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ABSTRACT

Development of steady wake flowsdownstream of a wake generator
such as a stationary circular cylinder and a symmetrical airfoil
within curved pipes are investigated. The wake generator was
installed normal to the plane of curvature. The wake characteristics
behind the cylinder was varied using cylinders with different
diameters, namely diD = 0.1, 0.3 and 0.5. In the case of a wake
behind an airfoil, the wake was subjected to a pressure gradient by
placing the airfoil at different incidence angles, a = 0, 10 and 30
degrees. The effects of the wake behind a cylinder or airfoil upon the
performance of curved pipes, which measured by the streamwise
pressure loss, and the static pressure distributions along the pipe
walls are investigated experimentally. Experimental data of curved
pipes with two curvature ratios at different Reynolds number are
presented. The velocity profile behind the wake generator is
measured to find the wake characteristics such as the velocity
defect and the half-wake width. It is concluded that, the minimum
streamwise pressure loss coefficient of curved pipes strongly
depends on the wake characteristics, the curvature ratio and the
Reynolds number. The calculated results of the wake velocitydefect,
wake velocity profile and the half-wake width are obtained by
solving the conservation of mass and momentum equations along
with the k-Eturbulence model. The results show that, asymmetry in
velocity profiles about the wake centerline is due to the pressure
gradient and the curvature effects. The comparison between the
measured and predicted data indicates that the steady wake flowis
well predicted.

Keywords: Turbulent flow, Wake characteristics, Curved ducts,
Loss coefficient,Turbulence model

INTRODUCTION

Curved ducts are widely used in manyengineering applications such as piping
systems, aircraft intakes, refrigeration, air
conditioning and turbomachines. Flow
through curved ducts are characterized by
secondary flow effects caused by centrifugal
forces ~cting nOrmal to the flow. These
influence' the flow structure and
co"nsequel~tlythe pressure loss in a curved
duct. For turbulent flow, the pressure
distributions and the corresponding
pressure losses are comparatively well
documented for a wide range of Reynolds
number, turning angle and curvature ratio,
see for example Ito [1].An extensive 'work for
the generation of secondary flowis given by
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Berger et. al. [2]. The effects of curvature
ratio, downstream tangent length and
Reyno1ds number on flow characteristics in
90 degrees bend were studied theoretically
and experimentally by Abdalla, et al. [3].
They reported that, reducing the
downstream tangent length and increasing
the curvature ratio enhances the pressure
loss along the bend.

The literature .on zero-streamwise
pressure gradient straight wakes includes
those given by Schlichting [4],Townsend [5],
Sreenivasan and Narasimha [6] and
Wygnanski et al. [7).They found ~at the far
wake, is self-preserving as far as.the mean
velocity is concemed but lacks the
universality of the turbulent structure.

Al13



ABDALLA

Gartshore [8] investigated the effect of
pressure gradient on the decay of two­
dimensional symmetrical wakes.
Turbomachinery wake flow is an important
case of turbulent flow with streamline
curvature and pressure gradient effects. The
curvature and pressure gradient will
significantly affect the mean velocities and
turbulent properties of the wake. Raj and
Lakshminarayana [9] investigated the near
and far wake characteristics of a cascade of
airfoils for three different incidence angles.
They reported the measurements of mean
velocity, turbulence intensity and Reynolds
stress. They showed asymmetric distribution
and the decay of the wake defect was
strongly dependent on the downstream
variation of wake edge velocity. The effect of
pressure gradient and curvature on wakes
were investigated by Savil [10), Nakayama
[11] and by Ramjee et. al. [12]. Savil
investigated a fully developed cylinder wake
that is abruptly tumed 90 degrees by means
of a back plate so that the wake is subjected
to strong curvature and streamwise
pressure gradient. The data for mean
velocity and turbulent stress revealed the
strong influence of curvature on the wake.
The turbulent stresses fields are complex
owing to the coexistence of the stabilized
and destabilized regions across the wake
and strong interaction between them.
Nakayama [11] and Ramjee et al. [12]
reported that the wake subjected to mild
curvature and mild pressure gradient by
deflecting it by an airfoil-like thin plate
placed at small angles in the extemal flow.
The measured data indicated a strong
sensitivity of turbulence quantities,
especially the Reynolds shear stress, to the
curvature and pressure gradient. Recently,
Schobeiri et al. [13] investigated
theoretically and experimentally the
development of steady and unsteady wake
flows downstream of a stationary cylinder
and the cylinders of a rotating wake
generator in a curved channel at zero
longitudinal pressure gradient.
Measurements of mean velocity and
turbulent shear stresses were conducted.
Schobeiri and John [14] studied the wake

development behind a stationary cylinder in
a curved channel at positive longitudinal
pressure gradient. Their results showed
strong asymmetry in velocity and Reynolds
stress components. The Reynolds stress
components have higher values at the inner
half of the wake than at the outer half of the
wake. Comparison of the wake development
in the curved channel between zero and
positive pressure gradient showed that the
decay of the velocity defect is faster at zero
streamwise pressure gradient than at a
positive pressure gradient. The growth of
wake width is faster for a positive
stream wise pressure gradient.

