while it is about 1.09 times for trapezoid shaped
geometry. This result confirms the fact that the transverse flow
induced by trapezoid shaped wires is much stronger than that
induced by circular shaped wires, though the inlet axial velocity
of the circular shaped wire assembly (i.e., uin = 3.57 m/s) is a bit lar-
ger than that of the trapezoid shaped (i.e., uin = 3.33 m/s). For the
single-wire wrapped rod bundle, Gajapathy et al. (2009) and
Gajapathy and Velusamy (2016) showed that the ratio of maxi-
mum axial velocity to the maximum transverse velocity is nearly
equal to the tangent of the wire angle.

Fig. 11 presents the surface streamlines of the transverse flow
on various sub-channels at plane z = 0.75H. This helps in under-
standing the complex secondary flows induced by the wire wraps.
The two different shaped wires show the macroscopic flow struc-
tures similar to each other. From the figure, it can be seen that
the circulating flow and separating flow regimes are formed in
the windward and leeward sides of the wire, respectively (Fig. 11
(a)). The separating flow meets with the water flowing along the
duct wall surface and reverses its flow direction, and finally forms
strong reversed cross-flow in the peripheral sub-channel around



Fig. 8. Axial velocity distribution at z = 0.75 H, (a) circular shaped wire (b) trapezoid shaped wire.

Fig. 9. Axial velocity distribution at various characteristic lines along z direction, (a) circular shaped wire (b) trapezoid shaped wire.
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the wire (Fig. 11(b)). In the corner sub-channels, the water flow
sweeps the duct wall and localized back flow appears in the circu-
lar shaped wire assembly, which however does not occur in the
assembly with trapezoid shaped wires (Fig. 11(c)). These special
flows are very important from the thermal hydraulic point of view,
because they enhances the thermal mixing of water coolant in the
cross section as well as local turbulence intensity, and thereby
ensuring a better uniformity of the temperature distribution. For
the single-wire wrapped rod bundle, there generally exists a circu-
lating flow in the interior sub-channel closer to the duct wall (Raza



Fig. 10. Transverse velocity distribution at z = 0.75 H, (a) circular shaped wire (b) trapezoid shaped wire.
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and Kim, 2008b) and a reversed cross-flow in the peripheral sub-
channel against the direction of the wire wrap in the gap
(Ahmad and Kim, 2006).

The transverse velocity distribution along various characteristic
lines are depicted in Fig. 12. Obviously, contrary to the axial veloc-
ity distribution (Fig. 9), the transverse flow distributed in lines 2
and 4 is much larger than those in lines 1 and 3. This is because
of the opposite direction of transverse flow induced by the adja-
cent wires in line 1 and the farthest distance from the wire wraps
in line 3, then the transverse velocity in these regions is very small
and approaches zero. Also, the periods of the transverse flow dis-
tributed in lines 2 and 4 along axial direction are the same as those
of axial flow distributed in lines 2, 3 and 4, both of which equals
H/4.
3.3. Pressure distribution

Fig. 13 shows the relative static pressure distribution at plane
z = 0.75H. Although a substantial radial pressure gradient exists
in both shaped wire assemblies, in the case of the trapezoid shaped
wires, however, the pressure difference is found to be larger. For
both shaped wire assemblies, the lowest pressure is in the location
filed at the top of the wires. Accordingly, the highest pressure is
predicted at the interface between the leeward of the wire and
the fuel rod due to the sharp angle. The static pressure distributed
in the gap between the leeward side of the adjacent rods is also
very large due to the Bernoulli effect. For the single-wire wrapped
rod bundle, the lowest pressure is at the location of the wire block-
ing the gap between the fuel rods (Raza and Kim, 2008b) whereas
the highest pressure is predicted at the rod and wire wrap interface
(Hamman and Berry, 2010). Meanwhile, the pressure filed distribu-
tion in the four-wire wrapped rod bundle is found to be much
more flat compared with that in single-wire wrapped rod bundle
(Ahmad and Kim, 2006; Raza and Kim, 2008b; Hamman and
Berry, 2010).

