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An experimental investigation on the characteristics of turbulent flow behind detached rib
is carried out at inlet Reynolds number of 2.24 x 105. Effects of adverse pressure gradient
(Clauser parameter = 0.0, 2.42 and 6.83) and clearance-to-rib height ratio (C/H=0.0, 0.4
and 2.0) on the length of recirculating region are examined. The results show that, the
length of recirculating region increases with increasing adverse pressure gradient and
decreasing clearance-to-rib height ratio. In general, the increase of adverse pressure
gradient leads to increase the local Reynolds shear and normal stresses. These stresses
exhibit maximum values at a height close to the height of upper edge of the rib and
decreases in streamwise direction. Such decrease is more pronounced at lower pressure
gradients. Furthermore, in zero pressure gradient the turbulent structure parameter in
recirculating flow region is nearly close to that in attached flow and the presence of
adverse pressure gradient significantly affect this structure at inner and outer layer
regions. A detailed study on the calculations and selection of constant C, used in k-¢ two
equations model is presented.
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to achieve equal pumping power [4]. Other

The problems of heat transfer character-
istics and flow structure over a surface with
artificial roughness elements have been
considered in engineering applications by
several research workers. Typical examples
include the selection of size, shape and
relative arrangements in rectangular channels
[1-4], annular pipes [5], cooling panels of
ramjet [6] and gas turbine blades [7]. The flow
pattern past repeated solid ribs attached to
the duct wall indicated that the increase of
pitch-to-height ratio leads to reduce the length
of recirculating zone behind the ribs. Further-
more, the ribbed ducts have to be operated at
lower Reynolds number than the smooth ones

Alexandria Engineering Journal, Vol. 41 (2002), No. 4, 673- 632
©Faculty of Engineering, Alexandria University, Egypt

studies for this type of flow configuration
showed local deterioration of heat transfer in
the near concave corners [2, 8]. The studies of
heat transfer in the perforated [9] and
detached [10] ribbed duct flows demonstrated
better thermal performance compared with
solid ribbed duct flows. In Low-aspect-ratio
rectangular channel with perforated ribs, Liou
et al. [3] showed that a staggered arrangement
of the ribs gives almost the same friction and
heat transfer results as symmetric ones. This
trend is similar to that of the solid-type ribbed
case obtained in their previous work [11]. Due
to manufacturing concern towards the
applications of perforated ribs, the detached
ribs positioned at small height from the wall
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have been recommended by Liou and Wang
[12]. The detached ribs are surveyed by Liou et
al. [10] who demonstrated that a vortex
shedding occurs when the clearance between
the cylinder and the wall is greater than a
critical value. This critical clearance has
typical values of 0.25-0.30, 0.35 and 0.35-
0.50 times characteristic length of circular
cylinder, triangular cylinder and square
cylinder respectively. Their experimental
results for rib detached-distance to rib-height
ratios varied from zero to 3.25 showed that the
peak local Nusselt number depends mainly on
the dominant fluid dynamic factors.

The above relevant studies have reported
valuable information related to the flow
behavior and heat transfer due to attached
and detached ribbed duct flows. Few
experimental studies have been presented on
flow structure downstream of detached ribs
and these are limited to zero pressure
gradients. However, in some practical
applications the fluid flow systems are
subjected to pressure gradients. In addition,
information regarding the structure of
turbulence in the recirculating region behind
the detached ribs is not fully documented.

The object of the present investigation is to
study the structure of turbulent flow past
square detached rib in an adverse pressure
gradient. The measurements of velocities,
Reynolds shear and normal stresses have
been carried out to understand this structure
and to assess the accuracy of constant C,
used in k-¢ turbulence model.

2. Experimental arrangements

All experiments have been conducted in
the low speed wind tunnel. The test section
has a cross-section of 305 x 305 mm with a
length of 600 mm and its roof is assembled
with clamps to the test section. The adverse
pressure gradient is developed by mounting a
wedge to the roof of the test section as shown
in fig. 1. Two wedges of 4 and 8 degs. are
introduced to have two cases of adverse
pressure gradients. A two-dimensional rib
of 15x 15 mm cross- section is mounted
in the floor of the test section at a distance of
200 mm from the throat of the divergent
section.

s

Fig. 1. Layout of the experimental arrangement.