Studies of turbulent wake flow in a
curved duct are much fewer in number as
compared to those in a straight duct. This
paper examines the effect of curved wakes
associated with airfoil at angle of attack or a
stationary circular cylinder on the
performance of curved pipes. The effects of
curvature ratio and Reynolds number are
considered. Computations based on the k-s
model are performed to obtain more
information about the curved wake
development behind an airfoil or a cylinder
in curved pipes.

NUMERICAL MODEL AND COMPUTATION
PROCEDURE

The Governing Equations
The turbulence Reynolds equations for

conservation of mass, momentum,
turbulence energy, k, and its dissipation
rate, s, which govem the two-dimensional,
incompressible, isothermal, steady and
turbulent flows in curved ducts with
upstream and downstream straight
tangentl'>, can be written for straight ducts,
Cartesian coordinates system (z, y
directions), as well as curved ducts,
cylindrical coordinates system (8,r
directions); in the following general form,
Reference 15:

(1)
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given in Table 1, where certain quantities
are defined as follows:

where <I> is a depended variable (
representing 1, u, v, k and £ for conservation
of mass, u-momenium, v-momentum,
turbulence energy and its dissipation rate,
respectively, rIt> is the exchange coefficient,
and S<l> represents the source term. Both r<l>

and S<l> are replaced with suitable terms
corresponding to the form <I> takes and are

G=+~:7J+2(~r~:~-J;J]
k2

I-leff= I-l.e+ CI-lP ­ £

(2)

(3)

Table 1 Source Term in the General Equation for <1>, Equation 1

'--.
f-- Conservation of

<1>r~ s~
Continuity

100
Radial Momentum

I-!eff

ap 1 a ( j ay) J a ( au . u J
v - a;+;ra-y I-!tY ay + yj Be I-!t(ay- J;T)

.(pu2 I-!elf au v v)

+J 7-7(2yjae+yj)-l-!ty2jAxialMomentum

uI-!elf

1 ap a ( iJv . u J 1 a ( Du .2V):-;Too+ay I-!t\joo -\j) + yjOO I-!t(yjoo +J;T)

. ( I-!elf a v u pu v Ll.t a u . u J

+J 7(2 yjae - yj )-7+ ~j(ay-;T)f----
Turbulent Kinetic Energy

k
IleffG-CD pc

akDissipation Rate of k

I:I-leff~(CIG-C2 pI:)
ka£

where
j = 1 applied to curved duct,
j = 0 applied to straight tangent ducts

(4)

The standard constants necessary for
the turbulence-model are given by Launder
and Spalding [16] in Table 2.

Table.2 The standard Experimental Constants of k- I:
Turbulence Model [16)

Cl
Clcrkcr,CDc..

1.44

1.921.001.301.000.09

Houdeville and Tu1apurkara [17] found
that k-£ model of turbulence satisfactorily
predicts the near-wake regions of sYmmetric·
and unsYmmetric straight wakes. The effect
of streamline curvature has been accounted·

for by modifying the value of the constant Cl-'

on similar lines discussed by Leschziner and
Rodi [18]. The modified value of Cl-' in the
present work could be expressed as:

[ . k2 (au u) u]
cl-! = 0.09 I 1+ 0.57 J2 -.-+ --:- --:-

I: ay yJ yJ

The solu.tion procedure which uses the
finite difference :method to solve Equation 1
for variable <I> , is·a development of Gosman
and Pun's [19]. Briefly, by integrating the
differential equations over grid cells, Figure
1, finite difference-equations are obtained
for the two velocities u and v as well as for k
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and s. These equations are solved iteratively
together with a pressure correction equation
which known as [19]:

where p. is the guessed pressure at the
starting of solution and p' is called the
pressure correction. This equation modifies
the pressure filed so that the converged
solution also satisfies the continuity
equation. More details about the solution
procedure can be found in Ref. [19].
Converged solution were accepted when all
normalized residuals were less than 0.005.
The present computation was carried out
with a finite difference mesh of 67 nodes in
the streamwise direction and 29 nodes in
normal direction. The calculation mesh and
grid elements are shown in Figure 1 with
unequally spaced grid nodes for improving
the accuracy. Computations were made over
the circular-cross section in the plane of
curvature and started at a position five
diameters upstream of the bend.

