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Abstract —Convective heat transfer in turbulent flow from an array of blunt plates is numerically studied. The flow is assumed
to be steady, two dimensional, incompressible and turbulent. A modified two equation k–ε model with the preferential dissipation
modification is incorporated to determine accurately turbulent flow field, as well as the recirculation pattern along the entrance region
of the plates. To predict the local variations of turbulence quantities in the k equation, a three-layer, near wall turbulence model was
examined based on the wall function. The governing equations are solved using finite volume technique based on the bounded
skew hybrid difference scheme BSHD, and the PISO algorithm to iterate for pressure corrections. The solutions were obtained using
a two-pass procedure, devised to allow for the correct use of the wall functions. Computations for ReD were obtained in the range
2.5·104 to 106; Prandtl numbers of 1, 2, 5, and 10 and blockage ratios of 5 % through 30 %. Results of friction coefficient, and Nusselt
number distribution for the combined entry length problem are presented for different flow conditions and plates thickness. These
findings are in accord with previously published experimental and theoretical results of a single plate.  2000 Éditions scientifiques
et médicales Elsevier SAS
forced convection / turbulent flow / parallel thick plates

Nomenclature

Br blockage ratio,D/H
Cµ, C1, C2 constant coefficients
C′1, C′′1 coefficients in the modifiedk–ε

turbulence model
Cf friction factor,µ(∂u/∂x)x/(ρu2∞)
Cp pressure coefficient,(p−p∞)/(ρu2∞)
D plate thickness . . . . . . . . . . . . m
E integration constant in logarithmic law

of the wall (9.0)
fµ, fε damping function in thek andε

equations
G generation term ink equation,

equation (7)
H distance between centerlines of the

plates . . . . . . . . . . . . . . . . . m
k turbulent kinetic energy . . . . . . . m2·s−2

kin turbulent kinetic energy at the inlet m2·s−2

kp turbulent kinetic energy of the first
grid point near the wall . . . . . . . m2·s−2

* Correspondence and reprints.
yaghoub@succ.shirazu.ac.ir

p static fluid pressure . . . . . . . . . Pa

p∞ upstream fluid static pressure . . . . Pa

Pr Prandtl number,ν/α

Prt turbulent Prandtl number,νt/αt

ReD Reynolds number,u∞D/ν
ReDh Reynolds number based on hydraulic

diameter, 2Hu∞/ν
T temperature . . . . . . . . . . . . . K

Tw wall temperature . . . . . . . . . . . K

T∞ upstream fluid temperature . . . . . K

Tp fluid temperature of the first grid point
near the wall . . . . . . . . . . . . . K

u1, u2 velocity components inx1 and x2
direction . . . . . . . . . . . . . . . m·s−1

Up velocity component inx1 direction of
the first grid point near the wall . . m·s−1

u∞ upstream fluid velocity . . . . . . . m·s−1

x1, x2 streamwise and cross-stream
coordinates . . . . . . . . . . . . . . m

xr reattachment length . . . . . . . . . m

y+p wall coordinateC1/4
µ k1/2y/ν at node

p adjacent to the wall
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Greek symbols

α thermal diffusivity . . . . . . . . . . m2·s−1

αt turbulent thermal diffusivity . . . . m2·s−1

κ von Karman constant
τ shear stress . . . . . . . . . . . . . . Pa
τw wall shear stress . . . . . . . . . . . Pa
ε dissipation rate of turbulent kinetic

energy . . . . . . . . . . . . . . . . m2·s−3

µ dynamic viscosity . . . . . . . . . . Pa·s
θ dimensionless temperature,

(T − T∞)/(Tw − T∞)
σk , σε turbulent Prandtl number for diffusion

of k andε
ν kinematic viscosity of fluid . . . . . m2·s−1

νt turbulent viscosity . . . . . . . . . . m2·s−1

νeff effective viscosity . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . kg·m−3

εin dissipation rate for turbulent kinetic
energy at the inlet . . . . . . . . . . m2·s−3

