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An experimental investigation is undertaken to study the salient features of separated and reattached flows over a
transverse square rib in an asymmetric diverging and converging channel. To facilitate comparison, experiments
were also performed in a parallel-walled channel for which the pressure gradient is nearly zero. The transverse
square rib was located 1000 mm from the inlet of a given channel (at the inlet to the convergence/divergence section).
A high-resolution particle image velocimetry was used to conduct the velocity measurements. From these
measurements, isocontour plots of mean velocity, Reynolds shear stress, and spanwise vorticity in the vicinity of the
rib were reported. The profiles of mean velocities, Reynolds stresses, triple products, and some of the terms in the
transport equations for turbulent Kinetic energy and Reynolds shear stress are reported in the separated and
redevelopment regions as far downstream as 200 step heights.

I

LOW separation induced by obstacles occurs in diverse

practical engineering applications. For example, pipe systems in
chemical reactors or food-processing devices may have abrupt
changes in tube diameter or may be furnished with baffles or ribs that
obstruct the flow. Similarly, flows over and around wall-mounted
obstacles or through orifices are frequently encountered in practice:
for example, with heat exchangers and combustors. Turbulent flow
separation and subsequent reattachment also occurs in aerody-
namics: for example, in flow over an airfoil. In these and many other
applications, the characteristics of separation and reattachment of the
flow may significantly affect the efficiency and performance of the
fluid engineering devices. Apart from their practical engineering
importance, separated and reattached turbulent flows are used as
prototypical flows to advance understanding of complex near-wall
turbulence.

A number of laboratory geometries or obstacles have been devised
to generate two-dimensional separated and reattached flows. These
geometries include a backward-facing step (Bradshaw and Wong
[1]), a forward-facing step (Abu-Mulaweh [2]), a transverse square
rib (Abdalla et al. [3]), a splitter plate (Ruderich and Fernholz [4]),
and a blunt plate (Kiya and Sasaki [35]). Irrespective of the specific
geometry, the flowfield can be divided into two regions: 1) the
separated/recirculating region and 2) the recovery/redevelopment
region. Figure 1 depicts these regions and also defines some of the
flow nomenclature for a two-dimensional transverse square rib. As
shown in the figure, the separated region spans from the point of
separation to the location at which the flow reattaches onto the floor,
and the region downstream of the reattachment region is called the
redevelopment region. The separated flow downstream of the rib
causes recirculation that is often referred to as the separation bubble.
The mean reattachment length x, is the distance between the location
of separation and the reattachment point.

The salient features of separated and reattached flows past an
obstacle are well documented in the literature. A summary of
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selected previous experimental studies conducted in zero-pressure-
gradient (ZPG) boundary layers, parallel-walled closed channels
(CC), open channels (OC), an adverse pressure gradient (APG), and
a favorable pressure gradient (FPG) is provided by Shah and Tachie
[6]. The quantities reported in those studies include the pressure
coefficient C,, reattachment length x,, displacement thickness §*,
momentum thickness 6, streamwise mean velocity U, turbulent
intensities ’, v/, and w’, Reynolds stresses (u?), (v?), (w?), and
{(—uv), turbulent kinetic energy, and triple correlations (u*), (u?v),
(uv?), (v*), (w?w), (uw?), and (w?). The complete terms in the
transport equation for the turbulent kinetic energy equation are
reported in a few studies (Castro and Epik [7] and Piirto et al. [8]).
The hot-wire and laser Doppler anemometry (LDA) were used in
most of the previous experiments. It should be noted that in spite of
their excellent spatial and temporal resolutions, the LDA and hot
wire provide pointwise measurement, and so it is a challenging
undertaking to measure some of the terms in the transport equations
for the turbulent kinetic energy and Reynolds stresses. This is
particularly true within and immediately downstream of the
recirculating region, in which the flow evolves rapidly in the
streamwise direction. The presence of flow reversal and high local
turbulence levels within the recirculation region also preclude the use
of standard hot wires to accurately measure the velocity field in the
recirculation region. Although the particle image velocimetry (PIV)
technique cannot match the temporal resolution obtainable from the
hot wire, it is a whole-field measurement technique and is therefore
well suited for estimating velocity gradients and derived quantities
such as vorticity and the various terms in the transport equations for
turbulent kinetic energy and Reynolds stresses.

Previous studies have shown that the Reynolds number, blockage
ratio, and aspect ratio (the ratio of obstacle length to obstacle height)
are some of the parameters that affect the flow characteristics over an
obstacle. Bergeles and Athanassiadis [9] investigated the effect of
obstacle aspect ratio on the mean reattachment length. They reported
that for obstacle widths smaller than 4k (k is the rib height), the shear
layer separating from the upstream edge reattaches past the obstacle
and the reattachment length decreases linearly with the obstacle
width. Jovi¢ [10] investigated the flow recovery downstream of a
backward-facing step for five different flow conditions by varying k
and Re; while keeping the blockage ratio in a narrow range of 0.04—
0.09. It was found that the reattachment length increased from 5.35 to
6.94 as the Re,, increased from 6800 to 37,200. The inner region of
the boundary layer was observed to recover to an equilibrium state at
x = 15k (Re;, > 25, 500) and sooner for lower Re, cases. Djilali and
Gartshore [11] compiled values of x, obtained from different studies
and concluded that x, decreases with increasing solid blockage
ratio, defined as the ratio of the obstacle height to the channel or


http://dx.doi.org/10.2514/1.35528

1850 SHAH AND TACHIE

I Separated Region Redevelopment Region
= = ™
Reattachment
Dividing D ———
Streamline Region
— U=0

Stagnation Line

Separation Bubble
Fig. 1 Flow regions downstream of a rib.

wind-tunnel height. A study of forward-facing step flow was
conducted by Abu-Mulaweh [2] to explore the effects of step height.
The results show that as the step height increases, so do the
reattachment length and velocity fluctuations.

