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The characteristics of the flow fields in a rectangular channel equipped with cylin-
drical ribs were examined through the particle image velocimetry experiments. The 
mean and turbulence characteristics were presented for three different Reynolds 
numbers of 2900, 8400, and 15000. In addition, the coherent flow structures were 
extracted by means of the proper orthogonal decomposition method. The flow field 
is characterized by a large re-circulation region and a secondary clockwise-rotat-
ing corner vortex. The high vorticity, fluctuation velocity and shear stress contours 
are formed along the free shear layers emanating from the upstream rib. As Reyn-
olds numbers increase, the positive vorticity contours extend downstream and fluc-
tuation velocity and shear stress contours spread out towards the channel wall. The 
proper orthogonal decomposition results have shown that a horizontally aligned 
co-rotating vortex pair and a corner vortex are the dominant flow structures for the 
highest Reynolds number.
Key words: channel flow, cylindrical ribs, proper orthogonal decomposition,  

flow separation, particle image velocimetry

Introduction

Ribbed channels have been the subject of various numerical and experimental investi-
gations because of their relevance in many fluid engineering fields that include heat exchangers, 
solar air heaters, cooling of turbine blades and vanes, electronic devices, nuclear reactors, etc. 
[1-5]. The main idea is augmenting the mixing, and hence the heat transfer, with disturbance of 
flow field by attaching rib arrays onto a channel surface.

Rib shape is one of the most important geometrical parameters affecting the heat 
transfer mechanisms in a ribbed channel, and the others can be summarized: rib-pitch-to-rib-
-height ratio, rib-height-to-channel-height ratio, channel aspect ratio, and rib angle-of-attack.

Numerous early studies have essentially concentrated on square (or rectangular) 
shaped ribs and investigated the effects of aforementioned geometrical parameters on the heat 
and flow performance [6-15]. Several investigations comparing different shaped ribs have 
been performed in order to identify the shape effect on the heat transfer mechanism for ribbed 
channels. The common rib geometries which have been investigated are triangular, semi-cy-
lindrical, cylindrical, trapezoidal, etc. A detailed review can be found in Varun et al. [16]. 
Tauscher and Mayinger [17] obtained the temperature and velocity fields in the heat exchang-
er channel roughened by various shaped ribs experimentally. They found that the circular ribs 
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showed the best heat transfer performance at all Reynolds numbers ranging from 500-5000. 
Kilicaslan and Sarac [18] performed an experimental study to examine the effect of the cy-
lindrical and triangular ribs on the enhancement of heat transfer in a compact heat exchang-
er. They concluded that cylindrical ribs provided a higher heat transfer rate than triangular 
ribs. Chaube et al. [19] carried out a numerical study of heat transfer augmentation and flow 
characteristics of a rectangular duct for Reynolds numbers between 3000 and 20000. They 
examined nine different shapes of ribs and reported that the circular and semi-circular ribs 
showed good friction performance but gave lower heat transfer enhancement than other rib 
shapes. Wongcharee et al. [20] investigated the heat and fluid-flow characteristics of a rectan-
gular channel equipped with various shaped ribs including cylindrical configuration, numer-
ically. They found that the cylindrical rib provided the highest thermal enhancement factor. 
Chung et al. [21] analyzed the thermal and flow characteristics of a channel roughened with 
different shaped ribs for the Reynolds numbers in the range between 19800 and 24200. The 
Nusselt number ratio increased with increasing Reynolds numbers, and values of this ratio for 
semi-circular ribs were higher than square ribs. Luo et al. [22] numerically studied the effects 
on heat transfer and friction factor of the combination of delta-winglet vortex generators and 
different obstacles for a solar receiver heat exchanger. The results showed that the perturba-
tion of the semi-cylinder ribs provided the highest heat transfer augmentation. Alfarawi et 
al. [23] investigated the heat transfer and flow friction characteristics in a rectangular duct 
roughened by semi-circular, rectangular and hybrid of semi-circular and rectangular shapes. 
It was found that the hybrid ribs provided higher values for the efficiency indices than those 
of the rectangular and semi-circular ribs cases.  

Based on the open literature, cylindrical shaped ribs are useful in enhancing heat 
transfer. However, the previous studies have mostly highlighted the heat transfer characteris-
tics. Therefore, the main objective of the present study is to depict the flow features of a rect-
angular channel roughened with cylindrical ribs by means of particle image velocimetry (PIV) 
and proper orthogonal decomposition (POD) techniques. 

