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ABSTRACT
Particle image velocimetry measurements are performed in

a channel with periodic ribs on one wall. We investigate the flow
around two different rib configurations: solid and perforated ribs
with a slit. The ribs obstruct the channel by20% of its height
and are arranged10 rib heights apart. For the perforated ribs,
the slit height is20% of the rib height, and the open-area ratio
is 16%. We discuss the flow in terms of mean velocity, stream-
lines, vorticity, turbulence intensity, and Reynolds shear stress.
We find that the recirculation bubbles after the perforated ribs
are significantly smaller than those after the solid ribs. The reat-
tachment length after perforated ribs is smaller by about45%
compared with the solid ribs. In addition, the Reynolds shear
stresses around the perforated ribs are significantly smaller than
in the solid rib case, leading to a reduction of the pressure loss
in the perforated rib case.

INTRODUCTION
Channels roughened with periodic ribs are widely applied

in various cooling passages, e.g. in gas turbine blades. Peri-
odic ribs increase the thermal performance of the cooling pas-
sage compared with smooth walls. However, ribs also increase
the pressure loss of the flow through the channel. One seeks
to design channels with simultaneously high heat transfer rates
and a low pressure loss. Solid ribs with rectangular shape have
the advantage that they are easy manufacture. The geometry of
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the arrangement of such solid rectangular ribs is a possible pas-
sive control parameter. Many experimental and computational
studies have characterized the flow field in such ribbed chan-
nels [1–8]. The flow separates from the rear edge of each rib,
forming a highly unsteady free shear layer. A recirculation bub-
ble forms behind the rib, and the mean flow reattaches to the wall
after the separation bubble usually before the next rib. The heat
transfer rates attain a maximum near the time-mean reattachment
line [9]. However, the heat transfer coefficients decrease sharply
in the region of a small secondary eddy in the corner immedi-
ately downstream of the rib, and a hot spot emerges in this re-
gion. In order to eliminate this hot spot, past efforts were fo-
cussed on the shape of the rib. Various different types of ribs
have been shown to improve the thermal performance compared
with rectangular ribs. For example, it has been possible to re-
duce the hot spot with triangular, trapezoidal, semicircular, or
sinusoidal rib shapes [10–15]. Also various types of perforation
in the ribs have been investigated, and this is also the subject of
the present work. Hwang and Liou [16] found that perforated
ribs can effectively suppress the formation of hot spots since part
of the air flow passes through the perforated ribs and directly
impinges on the recirculating region behind the rib. Buchlin [17]
implemented infrared thermography to investigate the heat trans-
fer characteristics in a channel equipped with different perforated
ribs. He likewise found that there was no hot spot in the case of
perforated ribs. In addition, he also found that the perforated ribs
with chevron-clearance produce the highest heat transfer rates.
More recently, Panigrahi et al. [18,19] carried out particle image
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FIGURE 1. SKETCH OF EXPERIMENTAL SETUP

velocimetry (PIV) measurements in a channel fitted with perfo-
rated ribs of various shapes. They found that the generation of
longitudinal and transverse vortical structures and their interac-
tion are responsible for higher mixing and heat transfer rates. Si-
multaneously, the pressure penalty was reduced for perforated rib
geometries. These results have also been computed [20]. How-
ever, Kukreja and Lau [21] obtained results that were apparently
at variance. They conducted transient liquid crystal thermogra-
phy experiments to measure the local heat transfer for turbulent
flows through a square channel with ribs of various configura-
tions, including perforated ribs, on two opposite walls. The rib
height-to-hydraulic diameter ratio and the rib pitch-to-height ra-
tio were 0.125 and 10, respectively, and the Reynolds number
ranged from 15,000 to 50,000. Perforated ribs were found to be
not as good as solid ribs in enhancing heat transfer. Even though
perforated ribs produced the lower pressure drop, they did not
improve thermal performance. Increasing the size of the holes,
the number of holes, or the total hole area did not enhance the
overall heat transfer.