Boundary Conditions
There are three different types of

boundary conditions to specify for the
computational domain shown in Figure 1.
Inlet, outlet and wall boundary conditions.
At the inlet, the following velocity
distribution in the wake flow behind an
airfoil presented by Schlichting [4]is used,

where w = (Vo- u) is the velocity defect,
Wois its value at the wake center, b is the
average value of the half-wake widths on the
inner and outer walls of the curved duct and
Vo is the inlet velocity of the main flow.
With the initial values of wo and b ,the inlet
velocity distribution in the wake flowbehind
the airfoil can be generated using equation
(6). In the case of a wake flow behind a
circular cylinder, the following equation
presented by Schlichting [4]is assumed to
generate the inlet velocity profile,

(6)~ = { 1- 0.293 ( y / b )3/2 r
Wo

(5)p= P' +pl

(8)

Il

FigurE! 1 Computational domain of curved duct

where Cd is the drag coefficient of a circular
cylinder placed in a uniform flow, d is the
cylinder diameter and z is the streamwise
distance measured from the cylinder
position.
The normal velocity ( v ) is obtained by
taking v = 0 at the centerline of the duct
and then integrating the continuity
equation. Knowing u as a function of y,
the distribution of the inlet turbulence
kinetic energy (kin)is calculated accordingto
Reference 20 as :

kin = e (~)2 / C 1/2fJy ~

where e is the mixing length and estimated
as e = 0.25 b. It may be remarked pre­
viously that in the central portion ofthe
wake fJu/fJy is small and becomes zeroat
the center. However, the turbulence kinetic
energy in the central portion of the wakeis

A 116 Alexandria Engineering Journal Vol. 37, No. 3, May 1998



Study of Turbulent Wake Flows in Curved Ducts

where u, and YP + are the friction velocity
and the dimensionless wall distance defined
respectively by

(14)

EXPERIMENTAL RESEARCH FACILITY
A sketch of the test section is shown in

Figure 2. Two screw compressors supply air
at rate of 0.054 m3/ s of air for each
compressor. The air flows through a settling
pipe, wake generating section and to then
test section. Two bends with circular cross­
section were made up of 90 degrees turning
angle and with mean radius of curvature (Rc)
of 136 mm and 260 mm, i.e. the curvature
ratio (8=D/2Rc) is 0.37 and 0.216,
respectively. All pipes are made of mild
steel. The curved pipes of inside diameter
(D) of 100 mm. The pressure taps with 1.0
mm inner diameter were drilled along the
inner and outer walls of the bends in the
plane of curvature. The test section was
attached by a downstream tangent with 10
diameters in length.

In the present experiments, The NACA­
0012 airfoil or a stationary circular cylinder
was used as a wake generator, see Figure 2.
The wake generator is installed vertically
with its axis normal to the flow direction at a
distance 150 mm (1.5 D) upstream the
entrance to the curved test section.
Therefore, the wake developed in the
straight pipe and then subjected to a
longitudinally curved flow. The airfoil used
as a wake generator has a chord length of
100 mm and a span of 100 mm. The two­
dimensional performance curves of the
NACA-OO12 airfoil were 0btained from
Reference 21. It is noted from the
performance curves that, the stall angle of
the flow over the airfoil is about 10 degrees.
Trip wires with 1.0 mm diameter are placed
at 0.2 chord from the lead.41g edge of the
airfoil so that the boundary layer at the
trailing edge is turbulent. The wake is

CO.25 kJ·5 [y ]
B = ).l P I - j --..E.in (E y+ )

P X Y yJ PP P

Equations 12 to 14 give the values of k
and B at the nearest wall point (p)without
solving the transport equations. More details
of the discretization, the solution procedure
and boundary conditions were described
previously by Abdalla, et al. [3].

(13)

( 12)

(10)

(11)

(9)

P C~25 Jk
in (E y~ ) / X

f; in =

u = CO.2S 'k, J.l" K

where LW is the wall shear stress, Xand E are
the Von-Karmn's constant and the
roughness parameter given by Reference 4
as X= 0.42 and E= 9.7 . On a similar line of
Reference 16, in the range of local
equilibrium, near walls leads to:

At the outlet, gradient of flowvariables
ID the flow direction are zero; a <I>= 0

az

(Neuman conditions), except the radial
velocity v which is sit to zero. At the solid
wall boundaries, however, u = v = 0., i.e. no­
slip conditions. The near wall velocity, Up
(parallel to wall boundaries at a distance yp)
is determined by the logarithmic-law of the
wall equation :

not much smaller than its maximum value
as presented by Ramaprian et al. [20].
Hence, the turbulence kinetic energy is
evaluated starting from the edges of the
wake and using Equation 8 until its
maximum value is attained. In the central
region of the wake, turbulence kinetic
energy is kept constant at its maximum
valU(~.The inlet profile of dissipation of
turbulence khletic energy (Bin) is obtained
from the followingequation,
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1.2

pressure measurements and the pressure
loss coefficient are estimated to be about 1.2
and 3 percent, respectively.