Experimental arrangements

An illustrative diagram of the ribbed channel with a square cross-section of  
150 mm × 150 mm is depicted in fig. 1. Ten circular cross-section ribs with a diameter of 50 
mm were mounted on one wall in the second half of the channel. They were placed orthogonal-
ly to the flow direction. The ribs were constructed from aluminum tubes and covered with a thin 
black coating to avoid the reflected laser. Geometrical features: rib-pitch-to-rib-diameter ratio 
(P/d) and hydraulic-diameter-to-rib-diameter ratio (Dh/d) were both 3. Although it has a com-
paratively low heat transfer performance, the rib configuration used in this study (rib spacing of 
P/d smaller than 4) has been studied extensively [24]. 

A graphical representation of the ex-
perimental configuration and co-ordinate sys-
tem used in this research is presented in fig. 
2. Here, x, y, and z refer to the stream-wise, 
vertical (positive in upward) and cross-stream 
directions, respectively. The measurements 
were performed in a closed-loop open-water 
channel with a test section of 750 mm (height) 
× 1000 mm (width) × 8000 mm (length) and 
a turbulence level of less than 0.5%. The flow 
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channel
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was circulated by a centrifugal pump, and free-
stream velocities were adjusted using a speed 
control module. The ribbed channel was im-
mersed and located on a flat elevated surface in 
water channel. The measurements were made 
at three Reynolds numbers of 2900, 8400, and 
15000 based on the mean velocities, Um, and 
the hydraulic diameter of the ribbed channel, 
Dh. The Um velocities were obtained by averag-
ing the stream-wise velocities along a vertical 
centerline of the ribbed channel located at a 
distance of 9 Dh downstream from the chan-
nel inlet. The related velocity profiles are dis-
played in fig. 3.

Instantaneous velocity field measure-
ments were conducted using a 2-D Dantec PIV 
system. Measurements were performed for the 
flow field bounded by the eighth and ninth ribs 
on the vertical symmetry plane z = 0. A double 
pulsed Nd:YAG laser (120 mJ at 532 nm) was 
used for illuminating the measurement area. 
The flow was seeded by silver coated hollow 
glass spheres with a mean particle diameter of 
10 mm. The particle images were recorded by a 
high-speed CCD camera with a sensor resolu-
tion of 1600 × 1200 pixel. The spatial resolution was about 0.13 mm/pixel. The interrogation 
window sizes were 32 × 32 pixels with a 50% overlap. The flow patterns were obtained by 
using a FFT based algorithm via the FLOW MAP software. For each measurement, 350 pairs of 
images were recorded with a sampling rate of 15 Hz and ensemble-averaged to obtain the mean 
flow field properties. Each measurement was repeated three times to check the repeatability 
of the experiments. Figure 4 shows a typical replicate velocity profiles for Re = 8400. Similar 
reproducibilities were observed in the repeated measurements conducted for different Reynolds 
numbers. The PIV measurement uncertainties were calculated using the method described by 

Figure 2. Schematic diagram of the 
experimental set-up

Figure 3. Mean inlet velocity profiles Figure 4. Test of experimental repeatability for 
stream-wise velocity profiles at x/h  = 2
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Lo et al. [25] which considers the three main sources of uncertainties including: the error from 
the software correlation, the accuracy of the seeding particles to follow the fluid flow and the 
uncertainty in velocity measurement using PIV. The corresponding overall uncertainty of the 
PIV measurements was about 4%. 

Proper orthogonal decomposition

The POD is a statistical tool that has been used widely to identify coherent structures 
in fluid-flow applications and was first applied in the related context by Lumley [26]. Coherent 
structures are well-defined dynamical patterns in the flow fields on large and intermediate scales 
that appear systematically. They contain energy and have a significant effect on mixing and heat 
transfer and, therefore, their identification is important. The POD takes a series of instantaneous 
snapshots as input and extracts POD modes which depict the organized structures having maxi-
mum turbulent kinetic energy. In this study the snapshot POD approach was used to identify the 
POD modes [27]. Analyses were performed by using Dynamic Studio 2015a software. More 
details and the mathematical background can be found in [28].

Results and discussion 

Figures 5 and 6 show the mean velocity vector fields, v̄, and the streamline patterns  
ψ ¯, respectively, in the measurement plane for three Reynolds numbers. In fig. 6, the cores of 
re-circulating regions are denoted with F1 and F2. For all Reynolds numbers, the separating flow 
from the upper surface of the downstream rib forms a large circulation region which spans the 
entire flow field bounded by the cylindrical ribs. With increasing Reynolds numbers, a small 
secondary separation bubble (Moffat eddy) rotating in the opposite direction to the primary 
re-circulation one emerges adjacent to the downstream rib which originates from the detach-
ment of flow from the channel wall. 