In the present study, the flow fields in a channel equipped
with solid and perforated ribs are examined, and a detailed com-
parison between them is presented. This work extends our pre-
vious investigations which were focussed on solid ribs [6–8].
A two-dimensional particle image velocimetry (PIV) is used to
measure the instantaneous velocity fields. Specific interest has
been focused on the mean velocity, streamlines, vorticity, and
turbulence properties. With aid of Reynolds decomposition, dis-
tinct vortical structures behind the solid and perforated ribs are

clearly identified. We add some focus on the role of the jet ema-
nating into the region downstream of the rib where it encounters
a crossflow due to recirculation bubble. This work is expected
to provide guidance in the design of perforated rib geometries by
showing the advantages compared with the simpler solid ribs.

EXPERIMENTAL PROCEDURES
Channel geometry

The experimental setup is sketched in Fig. 1. Air with am-
bient temperature is sucked into the channel by a fan. The test
section consists of a 1500 mm long channel with a cross section
of 50 mm× 50 mm. The first half of the channel is smooth, and
the second half of the channel is roughened with ribs. Only one
wall is fitted with periodic transverse ribs. The height of ribs is
10 mm which obstructs the channel by 20% of its height. The
rib pitch, defined as the distance from one leading edge to the
next leading edge, is 10 rib heights, as illustrated in the top of
Fig. 2. The geometry of perforated ribs is seen in the bottom of
Fig. 2. The slit has a size of is 40 mm× 2 mm, and the open-
area ratio, defined as the ratio of the area of the slit and the area
of the entire rib (including the slit), is 16%. The rib height is
represented bye, the rib pitch byP, and the channel height is
denoted byH. The Cartesian coordinatesx, y, andz are defined
in such a way that thex-axis is in the streamwise direction, the
y-axis is the wall-normal direction, andz-axis is the spanwise
direction. The time-mean components of the velocity in thex-
andy-directions are denoted byU , andV, respectively, and the
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FIGURE 2. TOP: RIB CONFIGURATION IN THE CHANNEL;
BOTTOM: FRONT VIEW OF THE PERFORATED RIB

corresponding fluctuating components are denoted byu′ andv′.
The Reynolds number is 22,000 based on the bulk-mean veloc-
ity U0 = 6.7 m/s and the channel heightH. In the present study,
the flow around the seventh rib is investigated. This position is
located atX/Dh = 28, whereX is the distance of the seventh rib
from the inlet, andDh is the hydraulic diameter of the channel.
Throughout this paper, all quantities are normalized by the char-
acteristic scales for length and velocitye andU0, respectively.

Particle Image Velocimetry System
A commercially available PIV system developed by Dan-

tec Dynamics is used in the present investigation. An oil-based
aerosol is generated by a TSI 9306 six-jet atomizer. In order to
get a homogeneous distribution of seeding particles, a plenum
with two grids is connected to the channel inlet. The mean parti-
cle diameter is about 1µm and the concentration is regulated by
the compressed air pressure and the number of Laskin nozzles.
A Quantel Q-switched Nd:YAG laser provides pulsed illumina-
tions with a wavelength of 532 nm. The duration of each pulse
is 10 ns, and the maximum output energy is 120 mJ. The light-
sheet thickness in the test section is kept at 0.8 mm. A digital
camera containing a CCD chip with 1280× 1024 pixels and a
Nikon AF Micro 60f/2.8D lens with an optical filter are used to
record the particle images. The size of the interrogation window
is 32×32 pixels with 50% overlapping. This gives a spatial reso-
lution δ/e= 0.067 (δ is the spacing between vectors). The time
interval between laser pulses is set such that the particles move
at most 8 pixels between the pair of images. In the present study,
the time interval is 10µs which gives the optimum measurement