1. INTRODUCTION

Turbulent forced convection in the inlet section of
parallel plates is commonly encountered in a variety of
thermal engineering systems. For some applications, the
plates are relatively thick and the flow is not of a bound-
ary layer type accompanied by fluid separation and reat-
tachment. These plates are met in heat exchangers, ducts
and electronic devices to name a few. An understand-
ing of the combined entry length problem for turbulent
flow in such a row of parallel plates is important for ther-
mal design processes. The nature of flow for such two-

dimensional, thick, rectangular plates is sketched infig-
ure 1. As the flow moves from left to right, the decrease
in its velocity causes a favorable pressure gradient. The
addition of pressure in the streamwise direction causes
the flow to separate from the leading edge, and after a
distance, to reattach to the plate, forming a recirculation
bubble within which there is an adverse pressure gra-
dient. Subsequently, the boundary layer begins and ap-
proaches the developed state. The mixing region between
separation point and reattachment point plays an impor-
tant role in heat and mass transfer processes. What fol-
lows is a brief review of the previous pertinent work in
this area.

Theoretical and experimental analysis of fluid flow
and heat transfer from horizontal parallel plates, and
rectangular thin ducts have been studied in detail and
a thorough review of these can be found in Shaw and
Bathi [1]. For a single, thick plate with semi-infinite
length, the analysis is also extensive. The contribution
of Ota and his co-workers to understanding fluid flow
and heat transfer for the single plate compose the fun-
damental studies. In their first article, Ota and Kon [2]
explained an experimental investigation on heat transfer
to determine the characteristic of turbulent flow of air
over a blunt flat plate for 17 900> ReD > 2 720. They
studied a zero angle of attack plate and developed an em-
pirical formula for the Nusselt number at the reattach-
ment point. Under these conditions, they concluded that
the flow reattachment occurred at about four-plate thick-
ness from the leading edge. The position of the maxi-
mum Nusselt number is almost completely independent
of the Reynolds number and zero shear stress was found
to coincide with the reattachment point. Later Ota and
Itasaka [3] studied such flow characteristics in more de-

Figure 1. Geometry considered for an array of blunt plates.
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tail for 66 600>ReD > 21 000. It was shown that the
boundary layer in the redeveloped flow region down-
stream of the reattachment is very thick, of approximately
twice the plate thickness. Hillier and Cherry [4] also ob-
served the Reynolds-number independent flow regime.
They noted that the flow is essentially Reynolds number
independent within the range: 34 000<ReD < 80 000. In
this study, it is shown that the flow is very sensitive to the
grid generated and the free stream turbulence. Ota and
Kon [5] have also studied the turbulent transfer of heat
and momentum in separated and reattached flow over
bluff bodies forReD = 12 000. It was founded that the
characteristic behavior of the turbulent heat flux appears
to be similar to that of the turbulent shear stress in the sep-
arated and reattached flow region. In such conditions, the
turbulent Prandtl number is general nearly equal to unity
near the wall, and then it increases with the wall distance.

The experimental studies of Ota and Kato [6] and the
recent measurements of Ota and Ohi [7] of turbulent heat
transfer over a blunt plate forReD = 5 800 show that the
Nusselt number reaches a maximum at about 4.3 plate
thickness while the reattachment point was located at 4.1
plate thickness. Also, it was mentioned that the vortex
shedding from the reattachment region exhibits greater
influences on the temperature field than the flapping mo-
tion of the separated shear layer. Furthermore, Coney et
al. [8, 9] and Kazeminejad [10] published a series of pa-
pers of experimental studies on flow separation and reat-
tachment.

Related numerical studies have also been made for a
two-dimensional incompressible recirculating flow over
bluff bodies. Benodekar et al. [11] studied turbulent flows
over surface mounted ribs using a new computational
method known as the bounded skew hybrid differencing
scheme (BSHD) for incompressible recirculating flows.
They compared their numerical results with the experi-
mental findings and satisfactory improvements were ob-
served over the previous results. More recently, Djilali,
and his co-workers [12–14] performed a series of both
numerical and experimental studies of turbulent flow over
a bluff rectangular plate. In the experimental part, Djilali
et al. [13] showed that the reattachment length and pres-
sure distribution remained unchanged over the Reynolds
number range 2.5·104 to 9.0·104. In the numerical com-
putations, Djilali et al. [14] used a modified standardk–ε
turbulence model and a variant that incorporates the cur-
vature correction. Their results show that prediction of
reattachment is very sensitive to the scheme of finite dif-
ferencing and to turbulence modeling. They used two dif-
ferent discretization methods: hybrid differencing (HD)
and bounded skew hybrid differencing (BSHD) schemes.
It is found that BSHD, which has a higher differencing