Only a few studies to date have investigated the characteristics of
separated and reattached flows downstream of an obstacle in the
presence of an APG or FPG. Cutler and Johnston [12] employed a hot
wire and pitot tube to study the relaxation of a reattached turbulent
boundary layer downstream of a wall fence in an APG. The pressure
gradient imposed on the turbulent boundary layer was adjusted by
means of a nonlinearly curved roof to keep the boundary layer in
equilibrium. In their study, the flow reattached upstream of the
divergence and results were presented downstream of the
reattachment location up to 83 step heights. They reported that the
results downstream of reattachment were qualitatively similar to the
ZPG boundary-layer data of Driver and Seegmiller [13] and Kim
et al. [14]. Kuehn [15] reported the reattachment length and mean
velocity in the redevelopment region of a backward-facing step in
which the roof immediately downstream of the backward-facing step
was tilted at various angles in the range of —10deg < o < 6deg.
They observed that increasing the APG caused the reattachment
length to increase, whereas it decreased in a FPG. Ra and Chang [16]
investigated separated and reattached flow downstream of a
backward-facing step. They investigated several curvatures of the
top wall to create the pressure gradient immediately downstream of
the step and reported the pressure-coefficient distribution and the
reattachment length. They found that the reattachment length
increased with an increase in pressure gradient. Driver and
Seegmiller [13] studied separated and reattached flows in diverging
channels behind a backward-facing step using LDA. A deflected top
wall at an angle o« = 6 deg was used to create the pressure gradient
immediately downstream of the step. Detailed measurements of the
mean velocity and turbulent quantities were reported as far
downstream as 32 step heights. The reattachment length was found to
increase under the influence of an APG. They observed that the
turbulent kinetic energy and Reynolds shear stress tend to diffuse and
convect farther from the lower wall in the diverging channel.
Furthermore, the triple correlations diminished rapidly on the lower
wall upon approaching reattachment and the production of turbulent
kinetic energy decreased in the case of an adverse pressure gradient
downstream of the step.

Although detailed experimental as well as direct numerical
simulation and large eddy simulation studies (Le et al. [17]) of
separated flows in ZPG and CC have been reported, separated and
reattached flows in the presence of pressure gradients lack
comprehensive studies. Furthermore, the effects of pressure
gradients on separated and reattached flows, especially in the
separated region, are relatively less understood. This paper reports
new benchmark data sets in turbulent flow downstream of a two-
dimensional rib in adverse and favorable pressure gradients. The
favorable and adverse pressure gradients were produced in an

New Boundary Layer

asymmetric converging and diverging channels, respectively, that
were preceded and followed by parallel sections. A PIV technique
was used to conduct the velocity measurements, and profiles of mean
velocities, turbulent intensities, Reynolds shear stress, and higher-
order moments are reported in the separated and redevelopment
regions as far downstream as 200 step heights. The insight provided
by this study into adverse and favorable pressure gradients and the
benchmark data sets reported will be valuable for validating complex
near-wall turbulence models. The channels used in the present study
have been employed in the past to study the effect of pressure
gradients on turbulent flows with no ribs attached to the channel floor
(Shah and Tachie [18]) and also over arrays of transverse ribs (Tachie
[19]). Selected data from the study (obtained in the absence of the
ribs) at an identical approach velocity will be compared with the
presented results.

II. Experimental Setup and Measurement Procedure
A. Test Sections

The experiments were performed in a parallel-walled channel, an
asymmetric diverging channel, and an asymmetric converging
channel, hereafter referred to as tests CC, APG, and FPG,
respectively. These channels were inserted into an existing water
channel with a test section that is 2500 mm long, 200 mm wide, and
200 mm deep. As shown in Fig. 2a, the CC channel is 2500 mm long
and has a half-channel height # = 34.5 mm. For the APG and FPG
channels (Figs. 2b and 2c¢), the first 1000-mm (OA) and the last 500-
mm (BC) sections have straight parallel walls, whereas the 1000-mm
section (AB) located between these parallel sections diverges
nonlinearly from a height of 54 to 84 mm for the APG case and
converges from 84 to 54 mm for the FPG case. The zero location for
the x coordinate (x = 0) is taken at 1000 mm from the inlet of the test
section, which also marks the start of convergence/divergence (A),
y = 0 on the lower wall, and z = 0 at the midplane of the channel.
The heights of the variable channels for APG and FPG are,
respectively, given by

2h(x) =54 —7.39 x 10~*x + 5.73 x 107°x?
—3.12x 107°x% — 5.09 x 107" x* 4+ 2.78 x 10~ !4x° (la)

2h(x) = 84 — 4.01 x 102x + 2.09 x 10~5x2
— 717 x 10753 + 8.83 x 10~11x* —2.78 x 10-x°>  (1b)

where x is measured in millimeters and the relationship is valid in the
range of 0 < x < 1000. As mentioned earlier, these channels have
been used previously by Shah and Tachie [18] (with no obstacles
attached on the channel floor) to investigate the effects of APG and
FPG on the mean flow and turbulent statistics. As explained in that
study, the choice of the preceding channel distribution 2(x) was
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Fig. 2 Experimental setup: a) parallel-walled channel, b) diverging channel, and c) converging channel; dashed regions P, to Ps denote x—y planes in

which PIV measurements were made for a channel (not to scale).

partly constrained by the test section of the existing main water
channel and the need to obtain two-dimensional mean flow at the
midplane of the converging and diverging channels. A number of
distributions were tried, and the pressure gradient along the channel
was analytically calculated assuming inviscid flow. The preceding
distributions were chosen because they produced pressure gradients
that were not too severe to cause flow separation in the APG channel
or relaminarization in the FPG channel, yet high enough to
noticeably modify the flowfield compared with that in a channel with
parallel walls.