(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 3. SIDE VIEW OF MEAN STREAMLINES IN THE MID-
SPAN PLANE

of the velocity. Within each window, the number of seeding par-
ticles is greater than 5 and the particle image size projected onto
the CCD sensor is approximately 3 pixels. FlowMap software
is used for the data processing. FFT-based cross-correlation in
conjunction with a two-dimensional Gaussian fit is applied to
find the correlation peak position. When the instantaneous ve-
locity field is calculated, a peak-height validation and a moving-
average validation are applied to the raw maps to detect outliers
and replace them by vectors estimated from surrounding values.
To minimize the noise, a top hat filter with uniform weighting
is implemented. The averaging area of the filter is 3× 3 pix-
els. Assuming that the measured particle displacement is accu-
rate to 0.1 pixels, the error is less than 2% for the displacement
of 8 pixels. An ensemble of 1000 instantaneous velocity samples
is generated with an acquisition rate of 4 Hz. It is found that the
turbulent shear stresses converge well as the number of samples
is greater than 700 (deviation is less than 3%). Another error af-
fecting the Reynolds shear stress is the spatial resolution of PIV.
In the present experiment, the uncertainty for the shear stress is
estimated to be about 10%, which takes into account the number
of samples and PIV spatial resolution.
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(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 4. TOP VIEW OF THE MEAN VELOCITY FIELD JUST
ABOVE THE WALL

RESULTS
Comparison of the Recirculation Zones and Reattach-
ment Points for Solid and Perforated Ribs

First we focus on the recirculation bubble and the reattach-
ment of the flow to the wall and compare these salient flow fea-
tures for the two types of rib geometries. Figures 3(a) and 3(b)
show the mean streamlines past the solid and perforated rib in
the mid-span plane, respectively. For the solid ribs, three zones
of recirculating fluid are found in the vicinity of each rib which
are pictured in Fig. 3(a). The flow is dominated by a large recir-
culation bubble behind the rib which extends from very close to
the rib (x/e< 0.2) to several rib lengths (x/e> 3). A secondary
vortex forms between the large recirculation bubble and the lee-

FIGURE 5. STREAMWISE VELOCITY ALONG THE CENTER-
LINE IN THE PLANE JUST ABOVE THE WALL

ward corner of the rib. The presence of this secondary vortex is
correlated with the hot spot mentioned in the introduction. Ad-
ditionally, a small separation bubble forms upstream of the rib
due to the adverse pressure gradient which the flow approaching
the rib encounters. The slit in the rib changes the flow patterns
significantly as is evident in Fig. 3(b). The pressure downstream
of the rib is smaller than upstream of the rib, and this pressure
difference drives a flow through the slit. This flow emerges on
the leeward side of the rib as a jet. Thus streamwise momen-
tum is injected into the region behind the rib. We may note that
the jet is deflected towards the center of the channel because the
rotation sense of the recirculation bubble creates a crossflow to-
wards the channel center. The slit is oriented transverse to this
crossflow, i.e. the cross-stream direction of the slit is wider than
the streamwise direction with respect to the crossflow. Jets em-
anating from such nozzle geometries are known to be efficient
mixers [22]. The fluid emanating from the slit as a jet is there-
fore expected to mix efficiently with the recirculating fluid in the
region downstream of the rib. Thereby streamwise momentum
(with respect to the channel flow) is added to the recirculation
region. The recirculation bubble is significantly smaller in the
case of a perforated rib compared with the solid rib case, and it
does not extend as far towards the rib (x/e> 0.5) or downstream
(x/e< 2.5). Moreover, we do not observe the secondary vortex
in the leeward corner between the rib and the wall as the size of
this corner eddy is below the spatial resolution in Fig. 3. Simi-
larly, we find no separation bubble in the upstream region of the
perforated rib. The adverse pressure gradient upstream of the
perforated rib is smaller compared with the solid rib case since
flow can pass through the slit.

Figure 4 plots the mean flow fields in thex−zplane (the top
view) just above the wall for solid and perforated rib cases. It
should be mentioned that the exact wall-unit value of this plane
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is difficult to estimate because the laser sheet thickness itself
is 0.8 mm. In this figure, the spanwise reverse flow for both
cases is clearly discernible. It is also apparent that the flow over
the ribs is three-dimensional in nature and that also the three-
dimensional pattern is different for the solid rib case and the per-
forated rib case. In the case of the solid ribs, the reattachment
length as a function ofz/e is largest in the center of the chan-
nel for z/e≈ 0. The reattachment point can be regarded as the
position where the streamwise velocity becomes zero. Thus the
footprint of the recirculation bubble in Figure 4(a), i.e. the locus
of points with zero streamwise velocities, has a convex shape.
Such a convex shape forms due to the effect of the side walls
on both sides. Contrarily, in the case with the slit in the rib in
Figure 4(b), the streamwise momentum entering the region be-
hind the rib through the slit gives the footprint a concave shape:
the reattachment length is smaller forz/e≈ 0 compared with the
larger values of| z/e |> 1. It should be kept in mind here that
the slit does not cover the entire width of the rib, and this will
contribute to a concave shape in Figure 4(b).