Fig. 14 shows the total pressure distribution at the various
characteristic lines. Consistent with the axial velocity distribution
(Fig. 9), the total pressure distributed in lines 1, 2 and 4 decreases
periodically along axial direction whereas the total pressure
in line 3 is the maximum and continually decreases along flow
direction.

3.3. Temperature distribution

Maximum temperature and temperature gradient are impor-
tant factors which should be seriously considered in the thermal-
hydraulic design of the fuel assembly. The water temperature dis-
tribution at various characteristic planes are depicted in Fig. 15. In
opposition to the trend observed in the axial velocity distribution
(Fig. 7), the temperature in inner characteristic planes (planes 1,
2) is higher than that in outer characteristic plane (planes 3). A
large temperature gradient is found to exist between the sub-
channels surrounding the central fuel rods and its direction
reverses as the water flows through the axial direction depending
upon the wire position. Also, some local hot spots can be observed
near the wire wraps especially in the downstream of the inner
characteristic planes, which is similar to the temperature distribu-



Fig. 11. Streamlines of the transverse flow at z = 0.75 H, (a) separating and circulating flows (b) reversed cross-flow (c) localized back flow along duct wall.

Fig. 12. Transverse velocity distribution at various characteristic lines along z direction, (a) circular shaped wire (b) trapezoid shaped wire.
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tion in the single-wire wrapped rod bundle (Ahmad and Kim,
2006; Gajapathy et al., 2009; Hamman and Berry, 2010;
Gajapathy and Velusamy, 2016).

The water temperature distributions at various cross sections
and sub-channels are depicted in Fig. 16 and Fig. 17, respectively.
Fig. 16 shows that the increase of water temperature is higher in
the interior sub-channels of the assembly, because water flowing
in these sections is heated all-around by surrounding wires and
rods. Similarly, the water temperature increase is less in the
peripheral and corner sub-channels since the heat input per unit
length in these channels is less due to the presence of adiabatic
duct wall and the low transverse flow in these zones leading to a
poor mixing of water within each section.

For circular shaped wire assembly, the local maximum water
temperature Tmax at outlet (z = H) is 435.0 K and the local mini-
mum temperature Tmin is 396.6 K. The temperature difference



Fig. 13. Relative static pressure distribution at z = 0.75 H, (a) circular shaped wire (b) trapezoid shaped wire.

Fig. 14. Total pressure distribution at various characteristic lines along z direction, (a) circular shaped wire (b) trapezoid shaped wire.

224 L. Liu et al. / Nuclear Engineering and Design 318 (2017) 213–230
between them DT is about 38.4 K. Similarly, the Tmax, Tmin and DT
for trapezoid shaped geometry are respectively 414.7 K, 396.8 K
and 17.9 K, and the temperature difference is lower than that of
circular shaped. This indicates that the trapezoid shaped wire gives
a lower maximum temperature as well as a uniform temperature
distribution in comparison with circular shaped. Hence, it con-
cludes that the sub-channel mixing of water coolant is stronger
in trapezoid shaped wire assembly.

From the local temperature distribution near the wire wraps
shown in Fig. 17, it is found that the temperature in the wind-
ward side of the wire is larger than that in the leeward side,
which is contrary to the normal expectation. As discussed in Sec-
tion 3.1, this is because even though the transverse flow in the
windward side is high, there exists a larger low axial flow area
in the windward side, leading to lower mass flow rate compared
to the heat input. Thus, local hot spots occur in this region,
which suggests the need for a design optimization to give a
more uniform coolant flow throughout the assembly. For the
single-wire wrapped rod bundle, the highest temperature gener-
ally exists in the interior sub-channels, near the region between
the fuel rod and an adjacent wire wrap (Hamman and Berry,
2010) while the temperature is minimum in the peripheral
sub-channels due to the large circumferential flow (Gajapathy
et al., 2009).