1.0

o
o ,BEJ- - -Ll-, 0

LlGP'o

0.5

yID
Measured wake velocity profJles at
entrance of the curved duct

Re = 2.97><105

<5 =0.216

.Q.. Cylinder Wake (dID=0.5 )

.cl Airfoil Wake (CL = 0.0 )

Figure 3

o.
0.0

0.8

0.4

0.2

u
Do

0.6

1.0

Let the wake half-width (b)be the value
of y at which the velocity defect equals half
of its maximum value. It is noticed that, the
half-width of the generated wake is not the
same on the two sides of the wake. The

EXPERIMENTAL RESULTS AND
DISCUSSION

Wake Inlet Velocity Proffies
Measurements of the velocity profile at

the entrance of the bend with a curvature
ratio of 0.216 were conducted for analysis
purpose. The measured wake velocity
profiles behind NACA-0012 airfoil and a
stationary circular cylinder of diameter 50
mm are presented in Figure 3. Velocity
profiles are presented at Reynolds number
of 2.97x 105 based on a reference velocity of
43 mj s, measured at a distance 5D ahead
the wake generator. It is seen from this
figure that the velocity profiles in the near­
wake region are asymmetrical. This is
confirmed with the previous published data
[12,13]. This asymmetric behavior is a result
of the existing lateral pressure gradient
generated by the curvature.

oU(cr ,idc

subjected to pressure gradient and
curvature by deflecting it by placing the
airfoil at different setting angles with the
flow direction, namely CL = 0, 15 and 30
degrees, as shown in Figure 2. Then, in the
upstream tangent the air was tumed toward
the streamwise direction as it entered the
curved duct. For wake-producing cylinder,
the wake strength was increased using
circular cylinders with diameter ratios of
djD = 0.1, 0.3 and 0.5.

o Circular cyJincler

Wake le_aler

Figure 2 Layout of the test section

To determine the effects of the wake flow
upon the pressure loss coefficient of bends,
the pressure distributions along the inner
and outer walls were measured with and
without wake flow. The experiments were
conducted for different Reynolds numbers
and the pressure loss coefficients (Kt» were
obtained. The mean inlet velocity profile at
the bend entrance was measured at
Reynolds number of 2.97x105 in the
presence of the wake generator. The
measurements of inlet velocity profiles were
conducted for zero-incidence angle of airfoil
and for cylinder diameter ratio of 0.5 using a
calibrated three holes probe. The
uncertainties of the measurements of the
velocity profiles are estimated to be about 2
percent. The experimental errors in the
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velocity defect (w).at a radial station can be
defined as the difference between the
velocities at that point without the wake and
with the wake. The procedure for
detennining the velocity defect distribution
is described in details by Sehobeiri et al.
[13]. The mean velocity defect and its
maximum value at the wake center are
calculated as follows. A hypothetical
velocity distribution is determined in the
wake by fitting the mean velocity data
outside the wake on both halves by a
suitable curve. Nakayama [11] used a
straight fit to 0btain the hypothetical
potential velocity distribution. This method
is used also in the present study. The
measured inlet velocity profile after the
wake generator was used in the calculation
for comparison purpose. From the
comparison of the two-wake velocity profiles,
it can be noticed that, the minimum velocity
in the airfoilwake is smaller than that in the
case of a cylinder wake. As a consequence,
the dimensionless maximum velocity defect
(wo=O.26)behind the airfoil is greater than
that generated by the cylinder (wo=0.18).
The main reasons of this observation can be
explained as follows. For the case of using
the airfoil as a wake generator, flowtakes
place around airfoil, the boundary layer
separates from the surface towards the rear
of the airfoil. Downstream of the separation
position, the flow is greatly disturbed by
large scale-eddies, and this region of eddy
motion is usually known as the wake. As a
result of the energy dissipated by the high
intensity vortices in the wake, the pressure
there is reduced and the entrainment rate of
external flow to the wake region is
increased. At zero-incidence angle,
separation occurs over NACA-OO12 airfoil
towards the trailing edge and the wake is
weak. Therefore, the rate of entrainment is
small compared to that in the case of a wake
behind a cylinder, which causes a faster
separated flow and the wake is wider. As a
result, the minimum velocity in the wake
behind a cylinder is greater than that
produced by the airfoil. In addition, the
presence of tripping wire on the leading edge
of the airfoil causes an increase in the

distortion or velocity defect in the axial
velocity profile compared with the
corresponding value for the smooth cylinder.