B. PIV System and the Measurement Procedure

The flow was seeded with 5-pm polyamide seeding particles with
a specific gravity of approximately 1.03. An Nd-YAG laser
(120 mJ/pulse) of 532-nm wavelength was employed to illuminate
the flowfield. The laser sheet was located at the midplane of the
channel. A 12-bit HiSense 4M camera (2048 x 2048 pixel CCD
array size and a 7.4-um pixel pitch) was coupled to a 60-mm AF
Micro Nikkor lens. The instantaneous digital images were
postprocessed by the adaptive-correlation option of the commercial
software developed by Dantec Dynamics (FlowManager 4.50.17).
The adaptive correlation uses a multipass fast Fourier transform
cross-correlation algorithm to determine the average particle
displacement within the interrogation area. A three-point Gaussian
curve fit was used to determine particle image displacement with
subpixel accuracy. The particle image diameter was estimated to be
d, =16.8 mm (2.27 pixels), 16.7 pum (2.26 pixels), and 16.7 um
(2.23 pixels) in tests CC, APG, and FPG, respectively. These values
are in good agreement with a value of 2.0 recommended by Raffel
et al. [20] to minimize peak locking. A sample size of 2040 images
and an interrogation area of 32 x 16 pixels with 50% overlap were
used to compute the mean velocity and turbulent statistics reported
subsequently. The choice of 2040 images and 32 x 16 pixels with
50% overlap were based on comprehensive convergence and spatial

resolution tests conducted using typical profiles of the mean velocity,
turbulent intensities, Reynolds shear stress, and triple correlations in
the separated region (x/k =4) and the redevelopment region
(x/k =21). These results are presented by Shah and Tachie [6].
Based on the friction velocity for the approach boundary layer, the
spatial resolution in wall variables was, respectively, Ayt =7.9,
9.0, and 8.3 in tests CC, APG, and FPG. According to the recent
study conducted by Shah et al. [21], these values are adequate to
resolve the inner region of smooth- and rough-wall turbulent flows.
There are many sources of measurement uncertainty in PIV
measurements. The guidelines and steps necessary to minimize these
errors are discussed by Prasad et al. [22] and Forliti et al. [23].
Following the methodologies proposed and explained by Coleman
and Steele [24], the uncertainty in the mean velocities at a 95%-
confidence level was determined to be 2%. The uncertainties in
turbulent intensities and Reynolds shear stress were estimated to be
+5 and £10%, respectively; +15% for the third-order moments. In
the graphs shown subsequently, error bars are used to indicate the
measurement uncertainties at a 95%-confidence level.

C. Test Conditions

A 75-mm-wide strip made of four 3-mm-wide rectangular bars,
21 mm apart, was used on the upper and lower walls of the channel
entrance to ensure a rapid development of the turbulent boundary
layer. The two-dimensional square rib of height k = 6 mm was glued
to the bottom of the channel at x = 0 (1000 mm from the inlet of a
given channel) to cause flow separation for the three cases. For the
APG channel, additional measurements were made, with the ribs
placed at an upstream section of the diverging section (x/k = —25)
and within the diverging section (x/k = 0 and 25). The goal was to
study how rib location, relative to the inlet section of divergence,
modifies the flowfield. Because no significant effects of rib location
on the flow characteristics were observed, only data obtained atx = 0
for the APG channel will be discussed in detail in subsequent
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Table 1 Summary of upstream flow parameters

Test U,, m/s 8, mm 8%, mm 0, mm H Re; Rey k/5  k/2h kT =kU,/v
CC 0.445 19 2.2 1.4 1.57 2640 620  0.31 0.09 140

APG 0.460 21 2.8 1.8 1.55 2760 830  0.29 0.11 140
FPG 0.464 39 3.6 2.5 1.44 2760 1150 0.15 0.07 140

sections. For each test condition (i.e., tests CC, APG, and FPG),
reference measurements were made in an x—y plane upstream of the
rib (denoted as P in Fig. 2a) to characterize the approach flow and
then in five planes (P,—Ps) located around and downstream of the
rib. From these measurement planes, profiles were extracted at
x/k=-30,1,2,4,9, 13,21, 30, 50, 120, and 200. It should be noted
that the location x/k = 200 is within the downstream parallel section
(AB). A summary of some of the upstream parameters is presented in
Table 1. For a given test condition, U, is the maximum streamwise
velocity, § is the boundary-layer thickness defined as the y location at
which the local velocity is 99% of U,, §* is the displacement
thickness, 6 is the momentum thickness, Re, is the Reynolds number
based on U, and k, Rey is Reynolds number based on U, and 6, and
k/3§ is the perturbation strength. The boundary-layer thickness, as
well as the displacement and momentum thicknesses, of the
approach flow is nearly the same in test CC and test APG. The shape
parameter obtained for the three test cases are similar and compare
reasonably well with prior data at similar Rey (Purtell et al. [25]). The
perturbation strength k/§ of 0.31, 0.29, and 0.15, respectively, in
tests CC, APG, and FPG implies a weak perturbation according to the
classification proposed by Bradshaw and Wong [1]. The blockage
ratio k/(2h), where 24 is the channel height at x = 0, and the ratio of
the rib height to the viscous length scale of the approach flow
(k* = kU, /v, where U, is the friction velocity) are also summarized
in Table 1. It should be noted that the crest of the rib is well within the
logarithmic layer in all the tests. Because k™ = 140 intests CC, APG,
and FPG, it implies that the distortion of the inner layer of the
approach boundary layer by the rib is identical in all the tests.