Figure 5 displays the streamwise velocity along the center-
line in this plane. As mentioned before, the position where the
streamwise velocity becomes zero can be regarded as the reat-
tachment point. For the solid rib the reattachment length is
3.2 e whereas for the perforated rib the reattachment length is
reduced to 1.8 e at the center of the channel. The smaller reat-
tachment length in the perforated rib case is also consistent with
the smaller recirculation bubble which is in agreement with the
result in Fig. 3. In addition, Fig. 5 shows that the magnitude of
the maximum negative velocity associated with the reverse flow
is considerably smaller in the case with perforated ribs by almost
an order of magnitude.

Profiles of Mean Velocity, Root Mean Square, and
Reynolds Shear Stresses

In this section we discuss profiles of the mean velocities in
streamwise and wall-normal directions, their root mean squares,
and the Reynolds shear stresses and compare the solid rib with
the perforated rib in these parameters. In Figure 6(a) profiles
of the mean streamwise velocity component are plotted at dif-
ferent streamwise locations in the mid-span plane for the solid
rib. The flow velocity is increased above the rib due to continu-
ity. The flow separates at the leeward corner of the rib, and an
unsteady shear layer is formed. Below the shear layer, a large
recirculation zone is formed: the reverse flow is demonstrated in
the region behind the rib (x/e> 1). In the case of the perforated
rib in Fig. 6(b), the velocity profiles just behind the rib attain a
qualitatively different shape. Atx/e= 0.5, a local peak can be
observed aty/e≈ 0.7 in the velocity profile for the perforated
rib as a consequence of the jet flow passing through the slit. This
jet flow injects streamwise momentum into the near-wall region
behind the rib and prevents the formation of a large recircula-

(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 6. MEAN STREAMWISE VELOCITY PROFILES AT
VARIOUS LOCATIONS IN THE MID-SPAN PLANE

tion zone. As noted before the jet is deflected upwards in the
crossflow due to recirculation bubble in the near wall region: the
local peak in the velocity profile is above the slit (which is at
y/e≈ 0.5). This extra momentum at regions abovey/e≈ 0.75
flattens the velocity gradients for the perforated ribs compared
with the solid ribs. Therefore less turbulence is generated in the
shear layer for the perforated ribs as we will find when we dis-
cuss the root mean square quantities below. Additionally, the
extra momentum moves the inflection point in the velocity pro-
file downwards. For the solid rib, the position of the inflectional
point is abouty/e≈ 1. However, this position is closer to the
wall and corresponds toy/e≈ 0.75 for the perforated rib. The
flow above the rib is not changed significantly because only a
tiny fraction of the flow passes through the slit.

Figure 7(a) shows the mean wall-normal velocity compo-
nent at different streamwise locations in the mid-span plane for
the solid rib. The maximum wall-normal velocity component is
upward directed and found just ahead of the rib where the por-
tion of the flow blocked by the rib forces upwards. Behind the
rib, the flow is downward directed into the low pressure region
behind the rib, except for the region where the recirculation bub-
ble dictates an upward flow close to the rib in the region given
by x/e< 1.5 andy/e< 1. The magnitude of the upward velocity
just ahead of the rib is smaller for the perforated rib as can be
seen in Figure 7(b). Part of the flow passes through the slit of
the rib. The jet in crossflow just after the rib increases the height
of positive peak in the wall-normal velocities (x/e= 0.5) signif-
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(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 7. MEAN WALL-NORMAL VELOCITY PROFILES AT
VARIOUS LOCATIONS IN THE MID-SPAN PLANE

icantly as the jet has deflected in the upward direction. Thereby
also the velocity gradients are increased. Additionally, there is
a stronger negative peak atx/e= 1 andy/e≈ 1 compared with
the solid rib case showing an enhanced flow of downward mov-
ing fluid just after the rib for perforated ribs compared with solid
ribs.