Static Pressure Distributions
The influence of the variation of the

wake strength on the wall static pressure
coefficient, Cp , along the inner and outer
walls of bends will be discussed in this
section. The wall static pressure coefficient
Cp is defined as Cp = ( P- Pref) / ( 0.5 p U2o),
where Pref is the reference wall static
pressure at z / D=5 upstream the wake
generator. The strength of the wake
generated behind a cylinder was varied by
using cylinders with ..different; diam~ters,
namely diD = 0.1, 0.3 -,and 0.5. While the
strength of the wake generated behind an
airfoil was changed through the variation of
the airfoil setting angle (Cf.), namely Cf.=0, 15
and 30 degrees. Measurements of static
pressure distributions were conducted for
two 90 degrees bends with curvature ratios
of 0.216 and 0.368 at different Reynolds
numbers. Selected samples of the results
are plotted in Figures 4 to 11. Included in
these figures are results for static pressure
distribution without the wake generator.
With respect to the wake generated behind
the cylinder, Figures 4 to 7, all the pressure
distributions for both bends have following
the same general characteristics. Variation
of the pressure distribution start to occur in
the upstream tangent. Adverse pressure
gradients develop on the outer walls of the
bends and favorable gradients are formed on
the inner walls. At certain angle inside the
bend, the pressure distribution on the outer
wall becomes favorable, whereas an adverse
pressure gradient is formed on the inner
wall. When the cylinder wake was imparted
to the flow at the bend entrance of curvature
ratio of 0.216, the pressure distribution
along the outer wall almost decreases and
the Cp values become lower than those in
the case of no-cylinder wake, Figure 4.
Increasing the cylinder diameter reduces the
pressure coefficient along the outer wall of
the bend owing to increasing the additional
losses in the wake region behind the
cylinder. However, the pressure distribution
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along the inner wall of the same bend (8=
0.216) appears to be less sensitive to the
variation of wake strength. This may be due
to the strong effect of streamline curvature.
It is weli known that, the presence of curved
duct influences the wall pressure variations
even at one diameter upstream of the curved
duct entrance and abrupt changes in the
static pressures on the convex and the
concave walls take place before and after the
curved duct. Similar changes can be found
in other experiments, e. g. So and Melior
[22], [23] and Ellis and Joubert [24].
However, the presenCElof wake flowinside
the curved duct strongly influences the
pressure distribution for a larger upstream
distance than that in the case of no-wake
flow.This is due to that, the primary effect of
these wake generators is to lower the static

8

pressure coefficient in the region of the
wake generator due to the decreased
effective flow area. There has also been a
slight loss in pressure coefficient due to the
wake generator loss.

In general, the curvature ratio (8=Dj 2Rc)

determines the pressure difference between
the inner and outer walls. For the bend of
curvature ratio of 0.368, Figures 6 and 7,
and in the absence of wake flow, it can be
observed that the streamwise pressure
distributions are strongly adverse on the
outer walls of the bend up to 75 degrees and
strongly adverse on the inner wall up to the
same location inside the downstream
tangent (zjD = 2.1). The presence of an
adverse pressure gradient on both walls may
causes flow separation inside the bend and
hence more pressure losses will be yielded.
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Figure 4 Effect of a cylinder wake on Cp along the outer wall
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Figure 5 Effect of a cylinder wake on Cp along the inner wall

A 120 Alexandria Engineering Journal Vol. 37, No. 3, May 1998



Study of Turbulent Wake Flows in Curved Ducts

o )0860 90

oooo(° Outer Wall
[> D~~E!~E

0

~[> 0
0

[>

E!~
~

~ ~
-

BEND

Re = 3.42Xl05

°
Without Wake -

0=0.368

0d ID=O.l
l>

d ID=0.5
.