order, has better agreement for a reattachment length of
4.3 plate thickness with an experimental measurement
of 4.7D. The application of this scheme to turbulent
recirculating flows has improved turbulent flow predic-
tions [14, 15].

The influence of turbulence modeling is very impor-
tant on heat, mass and momentum characteristics of the
wall. Although the predictions of the flow away from the
wall are generally not very sensitive to the near-wall tur-
bulence model used, local heat transfer predictions are
critically dependent on the near-wall model and consid-
erable attention must be paid in the evaluation of the wall-
proximity. For recirculating turbulent flows, Djilali et
al. [12] has examined various near-wall turbulence mod-
els about two-dimensional blunt rectangular plates. They
have found that the three-layer model of Amano [16]
takes into account the variations of the turbulent kinetic
energyk to evaluate the generation and destruction ofk

near the wall, and also predicts the Nusselt number along
the plate with better agreements with the available exper-
imental data. Recognizing this fact, the three-layer model
is employed in the present numerical study.

Despite the contributions of the forgoing studies for
the single plate much remains to be learned concerning
the flow separation, reattachment, and development as
well as heat transfer through an array of parallel blunt
plates. As far as the authors are aware, detailed theoretical
work on combined fluid flow and heat transfer for an
array is very limited. The only related studies are for
laminar flow for a stack of blunt plates by Djilali [17],
and Rahnema et al. [18].

In the present study, the fluid flow characteristic and
heat transfer rate from an array of parallel blunt plates
with forced flow parallel to the plate surfaces, such as
illustrated infigure 1, have been studied numerically. In
this geometry an additional parameter plays an important
role, known as blockage ratio (D/d). This work expands
the turbulent heat transfer data on the combined entry
length problem for parallel plate ducts, by considering the
effects of plate thickness, plate spacing, flow Reynolds
number and other various flow conditions. In order
to check the accuracy of the numerical technique, the
computed velocity profiles for fully developed turbulent
flow in thin ducts as well as flow reattachment length for
single plate are found and compared with those available
in texts and subsequent agreement is observed.

Also shown for comparison are the variations of local
friction coefficient with the distance along the plate for
the forced convection turbulent boundary layer in thin
ducts where significant differences were found in the
entrance region.
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2. MATHEMATICAL FORMULATION

The geometry and coordinate for the flow under con-
sideration is illustrated infigure 1. It is assumed that flow
is uniform and parallel with the plates. Thermophysical
properties of the fluid are assumed to remain constant
and the plates are thick such that the flow exhibits sep-
aration and reattachment. With these simplified assump-
tions, the computational domain can be isolated section
ABCDEFA, as shown infigure 1. The governing equa-
tions for a two-dimensional, steady, turbulent flow of a
Newtonian fluid are as follows.

• Continuity:

∂uj

∂xj
= 0 (1)

• Momentum:

uj
∂ui

∂xj
=− 1

ρ

∂p

∂xi
+ ∂

∂xj

(
νeff

(
∂ui

∂xj
+ ∂uj
∂xi

))
(2)

where

νeff = ν + νt (3)

The values ofν and νt are laminar and turbulent kine-
matic viscosity, respectively.

• Energy:

uj
∂θ

∂xj
= ∂

∂xj

[(
ν

Pr
+ νt

Prt

)
∂θ

∂xj

]

2.1. Turbulence modeling

Turbulence closure is implemented by a two-equation
model and utilizes the kinetic energyk with a dissipation
rate ε which enables the determination of the isotropic
eddy viscosity according to

νt = Cµk
2

ε
(4)

The equations fork andε can be written as

uj
∂k

∂xj
= ∂

∂xj

(
νeff

σk

∂k

∂xj

)
+G− ε (5)

uj
∂ε

∂xj
= ∂

∂xj

(
νeff

σε

∂ε

∂xj

)
+C1

ε

k
G−C2

ε2

k
(6)

whereG represents the generation of turbulent kinetic
energy and is given by

G= νt
∂ui

∂xj

(
∂ui

∂xj
+ ∂uj
∂xi

)
(7)

The model constants areCµ = 0.09, C1 = 1.44, C2 =
1.92,σk = 1.0, andσε = 1.217.