Detailed measurements  have  been
conducted at zero and adverse pressure
gradients for the case of 6 mm clearance
between the rib and floor of the test section
which is equivalent to a clearance-to-rib
height ratio C/H of 0.4. This configuration is
considered because it represents the limits
between the rapid and slower decrease from
the reattached wake flow to the free wake flow
for single [23, 24] and multi-ribs [10]. In
addition, subsequent measurements are
carried out for C/H=0.0 and 2.0 to detect the
length of recirculating zone downstream of the
rib.

The hot wire anemometer at constant
temperature is used for the velocity and
turbulence measurements at five axial
stations located at the central plane of the test
section downstream of the rib. Measurements
are made with straight and 45°¢ slant probe
elements using the same technique as that
described by Ng [13]. The slant wire was
presented at an angle of 45¢ to the direction of
flow and rotated through 360° in 90° intervals.
This facility, in combination with the straight
wire readings allowed the turbulence
parameters to be calculated. All probes are
calibrated in the free stream of wind tunnel
against a standard pitot static tube.

All measurements are conducted at inlet
Reynolds Number (Reij) of 2.24 x 105.
Preliminary measurements regarding the
static pressure gradient and the boundary
layer velocities are carried out along the floor
of the test section without rib. The pressure
gradients at the location of the rib with zero, 4
and 8 degs. wedge angles in terms of Clauser
parameter B are 0.0, 2.42 and 6.83 with a
corresponding boundary layers shape factors
(S) of 1.356, 1.442 and 1.529, respectively.
The uncertainty of the measured quantities U,
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u?, v’2 and u'v’ are less than 2.4, 3.6, 8.4 and
4.3 percent, respectively.

3. Results and discution
3.1 Time-mean velocity profiles

The axial mean velocity profiles for the
cases of Clauser parameter B = 0.0, 2.42 and
6.83 are shown in figs. 2-a, 2-b and 2-c. It is
seen that the boundary layer thickness tends
to increase with increasing pressure gradient.
In addition, all cases present a maximum
negative velocity at x/H=1.0 which increases
with increasing the adverse pressure gradient.
In addition, the wake behind the rib tends to
decay slower at higher pressure gradient
leading to increase the recirculating flow
region. This region is presented in figs. 3-a, 3-
b and 3-c by drawing the iso-velocity
contours. It is seen that, the size of
recirculating flow region increases with
increasing pressure gradient. Furthermore,
the axial recirculating length at which the
negative wake velocity diminishes increases
from 2.3 to 4.5 rib heights as the Clauser
parameter increases from 0.0 to 6.83.

The axial velocity variation along the
symmetric axis of the rib in x -direction
(x/H=0.9) is shown in fig. 4. It is clear that
the tendency of flow velocity to change from
negative to positive value is faster at lower
pressure gradient. This in turn leads to reduce
the flow recovery zone downstream of
recirculating region. The axial velocity
distribution very near to the wall at y/H=0.1 is
shown in fig. 5. The velocity is remarkably
decreased as x/H increases from 1.0 to 3.0
and in particular at lower pressure gradients.

The effect of rib clearance on the length of
recirculating region is shown in fig. 6. It is
seen that the length of wake or recirculating
region increases with increasing the pressure
gradient and decreasing the clearance to rib
height ratio. It may be considered that the
wakes decay or growth depends on the relative
magnitude of the pressure and shear stresses,
and for adverse pressure gradient the wakes
tend toc grow rather than decay [14].
Furthermore, the recirculating region is
substantially decreases with increasing C/H

up to 0.4 and less reduction is present for
C/H greater than 0.4.
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Fig. 2. Alxial velocity profiles.
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The case of zero pressure gradient shows
slower reduction in recirculating region for
C/H greater than 0.40 and this trend is
previously obtained by Durao et al. [15, 16].
Their results showed longer recirculating
region length compared with the present study
due to different experimental conditions
regarding turbulence level, inlet Reynolds
number and the ratio between the rib height

and channel hydraulic diameter. The
experiments of Durao et al. [15, 16] have been
carried out with fully developed flow at Re;
=1.36 x 104 and H/Dy = 0.147.
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Fig. 4. Axial velocity distributions at y/H=0.90 for
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region.