0.00

1.00

o.so

-1.00
-5.80 -4.35 -2.90 -1.45 0.00 1.45 2.90 4.35 5.80 7.25 8.70 10.15 11.60 13.05 14.50

zlD

Figure 6 Effect of a cylinder wake on Cp along the outer wall

-0.50

cp

8
04390

BEND
~-O.J68

Inner Wall[> °0
~~~~ IiiI

a

[> E
[>

000 Re = 3.42x105
0

0Without Wake
0

d ID=O.l
[>

d/D=0.5
,

,

0.50

1.00

·1.50
-4.02 -2.68 -1.34 0.00 1.34 2.68 4.02 5.36 6.70 8.04 9.38 10.72

zlD

Figure 7 Effect of a cylinder wake on Cp along the inner wall

·1.00

·0.50

8
o 3() 60 90

Figure 8

0.00 2.35 4.70 7.05 9.40 11.75 14.10
zlD

Effect of an airfoil wake on Cp along the outer wall

BEND
° a. =0'

0=0.216

o a. = 15'

[> a. =30'I-
o?OO<><>

<> Without Airfoil

Re=2.97xl05<>

0°00
Outer Wall00000° o 0

[> [>1>[>[>[> l>§
~
§8 [>889

0.00

1.00

-0.50
-4.70 -2.35

0.50

1.50

cp

Alexandria Engineering Journal Val. 37, No. 3, May 1998 A 121



ABDAL.LA

e
o 45 90

BEND
Re = 2.97><105

<>

Cl = 0.216Inner Wall

<>

<>
<>
<>

<>

[>

<>

0
-

8
00

0~~
~0 [>

[> 9[>
o a. = 0°

[>t;

-o a. = IS' ;J~
t> a. = 30·

0
<> Without Airfoil

,
,

1:1.569.416.183.140.00
o zlD

Effect of an airfoil wake on Cp along the inner wallFigure 9

0.50

0.00

1.00

-0.50
-6.18 -3.14

0000
0

<) 00
Outer Wall

88oog~
[>

[>[>[>[>[>t§8
~~[> ~~8

Re = 2.97)(105BEND
0n =0°

0
n = 15°

0=0.368
t>n =30°

<)

Without Airfoil
,

0.50

1.00

-0.50

-1.00
-5.80 ·4.35 ·1.90 -1.45 0.00 1.45 1.90 4.35 5.80 7.25 8.70 10.15 11.60 13.05 14.50

zlD

Figure 10 Effect of an airloil wake on Cp along the outer wall

Cp
0.00

e
o 45 90

BENDInner Wall0
0-0.361

0

<)<)
<) 0

[>

<)
08

<
g ~~~ El

9

BE

[>

(;;lo
0 Re = 2.97><105

0
a = 0° 0

0
0n = 15

t>
n =30°

0
Without Airfoil

,
,

-1.00
-4.0:1 -2.68 -1.34 0.00 1.34 2.68 4.0:1 5.36 6.70 8.04 9.38 10.72

zlD

Figure 11 Effect of an airfoil wake on Cp along the inner wall

1.00

-0.50

0.00

0.50

According to the results of cylinder wake
flow in the sharp radius bend, as shown in
Figures 6 and 7, presence of wake flow
relaxes the pressure inside the bend. Along
the outer wall of the bend, the largest

decrease in the streamwise pressure
coefficient is noticed when cylinder diameter
ratio of 0.5 is installed upstream the bend
entrance. Therefore, it can be concluded
that the flow separation inside the sharp
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bends is controlled effectivelyby installing a
cylinder with a suitable diameter ahead of
the bend entrance. The separation control,
mainly, may be attributed to the growth of
the boundary layer is suppressed owing to
the velocity defect of the wake flow. In
addition, the higher turbulence energy
produced by the wake flow diffuses into the
boundary layer and this will be discussed
latter during the discussion of
computational results.

The influence of the curved wake created
by a symmetrical airfiJilNACA-0012on the
bend perlormance, is shown at Figures 8 to
11. The static pressure distributions for
both bends indicate clearly that, the
introduction of airfoil wake decreases the
pressure distribution along the bend walls;
this is obtained previously when a circular
cylinder was installed. The relaxation of
static pressure increases by increasing the
airfoil setting angle (a.). This is more
remarkable on the outer walls of the mild
and sharp radius bends. However, the static
pressure distributions along the inner and
outer walls of the mild bend (8 = 0.216)
have flat regions at the inlet of downstream
tangent, which represented a separation
tendency, when the airfoil setting angle a.=
30 degrees, see Figures 8 and 9. This
occurs due to the separation and reverse
region formed over the airfoil when the
setting angle becomes more than the critical
airfoiIstalling angle (0.== 10 degrees) [21].On
the other hand, no flat regions are observed
in pressure distribution in the case of the
sharp radius bend (8= 0.368), as shown in
Figures 10 and 11. This may be due to the
stIong interaction between the streamline
curvature and the generated wake which
results in a high intensity of secondary flow
insidethe bend [12].

Streamwise Pressure Loss Coefficient
The variation of the bend loss coefficient

(kb) of mild and sharp radius bends as a
function of Reynolds number with and
without wake are presented in Figures 12 to
15. Thestreamwise pressure loss coefficient
is defined as kb = 6.p/O.5pU20, where 6.pis
the streamwise pressure drop between

entrance and exit of the bend. In the case of
a mild bend (8=0.216) with a cylinder wake,
Figure 12, it is shown that the bend loss
coefficient decreases with increasing the
inlet Reynolds number and becomes almost
constant at high Reynolds numbers. In the
case of no-wake flow, the bend loss
coefficient of the sharp radius bend (8
=0.368) decreases as the Reynolds number