III. Results and Discussion
Isocontours of Mean and Turbulent Quantities

The isocontours of the mean velocity U, mean spanwise vorticity
@, =0V/dx—dU/dy, and Reynolds shear stress (—uv) were
obtained to reveal some qualitative features of the flow pattern in the
vicinity and downstream of the rib (Fig. 3). The data are made
dimensionless using the approach velocity U, and rib height k. The
corresponding mean streamlines are superimposed on each plot to
show the extent of the recirculation region and to relate the turbulent
quantities to the mean flow pattern. The vertical axis is shown up to
y = 6k, which is above the half-channel height in test APG
(h = 4.5k), near the half-channel height of test CC (h = 5.75k), and
below that of test FPG (h = 7k). In each case, the flow separates close
to the leading edge of the rib and is deflected upward from the rib. As
expected, a recirculation bubble is formed downstream of the rib and
the flow subsequently reattaches. A counterclockwise rotating vortex
at the downstream edge of the rib can also be observed. The lower
half of the recirculation bubble is dominated by reverse flow with a
maximum magnitude of 0.2U, located at x/k = 4 to 5 and adjacent
to the floor. The reattachment length x, was estimated as the x
location at which the separated streamline reattached on the floor. It
was found that x, /k = 10.4, 10.3, and 9.8, respectively, in tests CC,
APG, and FPG. The x,/k values in tests CC and APG are almost
identical, whereas the value for FPG is only 5% smaller. The
reattachment length is a sensitive parameter that depends on various
parameters. For example, it increases with increasing k/§ (Eaton and
Johnston [26]) and is negatively correlated with freestream
turbulence (Castro [27]). Castro [27] reported a value of x, that
ranged from x,/k = 9 to 11 for a boundary-layer thickness of 0.069
to 0.169k. The closeness of x,./k values in the present study may be
partly due to the notion that the inner layer of the approach boundary

A.

layer was equally distorted in all the tests. Furthermore, the
distributions of the maximum velocity and the acceleration/
deceleration parameter in the separated region (0 < x/k < 12) do not
vary significantly from test to test (Figs. 4a and 4b). The present value
of x,/k =10.4 for test CC (k/d =0.31) is 10% lower than the
x,/k = 11.5 reported by Bergeles and Athanassiadis [9], but in that
study, the blockage ratio was higher (k/§=0.48) and the
background freestream turbulence was lower (0.5%, compared with
background turbulence of 5% in the present study). Both effects
(higher k/6 and lower turbulence level) would increase the
reattachment length. Agelinchaab and Tachie [28] reported a value of
x,/k = 8.5 intheir open-channel flow overa squarerib (k/§ = 0.11).

The mean flow patterns are similar for the three cases, but the rib
affects a greater portion of the channel height in test APG than in test
FPG. The isocontours of the mean spanwise vorticity reveal regions
of intense shear layer close to the rib. Because dV/dx < dU/dy,
values of 2, are negative everywhere except in the very-near-wall
region inside the separation bubble. The bulk vorticity is generated at
the top plane of the rib and convected downstream. The Reynolds
shear stress also reveals regions of high turbulence levels in the
vicinity of the separated shear layer.

B. Boundary-Layer Parameters

The boundary-layer parameters (Fig. 4) can provide insight into
the characteristics of boundary-layer separation and its subsequent
redevelopment. Because of the asymmetric nature of the flow, these
parameters were evaluated in both the lower and upper boundary
layers, which are defined, respectively, as the flow region from the
lower wall up to the location of U,, and from the upper wall to the
location of U,. The values of U, /U, at selected x locations within the
various planes of measurement are plotted in Fig. 4a. Except for the
plane containing the rib, Py, a linear variation of U, with x was
assumed and dU,/dx was evaluated as the slope of a least-squares
linear fit to U, versus x. Because U, varied nonlinearly with x within
the separated region P, a fifth-order polynomial was fitted to the
measured data and the curve fit was differentiated to estimate
dU,/dx. The values of the dimensionless acceleration/deceleration
parameter K = (v/U?)(dU,/dx) are plotted in Fig. 4b. In the
upstream parallel section (not shown), the acceleration parameter
was K = 0.13 x 107°. For comparison, selected data obtained in the
same channels (but with no ribs) and at identical U,(0.460 £+
0.001 m/s) are shown. The previous data show the expected trend
within the variable section and downstream parallel section of the
channel. For example, U, increased consistently in the APG and
decreased in the FPG. Furthermore, K is negative and positive,
respectively, in the APG and FPG in the variable section and
becomes nearly zero at the downstream parallel section of each
channel. Regardless of the pressure gradient, it is evident that the
blockage produced by the rib caused the flow to accelerate up to
x/k =4 (which approximately corresponds to the center of the
recirculation bubble), followed by a region of flow deceleration
down to x/k = 13. In this region, the magnitude of K in test FPG is
only 50% of the values obtained in test CC and test APG. Beyond the
reattachment location, the velocity variation remains nearly constant
in test CC, whereas it decreases monotonically in test APG and
increases in test FPG. At x/k = 120, for example, U, is only 3%
different from its upstream value in test CC, but it is 40% higher in
test FPG and 20% lower in test APG. The pressure-gradient
distortion caused by the rib seems to disappear (K ~ 0) beyond
x/k =20 in test CC, but the combined effects of the rib and the
pressure gradients persists up to x/k = 120 in tests APG and FPG. It
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is important to note that the values of U, and K with or without a
square rib attached to the channel floor for a particular pressure
gradient (e.g., FPG) are not significantly different in the region
x/k > 30. This would imply that the pressure gradient has stronger
effects on the mean flow at these locations than the distortion
produced by the ribs.

The values of 8, y,.« (Wall normal distance from the lower wall to
the location of local U,), 6*, and # normalized by the local half-
channel height are plotted in Figs. 4c—4h. In the absence of the ribs,
the APG thickened the boundary-layer parameters (and vice versa for
the FPG). The boundary-layer thickness and y,,,, obtained in the
present study exhibit a nearly linear growth up to x/k < 120. On the
otherhand, §; and 6; increase to a maximum value at x/k = 7 and 21
(except 6 in test APG, which is at x/k = 30) and then begin to
decrease monotonically. Even with the rib attached to the floor, as in
the present study, the APG thickened the lower boundary layer and
produced significantly larger values of §; /4, 67 /h, and 6, /h than in
test CC. On the other hand, the values obtained in test FPG are either
smaller than or similar to those obtained in test CC. The trends
observed for §; and 6; are similar to those reported by Driver and
Seegmiller [13] for their wall divergence of « =0 and 6 deg.

Although the values of §};/ and 0,/ h vary from one test to the other,
these differences are significantly smaller than in the lower boundary
layer.