2.2. Turbulence model correction

In the standardk–ε turbulence model, it is assumed
that the Reynolds stresses are isotropic tensor. With this
assumption, the relation between Reynolds stress and
mean velocity gradients can be expressed in the Stokes
law. However, some authors have reported series of de-
ficiencies in thek–ε turbulence model for some par-
ticular flows. For flows with strong streamline curva-
ture, Leschziner and Rodi [15] found that the measured
anisotropy of the normal stresses and the magnitude of
the shear stresses are not well predicted byk–ε model.
Extensive attempts have been made to modify thek–ε
model and improve its performance for complex flows.
In the present analysis the modification suggested by
Leschziner and Rodi [15] for recirculating flows is ac-
cepted. Such modification already demonstrated better
flows of the same type [14]. By this scheme, the term
representing “production of dissipation” in theε equa-
tion,Pε = C1(ε/k)G, is replaced by

P ′ε =
ε

k

(
C′1G−C′′1νtS

2
ns

)
(8)

where C′1 = 2.24 andC′′1 = 0.8 (giving, consistently
with the standardk–ε model,C′1− C′′1 = C1). The shear
strain in the direction of the streamline,Sns, is calculated
similar to Leschziner and Rodi [15].

2.3. Boundary conditions

The solution of the above elliptic equations requires
that the boundary conditions be specified along the entire
boundaries that enclose the flow field. For locations close
to the solid boundaries the most common form of the wall
functions, first proposed by Launder and Spalding [19],
imply the existence of a near-wall linear sublayer, where
the momentum transfer is dominated by molecular vis-
cosity and heat transfer by conductivity, followed by a
logarithmic region. In this model, a parabolic variation of
turbulent kinetic energy is assumed, which corresponds
to the linear increase of fluctuating velocity with distance
from the wall within the viscous sublayer. The turbu-
lent kinetic energyk is zero on the wall and varies lin-
early toward the outer node points. The turbulent shear
stress is zero within the viscous sublayer and the shear
stress undergoes an abrupt increase at the edge of the

216



Numerical study of turbulent flow and heat transfer

sublayer while varying linearly over the remainder of the
cell. For boundary conditions related to the momentum
equations and the two equations ofk andε, a two-layer
model is employed but to satisfy the energy equation a
near-wall three-layer model is employed. According to
the above assumptions, the boundary conditions for the
region ABCDEFA shown infigure 1are as follows.

On the rigid walls, the standard wall boundary con-
ditions are used and for other quantities, the following
conditions exist:

• Wall shear stress:

τw = ρκC1/4
µ k

1/2
p

Up

ln(Ey+p )
if y+p ≥ 11.63 (9)

τw = µ Up

yp
if y+p ≤ 11.63 (10)

whereUp andyp are the streamwise velocity components
and the distance from the wall for the nearest grid point
adjacent to the wall andE andκ are integration constant
in the logarithmic law of the wall and von Karman
constant. This expression is used to evaluate the near wall
diffusion terms in the momentum equations.

• Turbulent kinetic energy:

ε = C
3/4
µ k3/2

κyp
ln
(
Ey+p

)
(11)

The dissipation rate from this expression is used to
evaluate the dissipation term−ε in thek equation.