increases up to Re = 2.33 X 105 and then
increases with increasing the inlet Reynolds
number owing to the presence of separation
and a strong swirling secondary flowarising
from the centripetal acceleration, see Figure
13. When a cylinder with diameter ratio of
diD = 0.1 is installed upstream the bend,
the pressure loss coefficient almost
decreases for all Reynolds number values
and becomes lower than that in the case of
no-wake. The diameter of the cylinder also
affects the pressure loss coefficient. Figures
12 and 13 indicate the effects of the cylinder
diameter upon the loss coefficient for both
tested bends. It is observed that, the loss
coefficients are increased as the cylinder
diameter increases on account of an
additional losses caused by the wake,
regardless of the inlet Reynolds number and
the bend curvature ratio. Therefore, it can
be concluded that the bend loss coefficient
strongly depends on the velocity defect in
the axial velocity profile at the bend
entrance.

As discussed above, it is clear that the
presence of a cylinder with a suitable
diameter is useful for improving the bend
peiformance, especially for bends with large
curvature ratios. The effect of wake
generator type, also, affects the bend
perlormance. Figures 14 and 15 show the
variation of bend loss coefficient against the
inlet Reynolds number in the presence of a
wake behind NACA-0012airfoil. The effect of
the incidence angle (a.) of the airfoil is also
included in these figures. It is found that,
the presence of an airfoil at zero-incidence
angle yields the lowest loss coefficients for
both tested bends within the test range of
Reynolds number. Further increase in the
incidence angle increases the streamwise
loss coefficient values but still lower than
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those with no-airfoil ,wake. This may be
explained 'as ',follows. When the airfoil
incidence .angle increases at constant
Reynolds number, the velocity defect
increases due to the strong adverse
pressure gradient and the streamline

1.8

1.6

1.4

curvature. Correspondingly, the decay of the
wake through the bend is slower when the
wake subjected to positive pressure
gradient. This observation was confirmed
previously by Schobeiri and John [14].
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Figure 14 Effect of an airfoil wake on streamwise pressure loss coefficient

Alexandria Engineering Journal Vo!. 37, No. 3, May 1998



Study of Turbulent Wake Flows in Curved Ducts

0.8

0.7

0.6

8 = 0.368 ..0...Without Airfoll
D. a. = 0°
~ a. = ISo
Q.. a. = 30°

K 0.5b
0.4

0.3

0.2

0.1

0.0
1.0 1.5 2.0 2.5

Re X 10-5
3.0 3.5

Figure 15 Effect of an aiIfoil wake on streamwise pressure loss coefficient

THEORETICAL :RESULTS AND
VERIFICATION

To verifythe numerical method, samples
of predicted static pressure distributions are
compared with the experimental results
obtained for a mild curved bend (8=0.216).
The comparison is shown in Figures 16 to

19. Computations and measurements were
performed for inlet Reynolds number of
2.79x 105 in the presence of wake flows. In
general, good agreement between predicted
and measured values of static pressure
distributions are obtained.
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Figure ·16 I Comparison between measured and predicted static pressure distribution along outer wall
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The predicted distribu tions of the mean
velocity profiles in the presence of cylinder
wake and airfoil wake are illustrated in
Figures 20 and 21, respectively, at different

locations inside the bend (8 =0.216). The
calculations are performed based on the
measured inlet velocity profiles which are
fitted and denoted by solid lines in the
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1.2

1.0

mcrease in the wake width (b) with
downstream direction, as shown in Figure
23, because of the diffusional processes that
take place in turbulent shear layer. On the
other hand, the strongest asymmetry is seen
in the case of wake behind airfoil and the
velocity profile did not recover uniformity at
the bend exit. However, the wake behind the
cylinder starts to recover uniformity near to
the bend exit. This is due to the pressure
variation across the wake. For a wake
behind cylinder, it is seen from Figure 20
that, the wake is subjected to a small
adverse pressure gradient at the bend
entrance, which is measured by the
difference between velocities at the upper
and lower edges of the wake. In the case of
the wake behind the airfoil, the wake is
subjected to strong adverse pressure
gradient at the bend entrance owing to the
difference in velocities at the wake edges
which is higher than that in the case of
cylinder wake, (Figure 21). Thus, the