C. Flow Development Downstream of the Rib

In this section, profiles of the mean velocities, turbulent quantities,
and terms in the transport equation for turbulent kinetic energy at
selected streamwise locations in the separated region (x/k = 1, 2, 4,
9) and the redevelopment region (x/k = 13, 21, 30, 50, 120, 200) in
tests CC, APG, and FPG are plotted together to document the effects
of the pressure gradient on the flow development downstream of a
rib. For comparison, the upstream profile is also plotted at each x/k
location. Typical profiles obtained in the variable sections of the FPG
channel (at x/k = 123) and APG channel (at x/k = 140) from Shah
and Tachie [18] are compared with those obtained in the present
study at x/k = 120. Similarly, profiles that were obtained at x/k =
224 in the FPG channel and at x/k = 205 in the APG channel in the
previous study are compared with those obtained at x/k = 200 in the
present study. Although the x/k locations are not identical in the
previous and present studies, the comparison is still invaluable. The
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local maximum velocity U, and half-channel height / are used as the
appropriate velocity and length scales.

1. Mean Velocity Profiles

The mean streamwise velocity profiles, shown in Figs. 5a and 5b,
reveal only marginal effects of the rib and pressure gradient on the
upper boundary layer, except at x/k = 120 and 200, for which the
present profiles in test APG is less full than the others. This would
imply that any effects resulting from the differences in blockage ratio
in the various tests should be confined to the lower boundary layer.
As expected, the presence of the rib considerably reduced the values
of U close to the lower wall. Consequently, the lower-boundary-
layer profiles downstream of the rib become less full, compared with

the reference upstream profile. The maximum backflow is
approximately 0.2U, for all the test cases, a value that is similar to
those reported in previous studies (Tachie et al. [29] and Eaton and
Johnston [26]). The profiles obtained in the APG are the most
distorted and the variation of U with y from the lower wall is also
more gradual in test APG than in the other profiles. The implications
of this observation to turbulence production will be discussed later.
The mean velocity recovered back toward the upstream profile at
x/k =200 and, as expected, the recovery process is slowest in test
APG. The profiles obtained at x/k = 120 and 200 in the FPG (with or
without ribs) are nearly indistinguishable. In test APG, on the other
hand, the present profiles are in better agreement with the reference
upstream profile than if no rib was attached to the floor.
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Fig. 5 Mean velocity profiles at various streamwise locations: a—b) mean streamwise velocity, and c—d) mean transverse velocity; upstream A, CC *,
APG O, and FPG [J; reference APG @ at x/k = 140 and 205 and FPG M profiles at x/k = 123 and 224 are from Shah and Tachie [18].

The mean transverse velocity V is nearly zero upstream of the rib,
butat x/k = 1, its value increased to 0.2 to 0.25U, (Figs. 5c and 5d).
The values of V are predominantly positive in the region x/k < 4
because, as shown in Fig. 3, the mean streamlines curve upward as
the rib is approached. Beyond x/k =4, the streamlines curve
downward, resulting in negative velocity. The transverse velocity
decays rapidly downstream of the recirculation. At x/k =21 and
200, for example, the values of V/U, are, respectively, less than 4
and 1% for all test cases.

2. Turbulent Intensities and Reynolds Stress

The streamwise and transverse turbulent intensities are plotted in
Fig. 6. In the separated region and the early stage of flow

redevelopment (x/k < 50), the values of u/, /U, and v, /U, are
nearly independent of pressure gradient. In this region, the
distributions of the turbulence intensities in the outer boundary layer
are also only marginally affected by pressure gradient. Although the
background turbulence level in the present study (e.g.,
u,:. /U, ~ 0.05) is an order of magnitude higher than typical values
reported in wind-tunnel experiments, they are comparable with data
reported in other two-dimensional channel flows. For example, Durst
et al. [30] compiled u,, /U, values reported in 16 different
experiments and concluded that u/, /U, = 0.04 & 10%. Irrespec-
tive of the pressure gradient, the turbulence level rises consistently
until x/k = 9 (which is approximately one step height upstream of
the reattachment point) and then begins to decay rapidly beyond
x/k =13. At x/k = 9, the peak values of the turbulent intensities in
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Fig. 6 Turbulence intensity profiles at various streamwise locations: a-b) streamwise turbulence intensity and c—d) transverse turbulence
intensity; upstream A, CC %, APG O, and FPG [J; reference APG @ atx/k = 140 and 205 and FPG M profiles at x/k = 123 and 224 are from Shah and

Tachie [18].

test APG, test FPG, and test CC are (¢'/U, ). = 0.23 £ 0.01 and
(V'/U,)max = 0.15 £ 0.01, which are approximately 40% higher
than the corresponding upstream values. The region of enhanced
turbulence levels coincides with the flow region of strong shear layer
in Fig. 5. As the flow evolves downstream of the rib and the shear
layer propagates outward from the lower wall, so does the region of
high turbulence levels. Similar to the mean flow, the region of
elevated turbulence level represents a larger fraction of the local
channel height in test APG than in test FPG and test CC. At
x/k > 120, all the profiles regain their symmetry with respect to the
channel midplane. In this region, the profiles in test CC collapsed
reasonably well with the corresponding upstream profile. On the
other hand, profiles obtained in the FPG are lower than the upstream
profiles, whereas those obtained in the APG are still higher than the
upstream profiles. These observations are valid for the present and
previous data.