676 Alexandria Engineering Journal Vol. 41, No. 4, July 2002



A. M. El-kersh / Turbulent flow below behind detached rib

3.2. Reynolds shear and normal stresses

Because the turbulence model depends on
the expressions of Reynolds shear and normal
stresses, therefor they are presented in this
work. Reynolds shear stress profiles
downstream of the rib are shown in figs. 7-a,
7-b and 7-c. The measured peak value occurs
at y/H close to 1.4. This is attributed to the
maximum velocity gradient downstream of the
rib upper edge. The profiles indicate that the
application of adverse pressure gradient
prohibits the diffusive behavior of the wake
and increases the shear stress. The increase of
shear stress at the outer layers with pressure
gradient is also observed. Consequently, this
considerable energy production due to
Reynolds shear stress affects the development
of the inner layer. The distribution of
maximum Reynolds shear stress downstream
of detached rib is shown in fig. 8. It is seen
that, the shear stress decreases with
increasing axial distance in streamwise
direction. The results at zero pressure
gradient agree with the findings of Liou et al.
[10]. In addition, the reduction of shear stress
with axial length is more pronounced as the
pressure gradient decreases leading to faster
flow recovery downstream of recirculating
region.

The Reynolds normal stress profiles
increase with increasing pressure gradient as
shown in figs. 9-a, b and 9-c. The variation of
Reynolds normal stress with axial distance
near the boundary layer edge is slightly
affected for the case of zero pressure gradient.
However, significant increases in normal
stresses occur near the boundary layer edge at
higher pressure gradient. As expected the
measurements showed that the longitudinal
turbulence intensity is larger than the
transverse intensity and in particular behind
the upper edge of the rib, which indicates that
the flow is anisotropy.

3.3. Turbulent structure parameter

The turbulent structure parameter is
defined by the ratio between the shear stress
and turbulent kinetic energy and the following
section discuss the calculation of this

parameter from the measurements and its
importance in the turbulence modeling.
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Fig. 7. Shear stress profiles.
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The transport equation of turbulent kinetic
energy k for two-dimensional flow [17] is
written as:

u%+v@—{- =i{(v +i)§1§E }— u'v'

ox Oy 0Oy o Oy

' '—Zy—“—e. (1)

The equation shows that the convection of
a particular Reynolds stress is determined by
turbulent diffusion, the production due to
Reynolds shear stress and the dissipation due
to the presence of viscosity respectively. The
eddy viscosity and Reynolds shear stress in
standard model are given by:

K2
Y= Cp_s"a (2)
-u_'"v'=vt?5 3)

From egs. (1-3), it can be concluded that
the ratio between turbulent production and
dissipation rate is given by:

R= (=P -2 )

Jeou

The domain of flow is in local equilibrium
when the rate of convection and diffusion of
turbulent kinetic energy is negligible
compared with the rate of
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production and dissipation. Consequently the
turbulent generation and dissipation are equal
(R=1) and leads to the following relation of
structure parameter:

u'v
——k—‘: Cu . (5)

In the standard k-e¢ model, the value of C,
is 0.09. However, Nangen et al. [18]
demonstrates that, there is no rigorous basis
to select C, equal to 0.09, and this is one of
reasons to cause the difference between the
computed values and the experimental data in
some flow field, especially for Reynolds stress.
Because the flow field in most engineering
applications is not in local equilibrium, some
research workers suggested different model
functions to account for the near wall effects
on the C, [18-21]. However, these expressions
are limited to specific flow fields. In complex
flow fields, some research workers explained
the deviation between the experimental
results and the theoretical model to the lack of
accurate value C,. Therefore, it is better to
calculate this value from the data of
experimental measurements in order to assess
the theoretical model. Liou et al. [10] showed
that, because of different degrees of flow
complexity, the calculated constant C, from
the measured Reynolds shear stress and
kinetic energy of detached rib differs from that
in jets, wakes and boundary layer as surveyed
by Harsha and Lee [21].