Figure 8 presents the profiles of the root mean square
streamwise velocityurms at different streamwise locations. For
the solid rib in Figure 8(a), the position whereurms attains a max-
imum value is aroundy/e≈ 1. This position can be interpreted
as the center of the shear layer because it coincides with the in-
flectional point in the mean streamwise velocity profile shown in
Fig. 6. In addition, a large value ofurms is found at the rib top
which is well in agreement with the simulated results by Cui et
al. [23]. For the perforated rib in Figure 8(b), two peaks are ob-
served in theurms profiles just behind the rib (x/e< 1) at about
y/e≈ 1 andy/e≈ 0.5. The additional peak is due to the tur-
bulence generated by the deflecting jet just behind the rib. The
maximum inurms is as expected below the deflecting jet which
may be defined as the locus of maximumU . The shear layer be-
low the deflecting jet has steeper velocity gradients than above
the deflecting jet, and therefore the turbulence below the jet is
more pronounced than above the jet. Further downstream, it is
found that the position of the maximum value ofurms approaches
the wall and falls toy/e≈ 0.75, which coincides with the po-
sition of the inflectional point in the velocity profiles shown in

(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 8. PROFILES OFurms AT VARIOUS LOCATIONS IN
THE MID-SPAN PLANE

(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 9. PROFILES OFvrms AT VARIOUS LOCATIONS IN
THE MID-SPAN PLANE
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(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 10. REYNOLDS SHEAR STRESS PROFILES AT VARI-
OUS LOCATIONS IN THE MID-SPAN PLANE, THE QUANTITIES
ARE NORMALIZED BY U0

2.

Fig. 6(b). One may note that the magnitudes ofurms are lower
in the case of the perforated ribs for corresponding positions, ex-
cept for in the jet region directly behind the rib. The reason for
this is that the velocity gradients in the shear layer are smaller for
perforated ribs compared with solid ribs as we demonstrated in
Fig. 6. Therefore less turbulence is generated.

Figure 9 shows the profiles of thevrms at different locations.
For the solid rib in Fig. 9(a), the largest value ofvrms is found
just ahead of the rib where the mean channel flow encounters
the upward forcing fluid. For the perforated rib in Fig. 9(b), the
magnitude ofvrms at all the locations is smaller compared with
the solid rib case. The exception is a small region on the leeward
side of the rib where the jet generally increases the turbulence
levels. Unlike theurms, the double-peak distribution is not seen in
thevrms profiles just behind the perforated rib in correspondence
to the flow direction of the deflecting jet.

Figure 10 displays the profiles of the Reynolds shear stress at
different locations. For the solid rib case in Fig. 10(a), it is clear
that the maximum Reynolds shear stresses occur at the leading
edge of the rib which is in good agreement with the results of Cui
et al. [23]. The sign of the Reynolds shear stress at the leading
edge is as expected. Fluid particles forcing upwards will have a
tendency to have more momentum in the upwards direction than
average (v′ > 0) but less momentum than average in the stream-
wise direction (u′ < 0). Contrarily, fluid particles coming with
the main channel flow will tendentiously have excess streamwise

(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 11. MEAN SPANWISE VORTICITYω̄z. THE QUANTI-
TIES ARE NORMALIZED BYU0/e.

momentum (u′ > 0) but deficit upward momentum (v′ < 0). For
both idealized classes of fluid particles the average product will
be negative and the Reynolds shear stress therefore positive. In
the separated shear layer, the general trend is that the peak values
of Reynolds shear stress increase with increasing distance from
the rib. For the perforated rib in Fig. 10(b), the striking feature is
that the Reynolds shear stresses are significantly smaller at all the
locations compared with the solid rib except for the tiny region
of the deflecting jet. This agrees with the fact that the turbulence
levels where observed to be lower at corresponding locations. In
the region of the jet in crossflow, the Reynolds shear stresses are
slightly higher for the perforated ribs compared with the corre-
sponding position for the solid rib (which has of course no jet
in crossflow to generate the shear here). This result can explain
the fact that the pressure penalty is reduced in the perforated rib
case.