• Dissipation rate: for the node adjacent to the wall,
equation (6) is not used, and the value ofε is evaluated
under local equilibrium conditions as

ε = C3/4
µ

k
3/2
p

κyp
(12)

• Temperature: for a constant wall heat fluxq ′′w, the wall
temperature is obtained from

T + = (Tw − Tp)ρCpC
1/4
µ k

1/2
p

q ′′w
= Prt

[
1

k
ln
(
Ey+

)+ P]
where the empiricalP function of Jayetilleke [20] is
given by

P = 9.24

[(
Pr

Prt

)3/4

− 1

][
1+ 0.28 exp

(
−0.007

Pr

Prt

)]
For section BC at the inlet the following values are

assumed:

u1= u∞, u2= 0.0, kin = 6.4 · 10−5u2∞

εin = k1.5
in

1.1·10−2H
(13)

whereH is the distance between centerlines of thick
plates.

For section DE at the outlet, the zero-gradient bound-
ary condition is used:

∂(2)

∂x
= 0.0 for2 equal tou1, u2, k, ε, andθ (14)

This condition is used for computational convenience.
Although it is not strictly valid when the flow is not fully
developed at the outlet boundary, its use is permissible
when this boundary is located (1) in a region where the
flow is in the downstream direction, and (2) sufficiently
far downstream from the region of interest. For sections
BA and CD, the symmetric boundary condition is used.

2.4. Three-layer near-wall model

Due to the deviation of the linear and logarithmic
profile from experimental data in the buffer layer, 5<
y+ < 30, it seems that the three-layer near-wall model
may result in a better prediction than the two-layer model
and other near wall models in estimating friction factor
and heat transfer from the wall. The three-layer model
is composed of a viscous sublayer 0< y+ < 5, adjacent
to the wall, a buffer layer, 5< y+ < 30, and an overlap
layer 30< y+ < 400, such as illustrated infigure 2.

Figure 2 shows a computational node p whose as-
sociated control volume is bounded by a wall on the
south side. Amano [16] originally proposed two-layer
and three layer near-wall models as explained and numer-
ically compared with other near wall turbulence models
by Djilali et al. [12]. Here, only the three-layer model is
explained, but more detail can be found in Amano [16]
and Djilali et al. [12].

The three layers are shown such that the node point P
lies outside the buffer layer, assuming the near-wall cell
is large enough. The behavior of the turbulence kinetic
energyk, ε and the turbulence shear stressτ can be
summarized in the following form of the three layers:

• Viscous sublayer (0< y+ < 5):

k = kν
(
y

yν

)2

ε= 2ν

(
∂k1/2

∂y

)2

(15)

τ = 0
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Figure 2. Near-wall three-layer model.

• Buffer sublayer (5< y+ < 30):

k = kB
y

yB

ε = k
3/2

cly
(16)

τ = τB
(
y

yB

)3

• Fully turbulent region (30< y+ < 400):

k = kn− kB

yn− yB
y +

(
kp− kp− kN

yp− yN
yp

)
= by + a

ε = k
3/2

cy
(17)

τ = τw + (τn− τw) y
yn

where

a = kp− kp− kN

yp− yN
yp

b= kn− kB

yn− yB

Details of the formulation for the variation ofk, ε
and τ are given by Amano [16]. The mean generation
and destruction rates fork equation will be obtained as
follows:

G= τw(Un−UB)

yn
+ τB

4y3
Byn

(
y4

B − y4
v

)(∂U
∂y

)
BZ

+ τw(τn− τw)
ρκ∗k1/2

B yn

(
1− yB

yn

)

+
{
τw

(
1− yB

yn

)
+ τn− τw

2

[
1−

(
yB

yn

)2]}
·
(
∂V

∂x

)
FTR

(18)

Here the subscripts BZ and FTR stand for buffer zone
and fully turbulent region, and (∂V/∂x)BZ is assumed
to be negligible. The mean dissipation rate for the
k equation is obtained by following relation:

ε̄ = 2k3/2
v

ynRv
+ 1

ynCl

{
2

3
k

3/2
B

[
1−

(
yv

yB

)3/2]
+ 2

3

(
k

3/2
n − k3/2

B

)+ 2a
(
k

1/2
n − k1/2

B

)+ a2λ

}
(19)

where

λ=



1

a1/2
ln

[
(k

1/2
n − a1/2)(k

1/2
B + a1/2)

(k
1/2
B − a1/2)(k

1/2
n + a1/2)

]
if a > 0
2

(−a)1/2
[
tan−1

(
kn

−a
)1/2

− tan−1
(
kB

−a
)1/2]

if a < 0

The mean generation and destruction rate of the
ε equation can be determined in the same manner.
Use of these near-wall models for determining heat
transfer characteristics for a backward step has improved
significantly with results obtained by experimental data.
This model was also used for flow around a blunt plate
by Djilali et al. [12], which showed improvement in
the prediction of Nusselt number along the plate surface
compared with the standard wall function method. The
evaluation of the dependent variables close to the wall
has proven satisfactory, hence it is used in the present
investigation.