The Reynolds shear stress (Figs. 7a and 7b) exhibits a similar trend
as the turbulence intensities. In these cases, the peak values of
({(—uv)/U?) 1ax atx/k = 9 are about 10 times as high as the upstream

value. In accordance with the shear layer, the Reynolds shear stress is
negative in the recirculation region adjacent to the lower wall.
Figure 8 shows the y locations at which —uv changes sign (y,,,—g)
and also at which the maximum values of U (yy.), # (¥ max)s V
(Vo max)s —uv, and (¥(_,ymax) OCcurred at selected streamwise
locations in the region 0 < x/k < 30. The dividing streamline,
which separates the core flow from the main recirculating flow, is
also plotted for the FPG. The y, location increases monotonically
with x (Fig. 8a). However, the increase is more dramatic in the
separated region and in the vicinity of reattachment (x/k < 12) than
downstream in the redevelopment region (x/k > 20). According to
the eddy viscosity models, (—uv)=v,0U/dy, and hence
Yue & Yuv)=o- This condition is met downstream of reattachment,
but in the separated region, y, is closer to the wall than is y,,_g.
Along the first half of the separation bubble, 1}, , Ujnay, and (—10,,,)
occur approximately along the dividing streamline (Figs. 8b—8d).
However, near the reattachment location and beyond, the locations of
the maximum values depart from the dividing streamline and move
further away from the wall. Ruderich and Fernholz [4] also reported
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Fig. 7 Reynolds shear stress profiles at various streamwise locations; upstream A, CC x, APG O, and FPG [J; reference APG @ at x/k = 140 and 205
and FPG (M) profiles at x/k = 123 and 224 are from Shah and Tachie [18].

that ¥, maxs Yo/ max> A0d ¥ () max fall on the dividing streamline in the
range of 0 < x/x, < 0.5. In general, these values are higher in test
APG than in tests CC and FPG downstream of the reattachment.
The distribution of the stress ratios (Fig. 9) provides insight into
large-scale anisotropy. Because standard two-equation turbulence
models (e.g., k-¢ and k-w) implicitly assume local isotropy, the
information presented herein will be invaluable to turbulence
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modelers. Figures 9a and 9b show that the degree of anisotropy is
certainly higher close to the upper wall, irrespective of the pressure
gradient and the flow regions. The inherent intense mixing within the
separated region promotes isotropy (i.e., (v?)/{u?) is closer to unity),
particularly in the vicinity of the lower wall, compared with the
upstream profile. This observation also implies that the mechanism
responsible for redistributing turbulent kinetic energy into (u?) and
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Fig. 8 The y locations corresponding to maximum mean and turbulent quantities at various streamwise locations: a) yy,, b) ¥,/ maxs €) ¥ max» and

d)y(—uv),max'
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Fig. 9 Reynolds stress ratios at various streamwise locations: a-b) (v?) / (u?) and c-d) (—uv) /2k; upstream A, CC *, APG O, FPG [J; reference APG @
at x/k = 140 and 205 and FPG M profiles at x/k = 123 and 224 are from Shah and Tachie [18].

(v?) in separated flows and the canonical upstream flow is different.
In general, turbulence models that cannot distinguish between the
various Reynolds normal stresses would not be suitable for the
flowfield investigated in this work. Downstream of reattachment, the
profiles progressively return to the upstream profile. The FPG flow
without the rib is the most isotropic. In their APG equilibrium
boundary layers, however, Skére and Krogstad [31] reported that the
stress ratios are independent of pressure gradient.

Townsend’s structure parameter (—uv)/2k is important for
calibrating the turbulence model. In the present study, the turbulent
kinetic energy was approximated from k = 0.7[(v?) + (u?)]. The
structure parameter is typically taken as 0.15 in zero-pressure-
gradient flows. For example, a value of (—uv)/2k = 0.15 has been
specified by Harsha and Lee [32], with 0.12 specified by Launder
et al. [33]. The low values |(—uv)/2k|,.« &~ 0.1 obtained upstream

of the ribs may be partly due to low Reynolds number effects.
Figures 9c and 9d show that |(—uv)/2k| is as high as 0.2 in the
separated region and early stage of redevelopment (4 < x/k < 21)
and reduces to 0.15 and 0.1, respectively, in the regions 30 < x/k <
50 and 120 < x/k < 200. The profiles are independent of the
pressure gradient, except that the y/h locations at which (—uv)/2k
changes sign are different for the various test conditions.

3. Triple Correlations and Turbulent Kinetic Energy Budget

The triple correlations are important turbulence statistics because
their gradients constitute the turbulent diffusion terms in the transport
equations for the turbulent kinetic energy and Reynolds stresses. For
example, d{uv?)/dy and 9[(u*v > +(v?)]/dy are associated with the
transport of (uv) and (u?) + (v?), respectively, in the transverse
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direction. The following four quantities were obtained and reported
by Shah and Tachie [6]: (), (u?v), (uv?), and (v?). Because of
space limitation, however, only (#?v) + (v?) is plotted in the present
study (Fig. 10a). The levels of (u?v) + (v}) are significantly
enhanced downstream of the rib. The profiles exhibit the
characteristic features of a free shear flow in the early stage of
separation. For example, they are nearly antisymmetric about the
centerline of the shear layer, reaching peak values to either side of the
centerline of the shear layer, and tapering off to zero at the edge of the
shear layer. The negative lobes of the (#*v) 4 (v?) close to the lower
wall have disappeared in the region of x/k > 30. Chandrsuda and
Bradshaw [34] and Jovi¢ [35] also reported that the triple correlations
on the wall side of the shear layer diminish rapidly upon approaching
reattachment because the main contribution of the triple correlations
comes from the large eddies that are rapidly attenuated close to the
wall near reattachment. The levels of (#>v) + (v®) have significantly
reduced at x/k = 50, implying that their contribution of the turbulent
transport (diffusion term) is diminished. Although the magnitude of
the profiles is independent of the pressure gradient, it is evident that

1859

the region of nonnegligible diffusion represents a larger and a smaller
fraction, respectively, of the diverging and converging channel
heights, compared with the parallel-wall channel.