Fig. 15. Water temperature distribution at various characteristic planes along y direction, (a) circular shaped wire (b) trapezoid shaped wire.
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As shown in Fig. 18, the temperature distributions in character-
istic lines 1, 2, 4 increase periodically along axial direction because
these lines are close to the heated wires. The peak temperature in
line 4 is the largest due to the induced reversed cross-flow which
improves the water mixing to enhance heat transfer (Fig. 12).
The peak temperature in line 1 is larger than that in line 2 because
line 1 is located between the two adjacent heated wires. Though
the transverse flow in this region is low, the heat input per unit
length is large. For line 3 which is located in the center of the inte-
rior sub-channel, the temperature gradually increases because it is
far away from the heated rods and wires and the water in this
region is heated evenly. For comparison, it is also found that the
amplitude of the temperature fluctuation in lines 1 and 2 is larger
in trapezoid shaped wire assembly than that in circular shaped,
whereas temperature fluctuation in line 4 is smaller as compared
to that of circular shaped. Similar to the periods of the axial and
transverse velocities, the temperature period of lines 1, 2 and 4 is
H/4. In the case of single-wire wrapped rod bundle, the axial vari-
ation of flow field (including both velocity and pressure distribu-
tion) and temperature distribution is cyclic and has a period
equal to the wire pitch (Ahmad and Kim, 2006).

3.4. Global heat transfer

The evaluation of the global heat transfer is estimated quantita-
tively through the average Nusselt number Nu which is defined as:

Nu ¼ qwDh

ðTw � Tf ÞK ¼ qw

ðTw � Tf Þ
Dh

cpl=Pr
ð15Þ

where qw is the wall heat flux, K the water thermal conductivity, Tw
the average wall temperature of all rods, Tf the bulk temperature of
the water, Dh the hydraulic diameter, cp the specific heat capacity of
the water, l the water dynamic viscosity, and Pr the Prandtl num-
ber at the bulk-water temperature (i.e., Pr = cpl/K). For comparison,
the Nusselt number correlations of Arwikar and Fenech (1979),
Kazimi and Carelli (1980) and Fenech (1985) obtained for water
flow in rod bundles with single circular shaped wire in each pin
and the Dittus and Boelter’s (1930) correlation for turbulent pipe
flow are also indicated here. Detail equations for these correlations
are described in Appendix A.

Fig. 19 shows the average Nu predicted by the present simula-
tion along with those predicted by Dittus and Boelter (1930),
Arwikar and Fenech (1979), Kazimi and Carelli (1980) and
Fenech (1985) for various values of Reynolds number Re. Generally,
the Nu increases sharply with the Re. It is noted that there are no
explicit differences between the numerical results of Nu obtained
for these two different shaped wire assemblies within the flow
range, indicating that the thermal benefit of secondary flows
induced by circular and trapezoid shaped wires is almost equiva-
lent and the global heat transfer performance is similar to each
other.

At low Prandtl number Pr, the correlations proposed by Dittus
and Boelter (1930), Arwikar and Fenech (1979), Kazimi and
Carelli (1980) and Fenech (1985) all over-predict the average Nu.
For large Pr, it is seen that the correlations of Arwikar and
Fenech (1979), Kazimi and Carelli (1980) and Fenech (1985)
over-predict the average Nu while only the Dittus and Boelter’s
(1930) results agree with the numerical results. The reason for
the poor prediction is due to the unsuitable application of these
correlations for the present assembly. For example, Dittus and
Boelter (1930)’s correlation is used for the turbulent heat transfer
in pipe flow. Kazimi and Carelli (1980)’s correlation was developed
using the single-wire wrapped assembly experiments conducted
with the coolants Na, Hg and NaK and this model is mainly used
for sodium cooled fast reactor test. Generally, the temperature
development for sodium flow is faster than that of water flow
due to the low Prandtl number of sodium. Fenech (1985)’s correla-
tion was proposed based on the local experimental study on a 61-
pin single-wire wrapped rod bundle using water at atmospheric
pressure and temperature as coolant. In this correlation, both the



Fig. 16. Temperature distribution at various cross sections, (a) z = 1/2 H (b) z = H.
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Reynolds number and Prandtl number are evaluated based on local
sub-channel mass flux, sub-channel hydraulic diameter and the
fluid properties at sub-channel bulk temperature. The Nusselt
number in Arwikar and Fenech (1979)’s correlation was obtained
for water flow in a 61-pin wire-wrapped rod bundle at atmo-
spheric conditions. This correlation is valid only for the flow ranged
in Reynolds number between 2 	 103 and 2.5 	 104.