3. NUMERICAL SCHEME

The governing equations (1)–(6) are discretised by
a finite volume procedure. Velocity components were
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Figure 3. Grid distribution for turbulent computation.

stored at the staggered locations, while the pressure and
temperature were considered at the main grid points. The
Bounded Skew Hybrid Differencing Scheme (BSHDS)
is employed for discretizing convective terms in the
momentum equations. By considering the local direction
of the flow, the BSHD scheme involves differencing the
equations in terms of the variables at nodes on north,
south, east, and west sides of the grid point, and to
a lesser extent, in terms of the values on the nodes
labeled NE, NW, SE, and SW. By considering the local
direction of the flow, the BSHD scheme greatly reduces
false numerical diffusion that results from the non-
alignment of the coordinate grid with the flow direction,
Raithby [21], and Lai, and Gosman [22]. A staggered
non-uniform grid is used for the present computations,
as illustrated infigure 3. The solution is obtained by
an iterative method along with the pressure correction
algorithm PISO (Pressure Implicit Split Operation) of
Issa [23]. A modified TEACH-II code by Benodaker
et al. [24] incorporates the BSHD/PISO, and is used
in the present calculations. In this study, the set of
difference equations is solved iteratively, line-by-line, in
conjunction with the Thomas algorithm. Computation
was started by first solving the continuity, momentum
andk–ε equations to determine the flow field, and then
by solving the energy equation to find the thermal field in
the region of interest.

The computational region extends 10D upstream and
15D downstream from the leading edge in thex1 direc-
tion and half the plate spacing in the transverse direction.
Expansion of the computational domain revealed no sig-
nificant changes in the flow field. The numbers of grid
points in thex1 andx2 directions were 100× 72, respec-
tively. Fine grid spacing is used in the recirculating region
along with a variable grid size on the rest of the domain.
Variable grid spacing is used to resolve steep gradients
of velocity near the wall in a transverse direction, as il-
lustrated infigure 3. To achieve high accuracy of the flow
field, the minimum value of1x1 and1x2 is taken as 0.06
and 0.01 of the plate thickness, respectively. The grid ex-
pansion factor in thex1 andx2 direction is taken as less

Figure 4. (a) Fully developed turbulent velocity profile between
parallel plates. (b) Profile of dissipation of turbulent kinetic
energy in a smooth flat duct at Re= 42 800, computed with
modified k–ε turbulence model. (c) Distribution of kinetic
energy in a smooth flat duct at Re= 42 800 computed with
modified k–ε turbulence model.
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than 1.2. The use of coarse grids resulted in a shorter re-
circulation length.

For study of the flow field, the numerical scheme
began with an initial condition of uniform values for
all variables. For some cases, an attempt was made
to accelerate convergence by applying different initial
conditions. For instance, solving at a higher Reynolds
number, the solution obtained from a lower Reynolds
number was used as an initial condition. Convergence of
the computations is declared when the maximum value
of residuals for mass, momentum and energy is less than
2·10−3.

For validation purposes, comparison is made of the
present computational method with the solution of the
Coutte flow in a two-dimensional channel.Figure 4a
shows the comparison of the predicted velocity profile
with the experimental measurements of Laufer [25] for a
fully developed turbulent condition.

Figures 4band4c illustrate predicted turbulent kinetic
energy and the distribution of turbulent kinetic energy
dissipation rate corresponding tofigure 4a. The values
of k andε in these figures are nondimensionalized with
respect to the fluid inlet conditions. The value ofk is zero
over the wall and then it increases sharply away from the
wall. However, the gradient of bothk andε drops to zero
at the centerline of the duct.