Vortex Identification for Solid and Perforated Ribs
The average spanwise vorticitȳωz for solid and perforated

ribs are presented in Fig. 11(a) and Fig. 11(b), respectively. The
quantities are normalized byU0/e. For both cases, the location of
the maximum vorticity is different from the location foci of the
primary recirculation bubble in Fig. 3. The lack of correspon-
dence between the foci of the average streamlines and vorticity
is not surprising because the vorticity only gives an indication on
how large the velocity gradients are in the small scales. For the
solid rib in Fig. 11(a), the vorticity with negative sign is signifi-
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(a) SOLID RIB

(b) PERFORATED RIB

FIGURE 12. VORTEX IDENTIFICATION BY REYNOLDS DE-
COMPOSITION

cant in the separated shear layer where the velocity gradient∂U
∂y

is dominant. For the perforated rib in Fig. 11(b), large values of
the vorticity with alternating sign are observed just behind the rib
in the shear layer of the deflecting jet.

Even though the isolated regions of significant vorticity give
a clue of vortices in a velocity field, as mentioned above, vor-
tices in vorticity are often overruled by regions of strong shear.
In this case, if one wishes to understand the coherent structures in
the flow, decomposition techniques are necessary to identify vor-
tices. Reynolds decomposition into mean and fluctuating por-
tions is one of the standard methods since it does a fair job of
revealing the small-scale vortices [24]. The proper orthogonal
decomposition is another option [7, 8, 22, 25]. In Fig. 12, one
can visualize the vortices with aid of the Reynolds decomposi-
tion. For the solid rib in Fig. 12(a), three vortices which rotate
in a clockwise sense are identified in an instantaneous flow field.
They are entrained by the shear layer and shed downstream of
the rib. The vortex furthest downstream has the clearest spiral
pattern. On the contrary, for the perforated rib in Fig. 12(b), four
vortices with different rotation manner are seen downstream of
the rib. The vortices are formed in the region of the deflecting
jet and are shed downstream. The vortex atx/e≈ 1.2 rotates
in an anti-clockwise sense but the remaining vortices rotates in a
clockwise direction. Changing sense of rotation for different vor-

tices is typical for this highly turbulent region. The most impor-
tant difference here is the appearance of such vortical structure in
the case of the perforated rib where a jet in crossflow emanates
from the downstream face of the rib. These vortical structures
increase mixing and heat and momentum transfer in the down-
stream region of the rib.

CONCLUSIONS
In this study, PIV measurements were performed in a chan-

nel equipped with solid and perforated ribs, respectively. Only
one wall was fitted with periodic ribs. The ribs obstruct the chan-
nel by 20% of its height and are arranged 10 rib heights apart.
The Reynolds number is 22,000 based on the bulk-mean velocity
and channel height. The emphasis of this study was to investigate
the flow structures in the vicinity of the rib. For the perforated
rib, the important feature found is the smaller primary recircula-
tion bubble downstream of the rib. Compared with the solid rib,
the reattachment length was reduced by about 45%. The role of
the jet flow passing through the slit of the rib is to add stream-
wise momentum to the recirculation bubble and to generate vor-
tical structures. The fact that the jet is deflected by the crossflow
increases the momentum transfer from the jet fluid to the recircu-
lating fluid, the mixing, and the heat transfer. Lastly, we find that
the Reynolds shear stresses are significantly smaller at almost all
the streamwise locations for the perforated rib except for in the
tiny region dominated by the deflecting jet. This fact is probably
the reason for the reduction of the pressure penalty in this case.

ACKNOWLEDGMENT
The current research is financially supported by the Swedish

Research Council (VR) and the Swedish National Energy
Agency (STEM).

REFERENCES
[1] Liou, T.-M., and Hwang, J.-J., 1992. “Turbulent heat trans-

fer augmentation and friction in periodic fully developed
channel flows”.Journal of Heat Transfer,114(1), pp. 56–
64.
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