3.5. Friction factor and pressure loss

In this work, the weighted average frictional pressure loss DPf
values have been used to calculate friction factor. The friction fac-
tor f is defined as:

f ¼ 2DPf

qu2
inH=Dh

ð16Þ
where uin is the inlet axial velocity, H the wire pitch, and DPf the
frictional pressure loss. The friction factor profile as a function of
Reynolds number is presented in Fig. 20. Similarly, the results from
the fraction factor correlations of Novendstern (1972), Rehme
(1973), Engel et al. (1979), Arwikar and Fenech (1979) and Cheng
and Todreas (1986) are also presented in the figure. These correla-
tions are mainly applied for fuel assemblies with one circular
shaped wire in each pin. The detail equations are described in
Appendix B.

Results indicate that the friction factor of rod bundle with
trapezoid shaped wires is much larger than that with circular
shaped wires. This is because the trapezoid shaped wire has a shar-
per edge and the secondary flows induced by this shape surface is
stronger, resulting in larger transverse velocity (as discussed in
Figs. 10–12) than that of circular shaped wire when water flows
through it. The larger eddy dissipation caused by this geometry
finally results in increased frictional pressure loss. For circular



Fig. 17. Local temperature distribution in various sub-channels (z = 1/2 H), (a) circular shaped wire (b) trapezoid shaped wire.

Fig. 18. Water temperature distribution at various characteristic lines along z direction, (a) circular shaped wire (b) trapezoid shaped wire.
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shaped wire assembly, the results obtained from Rehme’s (1973)
correlation under-predict the f, while those of Novendstern
(1972), Engel et al. (1979), Arwikar and Fenech (1979) and Cheng
and Todreas (1986) over-predict it. On the other hand, for trape-
zoid shaped wire assembly, the correlations developed by
Novendstern (1972), Rehme (1973), Arwikar and Fenech (1979)
and Cheng and Todreas (1986) all under-predict the results while
Engel et al.’s (1979) correlation over-predicts it. Similar to the glo-



Fig. 19. Average Nu of rod bundles with different shaped wires, (a) Pr = 1.07 (b)
Pr = 1.42.
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Fig. 20. Friction factor f of rod bundles with different shaped wires.
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bal heat transfer analysis above, the existing correlations for fric-
tion factor were generally proposed under different geometry
structure and flow conditions, which also makes their applied
range limited. For example, Novendstern (1972)’s correlation
focuses on the sub-channel pressure loss of the single-wire
wrapped rod bundle. Rehme (1973)’s correlation was proposed
based on the water experimental data, however, the effect of
geometry on flow resistance was considered by changing helical
pitch and wire diameter whereas the rod diameter was always
12 mm in the model. This rod diameter is greatly larger than diam-
eter of fuel rod in this study. Engel et al. (1979) proposed a simple
friction that can be applied to laminar, transition and turbulent
region based on their limited water and sodium experimental data
for a 61-pin rod bundle with single-wire wrap. Since their correla-
tion depends only on the Reynolds number and the effect of geom-
etry structure is not properly represented, its applicability appears
to be limited to their data. Cheng and Todreas (1986) developed
the correlation for average friction factor by assuming equal sub-
channel pressure loss, which also makes their model a limitation
in this study.

In our next work, both the effects of rod geometry (i.e., rod
number and diameter), wire structure (i.e., wire diameter, number,
shape and pitch), coolant properties and flow conditions on the
thermal-hydraulic characteristics of the four-wire wrapped rod
bundles will be detailed studied to give a comprehensive model
for this new fuel assembly.
4. Conclusions

Three-dimensional numerical analysis of 19-pin heated fuel
assembly where each pin is wrapped with four circular shaped
and four trapezoid shaped wires was carried out to study the effect
of the different wire wraps on turbulent flow and heat transfer of
water through it. The secondary flows created by the wire wraps
and consequent mixing of water flow have been thoroughly inves-
tigated. The following conclusions can be obtained:

1. The axial flow after entering the assembly changes periodically
along flow direction (period equals H/4) and the maximum
value occurs in the center of interior and peripheral sub-
channels, while the minimum in the corner zones. The circulat-
ing and separating flow regimes are formed in the windward
and leeward sides of the wires while in the peripheral sub-
channels, it forms strong reversed cross-flow. The transverse
velocity is the maximum in the vicinity of the wires but is con-
strained between the adjacent wires;