It is evident that our numerical predictions for velocity
profile are in conjunction with the measurements in ducts
with thin walls. This comparison along with further
studies in the next section reveal that the present model
can accurately simulate the flow field and heat transfer
between parallel plates.

4. RESULTS AND DISCUSSIONS

4.1. Fluid flow

The flow for the present problem,figure 1, can be
divided into three regions: the upstream section before
the plate, the section between separation and reattach-
ment, and the downstream part where the boundary layer
grows freely along the duct until it is fully developed
to about one half of the plate spacing. There is slight
pressure reduction at the leading edge due to flow ac-
celeration and adverse pressure gradients in the recir-
culating zone. Pressure reduction continues as the fluid
flows through the duct. The reattachment point is deter-
mined by the linear interpolation of the computed wall’s
shear stress distribution along the plates. The typical ve-
locity vector field in the entrance region of the duct for

Figure 5. Typical velocity field for various blockage ratios.

blockage ratios of 5.6 %, 20 % and 30 % and forReD, il-
lustrated infigure 5. In this figure the plate thickness is
assumed to be constant, while the plate spacing is de-
creased. The flow reversal in the recirculating region,
as well as boundary layer development, is clearly vis-
ible over the plate. The reattachment length is a func-
tion of both the Reynolds number and blockage ratio. For
Br= 5.6 % andReD = 50 000, the value ofxr/D is about
4.35. This statement agrees well with those reported by
the experimental observation of 4.7 made by Djilali and
Gratshore [13] and also with the numerical predictions of
4.3 made by Djilali et al. [14]. Comparison of the present
study with data of the other analysis verifies the accuracy
of the present computation procedure. The variation of
recirculation length and its inverse proportionality with
Br is presented infigure 6. The following relation can
correlate numerical calculations:

xr

D
=−0.1125Br+ 4.875 (20)
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Figure 6. Variation of reattachment length with blockage ratio.

Figure 7. Comparison of surface pressure coefficient with that
of centerline for Br= 10% and ReD = 50 000.

Figure 7 illustrates variation of the centerline and plate
surface pressure coefficient along the duct. Pressure in
the entrance section where recirculation occurs is differ-
ent but they both approach the same value after reattach-
ment, thereafter it decreases along the duct that eventu-
ally should approach the fully developed condition. How-
ever, the pressure reduction close to the tip is more pro-
nounce than it is at the duct centerline.

4.2. Friction

The variation of friction coefficient

Cf = (µ∂u/∂y)y=0
1
2ρu

2∞

Figure 8. Variation of friction coefficient with blockage ratio
along the duct.

in the entrance region of the plates forReD = 50 000
and different values ofBr are illustrated infigure 8.
In this graph each blockage ratio belongs to a certain
Re. Note that Re= 2ReD(1 + 1/Br). It can be seen
that the blockage ratio has strong effects on the value
Cf . The friction coefficient has a negative value in the
beginning, due to the reverse flow close to the wall
and zero value at the reattachment point. After the
reattachment,Cf increases to a high value. The higher the
blockage ratio the larger the friction coefficient after the
reattachment point. This effect is due to the reduction of
both the separation bubble length and the short distance
that the flow has to develop after the bubble. The value
of Cf , however, decreases as the flow moves toward
the fully developed condition for all blockage ratios. By
reducing the blockage ratio, the value ofCf approaches
that of thin duct.

4.3. Heat transfer

For flow through parallel plates with finite thick-
ness,D, the fluid flow and heat transfer depends on the
Reynolds numberReD, Prandtl numberPr, and blockage
ratio,Br=D/d . For the combined entry length problem,
it is common to plot the results against the distance along
the duct.