In the present analysis, the variation of

turbulent structure parameter (-u'v’/k) across
the boundary layers at different pressure
gradients are shown in figs. 10-a and 10-b. In
zero pressure gradient, It is seen that the
structure parameter in separating flow is
nearly close to that in attached flows within
the experimental error. This is in agreement
with the findings of Avva et al. [22] for
backward-facing step flow. The presence of
pressure gradient leads to increase the
structure parameter at the inner layers,
whereas the opposite effect occurs at the outer
layers. This is attributed to the deviation of
flow from anisotropy due to increase pressure
gradient. In addition, the present results at
zero pressure gradients are compared with the

experimental work of other research workers
as shown in fig. 10-a. Each curve is obtained
from the data of shear stress and turbulent
kinetic
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energy presented by research workers. It is
seen that, the fully developed pipe flow [23] as
presented by Ng [13] and the flow over a
backward-facing step [25] have different
distributions and the later shows better
agreement with the present experimental
results. This is attributed to the nature of flow
field between the present flow and the flow
downstream of  backward step  with
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recirculating region. In the present work the
value of C, is calculated by averaging the
turbulent structure over the domain of
measurements using the following relation:

51
‘/E:= 1] I(_B_Y_)dl Gt (6)
10

The calculated values of C, are 0.056,
0.068 and 0.071 for B = 0.0, 2.42 and 6.83
respectively. These values are less than 0.09
adopted by k- standard model. Liou et al. [10]
showed that the value of C,, which calculated
from the experiments with, detached rib at
zero pressure gradient is 0.044. The proposed
values of C, are calculated so that the
computations of detached ribs flow using
turbulence model can be predicted accurately.
Because the flow anisotropy the application of
k-¢-S (Stochastic theory) model  is
recommended for such type of flow which
gives substantial improvement over k-g-E
(Eddy viscosity) on the distributions of
Reynolds shear and normal stresses as
discussed by Jian and Guoren [25].

4. Conclusions

Measurements have been conducted on
turbulent flow behind detached rib in an
adverse pressure gradient and the following
conclusions have been obtained:

1. The presence of adverse pressure gradient
leads to increase the length of recirculating
region and Reynolds shear and normal
stresses. At clearance-to-height ratio of 0.4,
this length is increased from 2.3 to 4.5 times
rib height as the Clauser parameter increases
from zero to 6.83.

2. The length of recirculating region
substantially decreases with increasing
clearance-to-height rib C/H up to 0.4 and less
reduction is present for C/H greater than 0.40
for zero and adverse pressure gradients.

3. The maximum shear stresses are found to
occur downstream of trailing upper edge of the
rib and decreases in streamwise direction.

4. The distribution of structure parameter is
consistent in recirculating and detached flow
regions at zero pressure gradient. However, it

is increased in inner layers in streamwise
direction and has the opposite effect at the
outer layers in higher adverse pressure
gradients.

5. The calculated values of constant C, used
in k-e two equations model are 0.056, 0.068
and 0.071 for Clauser parameter B of 0.0, 2.42
and 6.83, respectively compared with a value
of 0.09 used in standard model.

Nomenclature

C s the clearance between wall and rib,

C, is the constant in the turbulence model,

Dn is the duct hydraulic diameter at inlet,

H is the rib height,

k is th turbulent kinetic energy,

p is the wall static pressure,

Re; is the inlet Reynolds number, Uy D/ v,

S is the boundary layer shape factor, §*/0,

u is the time-mean velocity in x-direction,

is the instantaneous fluctuating

component, of u U, bulk mean velocity

at inlet,

U is the time-mean axial velocity at the edge
of boundary layer,

v is the time-mean velocity normal to the

wall,

is the instantaneous fluctuating

component of v,

is the distance along the main flow

direction,

is the distance normal to x-direction,

is the clauser parameter,, §*/tw dp/dx,

is the boundary layer thickness,

™

O™

8" is the displacement thickness, f(l —-%)dy,

€ is the rate of dissipation of turbulence
energy,

0 is the boundary layer momentum
thickness,

ok is the turbulent Prandtl number of k,

1w is the wall shear stress,

v is the kinematic viscosity, and

vt is the turbulent kinematic viscosity.
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