The distance between the primary re-circulation regions and the channel wall changes 
with the Reynolds numbers and it is larger than that of the others for Re = 8400. Stream lines 
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Figure 5. Mean velocity vector fields;  
(a) Re = 2900, (b) Re = 8400, and (c) Re = 15000

Figure 6. Mean streamline patterns;  
(a) Re = 2900, (b) Re = 8400, and (c) Re = 15000
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are nearly parallel outside of the primary re-circulation zone. As can be clearly seen in fig. 6, 
low heat transfer performance of this rib configuration, which was mentioned earlier, are caused 
by the trapped re-circulating flow between the cylindrical ribs. The general behavior of the flow 
patterns is very similar to those previously depicted in a solar heater with cylindrical ribs [29]. 
Figure 7 shows the time-averaged stream-wise velocity contours, ū/Um, between the cylindrical 
ribs with varying Reynolds numbers. The re-circulation regions which are evident from the 
negative values of stream-wise velocity occupy the upper part of the entire flow region between 
the ribs. The maximum height of the re-circulation region close to the second rib is observed 
for the Reynolds number of 8400.

The mean contour plots of vorticity, ω̄, are shown in fig. 8 (the contour line interval is 0.2 
s–1). The solid lines represents positive (counterclockwise) and dashed lines represents nega-
tive (clockwise) values of vorticity contours. The concentrated longitudinal positive vorticity 
contours apparently oriented within the free shear layers emanating from the lower edge of the 
upstream rib. A pair of positive circular vortices is observed close to the downstream rib. As 
Reynolds numbers increase, the positive longitudinal vorticity separating from the upstream rib 
extends downstream and eventually merges with aforementioned pair of vortices. There is also 
an attached clockwise negative wall vorticity noticeable between the ribs, which gets relatively 
stronger with increasing Reynolds numbers.

The contours of the normalized root-mean-square (RMS) fluctuation velocity, urms/Um, 
are depicted in fig. 9 (the contour line interval is 0.025). The higher magnitude of RMS fluc-
tuation velocity contours are formed along the free shear layer originating from the upstream 
ribs. The RMS velocity contours elongate up to the downstream rib. With increasing Reynolds 
numbers, urms/Um contours spread toward the channel wall and eventually occupy the whole 
region between the ribs. It is also worth mentioning that the turbulent kinetic energy contours, 
not presented here, show similar distributions to the RMS velocity contours. 
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Figure 7. Contours of non-dimensional  
mean stream-wise velocity; (a) Re = 2900,  
(b) Re = 8400, and (c) Re = 15000

Figure 8. Contours of mean vorticity;  
(a) Re = 2900, (b) Re = 8400, and  
(c) Re = 15000, Δω ¯ = 0.2 s–1
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Figure 10 presents the normalized Reyn-
olds shear stress contours, u′v′/Um

2 (the contour 
line interval is 0.005). The high shear stress 
levels intensify near the free shear layers and 
extend between the cylindrical ribs. It can be 
seen also that with increasing Reynolds num-
bers, the u′v′/Um

2 contours spread out vertically 
towards the channel wall. Turbulence intensity 
and Reynold stresses characteristics show some 
similarities with the channel flow roughened by 
rectangular ribs with high aspect and blockage 
ratio [10].

Time-dependent flow features of stream-
lines for the Reynolds number, 15000 are 
shown in fig. 11. Despite the flow structure sim-
ilar to the mean flow appears in some instanta-
neous images, the flow field is quite different 
and complex. The vortex pairs with horizontal 
alignments are clearly visible and their size 
changes in time, alternately. They move to-
wards each other, combine and eventually form 
a large-scale re-circulation region. In addition, 
the animation of instantaneous velocity vector 
fields display the trapped structure of the main 
circulation region between the cylindrical ribs, 
clearly.
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Figure 11. Instantaneous streamline patterns  
at Re = 15000; (a) image number N = 11,  
(b) N = 41, (c) N = 59, and (d) N = 246
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Figure 12 shows the mean velocity profiles in the measurement plane z = 0. Figure 12(a) 
represents the normalized mean stream-wise velocity profiles, u ¯/Um, at the stream-wise location 
x/h = 2 for the tree Reynolds numbers. The stream-wise velocities were normalized by the as-
sociated mean velocities, Um, for each Reynolds number. The velocity profiles in the near wall 
region exhibit negative values that indicates the reverse flow, apparently. These reverse flow 
regions are visible up to y/h = 0.7 for Re = 2900, and y/h = 0.5 for both Re = 8400 and 15000. In 
addition, peak values occur in the vicinity of the channel wall. The positive velocity profiles are 
almost identical up to y/h = 1.4 for all Reynolds numbers. Starting from this point the velocity 
profile at Re = 2900 displays a different trend. Figure 12(b) shows the normalized mean stream-
-wise velocity profiles, ū/Um, along the axis connecting the center of cylinders (y/h = 0.5) between 
x/h = 1 and 3. Velocity profile of Re = 2900 have an almost sinusoidal shape with negative and 
positive peak values of –0.27 and 0.21, respectively. For Re = 8400, the flow is totally reversed 
along the measurement axis. As can be seen in figure, at Re =15000 the velocity profile exhibits 
an asymmetric sinusoidal shape with relatively small positive values.