relaxation of pressure gradient and
curvature are slower as the wake convects
through the bend. Based on this
explanation, Figure 22 indicates that the
decay of the velocity defect is faster at small
pressure gradient (cylinder wake) than that
at a strong pressure gradient (airfoilwake).
Conversely, the growth of the wake width is
faster at strong pressure gradient than that
occurs at a small pressure gradient, as
shown in Figure 23.

1.0

z/D =·0.05
= 0.606
= 3.03
= 8.636

Airfoil ( a. = 0.0 )

Re = 2.97XI05

0=0.216

0=0.216
5

Re = 2.97xl0
z ID = - 0.05

= 0.606
= 3.03
= 8.636

d/D=0.5-L-_1

0.4

0.0
0.0

0.2

1.0

1.2

004

0.2

O.S

yiD
Fi,gure 20 Predicted distributions of a cylinder wake

mean velocity profile

0.8
U
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figures. From these figures, it can be seen
clearly that the interaction between the
boundary layer developed over the inner
and outer sides of the bend and the wake.

10.08.0
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Figure 22 Variation of maximum wake defect
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Figure 21 Predicted distributions of airfoil wake mean

velocity pro1ile

In. general, the mean velocity profile
becomes asymmetrical about the wake
centerline. The asymmetry in the velocity
profile about the wake centerline is reduced
with an increase in axial distance form the
bend entrance.

As the wake convects through the bend,
the wake center gradually moves towards
the bend center.· The maximum wake
veloci.tydefect (wo) for either cylinder wake
or airfoil wake decreases, as shown in
Figure 22, resulting in a continuous
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CONCLUSION
The investigation on the development of
steady wake flows downstream of a
stationary cylinder and a symmetrical airfoil
in curved pipes leads to the following
conclusions:
1.The performance of curved pipes is

improved by setting a suitable wake
generator in the upstream section of the
curved pipes. The streamwise pressure
loss coefficient across the curved pipes
decreases in the presence of a wake flow
and the minimum value of pressure loss
coefficient strongly depends upon the
velocity defect of the wake.

2. The flow separation inside the sharp
curved pipes may be controlled by
installing a wake generator ahead of the
curved pipe owing to the velocity defect of
the wake and the higher turbulent energy
by the wake flow.

. Mean velocity profiles are observed to be
asymmetrical about the wake centerline
when the wake is influenced by the
pressure gradient and curvature.

4. The turbulence level increases in the
boundary layer and in the wake region
with increasing the degree of asymmetry
of the velocity profile.
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Fi9ure ~~4 Predicted distributions of a cylinder

wake turbulence kinetic energy profile

The distributions of the turbulence
kinetic energy at various longitudinal
locations are presented in Figures 24 arld 25
for cylinder wake and airfoil wake,
respectively. As shown in these figure~;,the
turbulence level increases in the boundary
layer ,md in the wake region with increasing
the degree of asymmetry of the velocity
profile, owing to the curvature effect that
causes a pressure gradient resulting in a
highly asymmetric distribution of turbulence
kinetic energy. As the flow proceeds
downstream., the high turbulence energy in
the wake region diffuses
over the whole flow region which may
suppress the boundary layer growth and
hence the flow separation may be controlled.
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Greek symbols
<X Airfoil setting angle
r~ Effective diffusivity for <I>

8 Curvature ratio
o Angular position
<I> Dependent variable
lleff Effective viscosity
l!l Laminar viscosity
l! t Turbulent viscosity
p Fluid density

z,y

Uo

li,V

W
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NOMENCLATURE

The half-wake width.

The average value of b on
the walls of curved duct
Airfoil chord
Pressure coefficient

Constants in turbulence
model
The pipe diameter
The cylinder diameter
Constant depends on the
wall roughness
Generation of turbulence
kinetic energy
Turbulence kinetic energy
Streamwise pressure loss
coefficient
Static pressure.
Reference pressure
Mean curvature radius
Reyno1ds number based on
the inlet conditions
Inlet mean velocity
Axial and normal velocities
wake velocity defect
Maximum wake-velocity
defect
Streamwise and normal
coordinates

The maximum wake velocity defect
decreases and the wake width increases
as the wake convects through the curved
pipe. The presence of a wake in a
pressure gradient delays the decay of the
velocity defect and increases the growth
of the wake width.
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