For a two-dimensional flow, the production P, dissipation &;, and
convection C; terms in the transport equation for the turbulent kinetic
energy are as follows:

P, = —[(uv)(dU/dy + 9V /dx) + ((u*)dU/dx + (v*)dV /dy)]
(@)

e = V[2(0u’ /0y) (V' /0x) + (3u’/Dy)* + (v’ /0x)?
+2(0u'/3x)2 + (V' /dy)* + 2(0w'/dz)?] €)

C, = 0.5[U(u?)/dx + d(v?)/dx) + V(d(u?)/dy + 3(v?) /)]
4

The diffusion term for the turbulent kinetic energy was also
evaluated, but those data are not shown because they showed scatter.
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Fig. 10 Triple correlations and various terms for the Reynolds shear stress and turbulent kinetic energy budget at selected streamwise locations:
a) (u®v) + (»*), b) Py, ¢) &, and d) Cy; upstream A, CC %, APG O, and FPG [
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Because the spanwise velocity was not measured, the last term in the
expression for Eq. (4) was estimated from the continuity equation for
the fluctuating velocity components as follows:

(Ow’/0z)> + (9w’ /0x + v’ /dy)(du’/dx + 9v'/dy) 3)

Equation (3) is identical to that employed by Piirto et al. [8] in their
PIV study of a backward-facing step. The gradient terms in the
energy-budget equations were calculated using a second-order
central-difference scheme. The budget terms at selected x locations
in the separated region and in the redevelopment region are shown in
Figs. 10b—10d. It was observed that dU/dy > dV/dx everywhere,
irrespective of the pressure gradient and streamwise location.
Although, dU/dx and dV/dy are smaller than dU/dy, they are
generally not negligible in separated region. The mean flow is
approximately two-dimensional and dU/dx ~ —dV/dy from
continuity. The production of turbulent kinetic energy P, consists
of contribution from shear stresses (first two terms on the right-hand
side) and normal stresses (last two terms). Because dU /dy > dV /dx
over most of the shear layer, (—uv)dU/dy is the dominant term for
production by the shear stress. The magnitude of the production by
the normal stresses ((u?)dU/dx and (v?)dV /dy)is individually high;
however, their sum is smaller than the individual terms. It should be
noted that in Fig. 10b, the region of enhanced production levels
coincides with the flow region of strong shear layer in the separated
region. The production peak is lower in test APG than in tests CC and
FPG, but the region of nonnegligible production is largest for test
APG. This finding is similar to measured data obtained in the APG
and FPG flows with no rib on the channel floor. It was observed from
Figs. 5a and 5b that the variation of U with y is slowest (implying
lower values of U /dy) in test APG, whereas the peak values for the
Reynolds shear and stresses are nearly similar for the three test
conditions in the separated region. Because (—uv)dU/dy is the
major contributor to the production terms, Fig. 10b is consistent with
observations made in Figs. 5 and 7. The dissipation term (Fig. 10c) is
substantially less than production so that the flow is not in the energy-
equilibrium state. The imbalance P, # &, is due to nonnegligible
transport of turbulent kinetic energy by the mean flow (convection)
and turbulence diffusion (not shown), both of which are
predominantly negative. Thus, Fig. 10 implies that turbulent models
based on equilibrium assumptions would not be able to accurately
predict flow in the recirculation region and in the early stage of flow
redevelopment. At x/k = 30, the budget terms have significantly
reduced. It is expected that as the flow evolves farther downstream,
the diffusion and convection terms will eventually become negligible
so that energy equilibrium will be established.

D. Lower Boundary Layer in the Redevelopment Region

In this section, the profiles of the mean velocity and Reynolds
stresses obtained in the lower boundary layer of the redevelopment
region are plotted using the friction velocity U,. Although U, is
traditionally used to interpret the mean velocity profile, various
studies conducted in pressure-gradient turbulent flows over smooth
and rough surfaces showed that the mixed scaling U,§* /§ proposed
by Zagarola and Smits [36] collapses the defect profiles better than
U, . Therefore, the mean velocity defect profiles are also scaled using
U,8*/é.

1. Mean Velocity Profiles

The log law has also been used in separated and reattached flows
downstream of reattachment in previous studies. In the redevelop-
mentregion, Bradshaw and Wong [1] reported the presence of the log
region for (x — x,)/k > 10. In the present study, the friction velocity
U, was determined by fitting the measured mean velocity to the
following law of the wall in the viscous sublayer [Eq. (6)], the
classical log law [Eq. (7)], and the empirical formula [Eq. (8)]
proposed by Spalding [37] to facilitate a smooth transition from the
linear to the log region:

Ut =y* (6)

Ut =k oyt +5.0 7

yF=U* + e*(exkU* — 1 — kU™ —0.5(U™)?
—1/6(U) — 1/24(cU+Y) ®)

where Ut =U/U,, y* =yU,/v, k(=0.41) is the von Kérman
constant, and v is the kinematic viscosity.

Figures 11a—11c show the measured mean velocity profiles in the
region x/k > 13, as well as in Egs. (6-8). Equations (6) and (8)
describe the measured data reasonably well in the region y™ < 30. In
most cases, data points were obtained in the linear viscous sublayer.
No substantial logarithmic region exists at x/k = 13, and the profiles
immediately downstream of the reattachment are characterized by a
large wake component. The log-law region is limited to y* < 150 at
x/k =21 (Chandrsuda and Bradshaw [34]); however, as the
streamwise distance increases, so does the extent of overlap region
between the measured data and the log law.

The skin-friction values estimated from Cy = 2(U,/ U,)?, where
U, is the friction velocity determined by fitting the measured mean
velocity profiles to the log law, are plotted as an insert in Fig. 11b.
Jovi¢ [10] and Le et al. [17] reported negative C, values in the
recirculation region and a value of C,=0 at the point of
reattachment. Measurements of C; in the recirculation region were
not made, however, in the present study. The values of C; rise rapidly
from approximately 0.0006 at x/k = 13 to a value of about 0.005 at
x/k > 120 (which is within 6% of the corresponding upstream
value). The rapid rise of C; downstream of reattachment is a common
feature in the redevelopment region of separated and reattached
flows (Ruderich and Fernholz [4] and Le et al. [17]). The previous
results demonstrate that the variations of C; exhibit discernible
pressure-gradient effects. However, the values of C, are nearly
independent of pressure gradient in the presence of the rib. The C,
values were also estimated using the Ludweig—Tillman correlation:

C; = 0.246Re; 0268100678 ©)

This correlation has been previously used in separated and reattached
flows (Bradshaw and Wong [1]) and flows with pressure gradients
(Cutler and Johnston [12]) to estimate C;. The accuracy of the
correlation depends on the values of §* and 6. The values of §* and 6
are expected to be reliable because almost all data sets have
measurements starting in the region 1 <y* < 10. Note that in
determining §* and 6, the measured data were extrapolated to the wall
using U =0 at y=0. The differences between the C, values
obtained from the log law and Eq. (9) are within £10%.