The fluctuation velocity and shear stress profiles corresponding to the mean flow 
data at x/h = 2 are displayed in fig. 13. The normalized RMS velocity profiles, urms/Um, are 
displayed in fig. 13(a). As expected, for all Reynolds numbers, peak values arise within the 
shear layer. For Re = 2900, the RMS velocity distribution deviates from the others after  
y/h = 0.35 with two peak values of 0.65 and 0.67. The profiles of RMS velocities for  

Figure 12. Mean stream-wise velocity profiles; 
(a) x/h = 2 and (b) y/h = 0.5

Figure 13. Profiles of (a) stream-wise velocity 
fluctuations and (b) shear stresses
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Re = 8400 and Re =15000 follow nearly trian-
gular shaped profiles with maximum values 
of 0.4 and 0.34, respectively. As it can be seen 
later, the overall characteristics of RMS veloc-
ity profiles are mirrored by those of the shear 
stresses. Normalized Reynolds shear stress pro-
files, u′v′/Um

2, are provided in fig. 13 (b) where 
it indicates that the shear stresses are very low 
in the near-wall region for all Reynolds num-
bers. For Re = 2900 and 8400 u′v′/Um

2 profiles 
behave similarly up to y/h = 1.4. It can be seen 
that after y/h = 1.4 the shear stress profile for  
Re = 2900 is clearly different from that of oth-
ers having a peak value of 0.098. In the far-
wall region (y/h > 0.5), u′v′/Um

2 profiles tend 
to approach triangular and parabolic shapes for  
Re = 8400 and 15000, respectively, with compa-
rable maximum values of 0.044 and 0.035.

The first three POD modes for Re = 15000 
which are depicted by streamlines are presented 
in fig. 14. Note that the mode zero represents the 
mean velocity field, fig. 6(a). The 1st and 2nd POD 

modes (the first two most energetic POD modes) contain 15% and 10% of kinetic energy of 
the flow, respectively. It can be identified from the first POD mode that a horizontally aligned 
co-rotating vortex pair and a Moffat eddy are the dominant flow structures. Two large counter 
rotating vortices close to ribs and a Moffat eddy are the main flow characteristics of the second 
POD mode. 

Conclusion

The flow structures of a rectangular channel equipped with cylindrical ribs have been 
investigated experimentally. The mean and instantaneous flow features and turbulent statistics 
have been depicted for three different Reynolds numbers through PIV measurements. In ad-
dition, the organized structures having maximum fluctuation energy have been extracted by 
means of POD method. The collected experimental data could contribute to numerical model 
validations.

Nomenclature
d	 – 	diameter of cylindrical rib, [mm]
Dh	 – 	hydraulic diameter of the ribbed channel, 

[mm]
h	 – 	height of the ribbed channel, [mm]
N	 – 	image number, [–]
P	 – 	rib pitch, [mm]
Re	 – 	Reynolds number (=UmDh/n), [–]
u	 – 	stream-wise velocity [mms–1]
Um	 – 	stream-wise mean velocity [mms–1] 
urms	 – 	stream-wise turbulence intensity [mms–1]
u’v’	 – 	Reynolds stress correlation, [mm2s–2] 

u ̄ 	 –	 time averaged axial velocity  
(along x-co-ordinate)

v̄ 	 – 	time averaged lateral velocity (along y-co-
-ordinate)

V̄	 – time averaged total velocity vector, 
[mms–1]

x, y, z	– 	Cartesian co-ordinates

Greek symbols

n 	 – 	kinetic viscosity, [mms–2]
y ¯	 – 	time averaged streamline, [–]
w ¯	 – 	time averaged vorticity, [s–1]

Figure 14. The POD modes; (a) mode zero,  
(b) 1st mode, and (c) 2nd mode
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