2. The water temperature in the windward side of the wire is lar-
ger than that in the leeward side, resulting in local hot spots in
this region. In the sub-channels near the wire, the temperature
periodically increases along axial direction (period equals H/4),
while it gradually increases in the channels far away from the
wire;

3. The frictional pressure loss of the rod bundle with
circular shaped wires is smaller than that with trapezoid
shaped wires, while the global heat transfer is equivalent.
However, the trapezoid shaped wires give a lower maximum
temperature as well as a uniform temperature distribution
within the subassembly in comparison with the circular shaped
geometry.
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Appendix A.

Details of heat transfer coefficient Nu correlations.

Authors Correlations Ranges of validity

Dittus and Boelter (1930) Nu ¼ 0:023Re0:8Pr0:4 Re P 4000 .

Arwikar and Fenech (1979) Nu ¼ 0:0248Re0:806Pr0:315 Re P 3500 .

Kazimi and Carelli (1980) Nu ¼ 4þ 0:33 P
D

	 
3:8 Pe
100

	 
0:86 þ 0:16 P
D

	 
5
Pe ¼ RePr

1:15 6 P=D 6 1:3 and 10 6 Pe 6 5000 .

Fenech (1985) Nu ¼ 0:0301Re0:79Pr0:43 Re P 3500

Appendix B.

Details of friction factor f correlations.

Authors Correlations Ranges of validity

Novendstern (1972) f ¼ f sM

f s ¼ 0:316Re�0:25

M ¼ 1:034
ðP=DÞ0:124 þ

29:7ðP=DÞ6:94Re0:086
ðH=DÞ2:239

h i0:885
Transition and turbulent flow
19 6 N 6 217
1:06 6 P=D 6 1:42
8 6 H=D 6 96

2:6	 103 6 Re 6 2	 105

Rehme (1973) f ¼ 64
Re F

0:5 þ 0:0816
Re0:133

F0:9335
� �

Sb
St

F ¼ P
D

	 
0:5 þ 7:6ðDþDSÞ
H

P
D

	 
2h i2:16
where Sb is the wetted perimeter of the rods
and wires, St the total wetted perimeter of rods.

Turbulent and transition flow
7 6 N 6 37
1:1 6 P=D 6 1:42
8 6 H=D 6 50

2	 103 6 Re 6 2:5	 105

Engel et al. (1979) Laminar flow: f ¼ 110
Re Re < 400

Turbulent flow: f ¼ 0:55
Re0:25

Re > 5000

Transition flow: f ¼ 110
Re

ffiffiffiffiffiffiffiffiffiffiffiffi
1� w

p
þ 0:55

Re0:25
ffiffiffiffi
w

p
w ¼ Re�400

4600 400 6 Re 6 5000

19 6 N 6 61
1:067 6 P=D 6 1:082
7:7 6 H=D 6 8:3

5	 10 6 Re 6 4	 104

Arwikar (1979) f ¼ 0:436Re�0:263 2	 103 6 Re 6 2:5	 104

Cheng and Todreas (1986) Laminar flow: f ¼ CfL

Re Re < ReL

Turbulent flow: f ¼ CfT

Re0:18
Re > ReT

Transition flow: f ¼ CfT

Re0:18
w1=3 þ CfT

Re ð1� wÞ1=3

CfL ¼ �974:6þ 1612 P
D

	 
� 598:5ðPDÞ
2

h i
H
D

	 
0:06�0:085ðP=DÞ

CfT ¼ 0:8063� 0:9022 log H
D

	 
�
þ0:3526ðlog H

DÞ
2
i

P
D

	 
9:7 H
D

	 
1:78�2ðP=DÞ

log ReL
300

� �
¼ 1:7 P

D � 1
	 


log ReT
10000

� �
¼ 0:7 P

D � 1
	 


w ¼ logðReÞ�ð1:7P=Dþ0:78Þ
2:52�P=D

19 6 N 6 217
1:025 6 P=D 6 1:42
4 6 H=D 6 52

5	 10 6 Re 6 1	 106
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