For further evaluation of the computational results,
comparison is made by plotting the Nusselt number
for ReD = 25 000, using standardk–ε model (STD),
three-layerk-zone model as well as the measurements
of Ota and Kon [26] for a single semi-infinite plate
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Figure 9. Comparison of experimental results with numerical
computation of Nusselt number distribution along an isolated
plate.

as shown infigure 9. For any particularReD, Nusselt
number begins at a low level, except atx = 0, which
is a singular point, then increases as it moves away
from the leading edge; and then it decreases, eventually
following the boundary layer development. As seen from
this figure, the prediction ofNuD from standard wall
function (STD) is far from the experimental data, while
that of the three-layer fork equation has shifted closer to
the measurements in the recirculation region. The error
in the maximum Nusselt number for the isolated plate is
about 25 %. This difference may be due to differences
in experimental conditions with numerical computation,
regarding plate surface roughness, turbulent intensity of
incoming stream and relative errors in measurements.
Overall, based on poor performances of the standard
wall function (STD), all computations for parallel plates
are made using the three-layerk model. These results
are quite acceptable, considering the complexity of the
reattachment process.

Variation ofNuD for Br= 10 % and various Reynolds
numbers are illustrated infigure 10. For eachReD, there
is a maximum ofNuD, which corresponds to the reat-
tachment position and the general variation ofNuD along
the duct and does not change significantly. It should be
noted that the position of maximumNuD is the same
for all ReD. This is due to the fact that the reattachment
length is nearly constant forReD > 3·104. Heat transfer
increases considerably with Reynolds number and after
reattachment it decreases toward a fully developed con-
dition. The variation of heat transfer coefficient along
the plate for different blockage ratios andReD = 5·104

is illustrated infigure 11. As displayed, it reveals that
as the reattachment length gets smaller (plate thickness
decreases) the location of the maximum Nusselt num-

Figure 10. Variation of Nusselt number along the plate with
Reynolds number for Br= 10% and Pr= 0.70.

Figure 11. Variation of Nusselt number along the plate with
blockage ratio for ReD = 50 000.

ber approaches the leading edge and its relative value
increases. Based on the above numerical computations,
the variation of the maximum Nusselt number for differ-
ent Reynolds number and blockage ratios forPr = 0.7
is illustrated infigure 12. For such a specific ratio ofNu
andReD a linear profile with blockage ratio is observed.
Figure 13shows the variation ofNuD for various Prandtl
numbers,ReD = 106 andBr = 10 % along the duct en-
trance region. Nusselt number is large at first; then it
drops due to flow reversal and increases again because
of flow reattachment. After reattachment, Nusselt num-
ber asymptotically approaches the limiting value for long
ducts further down stream. However, for all cases the lim-
iting value of Nusselt number is the same as it should be
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Figure 12. Variation of maximum Nusselt number with block-
age ratio for Pr= 0.7.

Figure 13. Variation of Nusselt number along the plate with Pr
for ReD = 106 and Br = 10%.

attained at a constant value for the fully developed condi-
tion. This figure shows that Nusselt number and its vari-
ation in the entrance region exhibit pronounced effects
with largePr.

5. CONCLUSION

Turbulent fluid flow and heat transfer in the entrance
region of a series of blunt plates accompanying with sep-
aration, reattachment and boundary layer development
have been studied numerically. Based on this analysis the
following conclusion can be made.

1. The result of BSHD computation scheme along
with the use of preferential dissipation modification of
thek–ε model as well as the three-layerk model for the
wall function improved the prediction of convection heat
transfer in the entrance region of the blunt plates and the
results are sufficiently accurate for engineering purposes.
However, more experimental investigations are required
to establish more reliable calculation.

2. For the range of the present studies, reattachment
length and flow field are independent of the Reynolds
number, but depend on the blockage ratio by the follow-
ing relation:

xr

D
=−0.1125Br+ 4.875

30 %> Br > 5 %, 2.5·104<ReD < 106

3. The friction coefficient,Cf , along the entrance
section of the duct is different from those of thin ducts.
The higher the blockage ratio, the larger the value of
friction coefficient in the entrance zones. However, as
the duct thickness decreases,Cf approaches thin ducts.
For a high value ofx/D, friction coefficient approaches
a constant value, which resembles the fully developed
condition in the duct.

4. For plate with uniform and constant heat flux,
convective heat transfer depends on the flow blockage
ratio and reveals a maximum near the reattachment point,
while it decrease along the plate until it reaches the fully
developed condition.

5. The entrance region effects are greater for higher
Prandtl number fluid and lesser for low Prandtl number
fluids.
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