The mean defect profiles normalized by U, are shown in
Figs. 11d-11f and those normalized by the mixed scaling U,§* /§ are
plotted in Figs. 11g—11i. The profiles in the region of x/k < 120 are
distinctly different from the upstream profile. As the flow develops
further downstream, the profiles relax back onto the upstream profile.
It was observed that the profiles obtained at x/k = 120 and 200 (not
shown) are similar to the upstream profiles. Although none of the
velocity scales were able to collapse the profiles in the early region of
redevelopment, the mixed scaling does a better job of collapsing the
profiles than does the friction velocity.

2. Reynolds Stresses

In the redevelopment region, the Reynolds stress profiles attain
maxima in the outer layer as far downstream as x/k = 50 (Fig. 12).
Atx/k = 13 (not shown) and 21, (u*u™) exhibits two peaks, which
is most distinct in test APG. For example, in test APG (Fig. 12b) at
x/k = 21, the value of two peaks are (u+u™) are 25 and 33, and they
occurred at y* = 15 and 185, respectively. Note that the location of
the inner peak (y* = 15) is in the buffer region and is identical to the
y* =15 reported in canonical boundary layers. Previous studies
(Tachie et al. [29] and Le et al. [17]) also made a similar observation
in the region of 10 < x/k < 20. Nonetheless, they are still several
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Fig. 11 Mean velocity profiles in inner and outer coordinates: a) CC,b) APG, ¢) FPG, d) CC, e) APG, f) FPG, g) CC, h) APG, and i) FPG; upstream -@-,
x/k =13, x/k =21 O,x/k =30 A,x/k =50 O, x/k = 120 V; reference APG profile at x/k = 140 % and the FPG profile at x/k = 123 B is from Shah

and Tachie [18].

times larger than the corresponding upstream boundary-layer value.
Irrespective of the pressure gradient, the Reynolds stresses are higher
than the upstream profiles up to x/k = 50. The profiles have nearly
recovered to the upstream profile in test CC; however, the presence of
the pressure gradient complicated the recovery process. For example,
the profiles in test APG and FPG at x/k = 120 and 200 (not shown)
are self-similar; however, those in test APG are still significantly
higher than the corresponding upstream profile, whereas those in test
FPG are lower. Because turbulence levels are generally attenuated by
FPG and enhanced by APG, these observations imply that in the late
stage of flow redevelopment, the pressure gradient becomes the
dominant effect. Similar to the findings by Jovi¢ [10] in a backward-
facing step, the Reynolds stresses recover faster in the inner region
than in the outer region (which requires a much longer distance).
Furthermore, the profiles obtained in the present APG and FPG

experiments are, respectively, higher and lower than the
corresponding profiles obtained without a rib on the channel floor.

IV. Conclusions

An experimental study of turbulent flow over a transverse square
rib in nearly zero, adverse, and favorable pressure gradients was
conducted. The reattachment lengths of x,/k = 10.4, 10.3, and 9.8
were found for the zero, adverse, and favorable pressure gradients,
respectively. The mean velocity profiles were distorted substantially
downstream of the rib. Similarly, turbulence production was
significantly enhanced in the separated shear layer and so were the
turbulence intensities and Reynolds shear stress. In the separated
region, the convective and diffusion terms in the turbulent kinetic
energy transport equation were not negligible so that the production
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Fig. 12 Reynolds stress profiles: a) CC, b) APG, ¢) FPG, d) CC, e) APG, f) FPG, g) CC, h) APG, and i) FPG; upstream -@-,x/k =21 O, x/k = 30 A,
x/k =50, and x/k = 120 V; reference APG profile at x/k = 140 @ and the FPG profile at x/k = 123 M is from Shah and Tachie [18].

term was not exactly balanced by dissipation rate. Therefore,
turbulence models based on equilibrium assumption will not be able
to reproduce the flow in the separated region. The flow dynamics in
the upper boundary layer of the separated region and early stage of
flow redevelopment were insensitive to the pressure gradient.
Significant differences were, however, found in the lower boundary
layer. For example, the APG modifies the mean velocity and
turbulent quantities across a larger portion of the channel than in the
FPG. In this region, the mean profiles in the APG increase more
gradually from U = 0 at the wall to U,,, than those in the FPG,

whereas the turbulence quantities decay more rapidly from their peak
value than those in the APG. Furthermore, APG produced higher
mass and momentum deficits than if the pressure gradient were zero
or favorable. The results show that the mean defect profiles at various
stages of redevelopment collapsed better when scaled with the mixed
scaling U,8* /& than when scaled with the friction velocity.

In the nearly zero-pressure-gradient experiments, the profiles of
the Reynolds stresses in wall variables became self-similar and
collapsed onto the upstream profile at x/k = 120. Although the
profiles in the adverse and favorable pressure gradients also became
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self-similar at x/k =120, they fail to collapse onto the
corresponding upstream profiles. In general, the Reynolds stresses
in the APG and FPG are, respectively, higher and lower than the
upstream profile. Because these are the salient features of APG and
FPG flows even without ribs attached to the channel floor, it is
concluded that the late stage of flow redevelopment is dominated by
the pressure gradient. The results also imply that a significantly
longer distance would be required if the APG and FPG flows should
ever relax back to the upstream flow. Finally, the profiles obtained in
the present FPG channel at x/k &~ 120, and those in the same channel
but without the ribs, collapsed reasonably well, but significant
differences exist between the present and previous data sets in the
APG channel.
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