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Abstract - Effect of wall proximity on the flow structure and heat transfer enhancement behind a two-dimensional square 
cylinder was studied experimentally in the present work. The experiments were performed in the subsonic open-circuit wind 
tunnel, and Reynolds number based on the cylinder width (D) was kept at ReD= 5130. Four cases with different gap widths, 
namely G/D = 0.0, 0.1, 0.2 and 0.8, were chosen for comparison. PIV with high image-density camera was employed for 
flow field measurement. The flow behind the square cylinder was analyzed in terms of time-averaged quantities measured by 
PIV, i.e., the streamline pattern and reverse-flow intermittency. Also, the temperature sensitive paint (TSP) method was 
applied for determination of temperature distribution of the flat plate, presenting value of the heat transfer enhancement 
behind the square cylinder. Results showed that the maximum heat transfer enhancement was obtained for G/D=0.2 due to 
the high unstable flow near the wall. 
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I. INTRODUCTION 
 
As most of energy sources are non-reversible, 
decreasing energy consumption has become an 
important responsibility in recent decades. Heat 
exchangers are greatly used in industries involving 
heat and mass transfers like power plants and 
desalination systems. Since these devices consume 
high energy, researchers have recently investigated 
and developed several methods for improving the 
efficiency of heat exchangers. Among these newly 
developed method, heat transfer enhancement is a 
proper and interesting technique. Inserting a cylinder 
into the boundary layer is a simple method for heat 
transfer enhancement. By doing so, a stagnation point 
is formed over the frontal area of the cylinder 
geometry, providing a driving force to push the flow 
stream from the gap between the obstacle and wall. 
The jet passing through the gap is a cause of vortex 
generation at downstream to the obstacle which in 
turn makes considerable contribution to the heat 
transfer enhancement [1]. Many researches were 
performed about heat transfer of a cylinder near a 
wall. Inaoka, Yamamoto [1] placed a square insert in 
the turbulent boundary layer and numerically 
evaluated heat transfer coefficient. Their results 
represented that heat transfer coefficient increased by 
inserting the cylinder. They also found the same 
result for the laminar flow [2]. Inaoka, Mesaru 
[3]studied effect of a splitter place attached to behind 
of the square cylinder on heat transfer enhancement. 
The results show that increasing the length of the 
splitter plate lead to decreased value of heat transfer 
enhancement. By increasing the length of the splitter 
plate, effect ofKarman vortex on the flat plateand 
heat transfer decreases. Kamali and Binesh [4] 
investigated the importance of rib shape effects on the 
local heat transfer of square ducts with ribbed internal 

surfaces. The results show that the heat transfer 
coefficient is strongly affected by the rib shape and 
trapezoidal ribs, since decreasing height in the flow 
direction provides higher heat transfer enhancement 
than other shapes. Kahrom, Haghparast [5] optimized 
the dimension of a quad insert and the gap height that 
provided maximum heat transfer and minimum skin 
friction coefficients.  
As mentioned above, researchers have investigated 
heat transfer characteristics of the square cylinder 
locating near the wall. However, there are few 
experimental researches about flow structure to 
explain how this method leads to heat transfer 
enhancement. In other words, previous studies of 
flow structure are mainly focused on body force and 
pressure measurement for this phenomenon. There 
are several methods to show flow structure, such as 
hot wire anemometry, laser Doppler anemometry, 
PIV, etc. A summary of some previous experimental 
studies of flow around cylinder near the wall is 
shown in Table 1. In Table 1, it can be seen that 
some researchers have investigated effect of gap 
height on flow structure in different Reynolds 
numbers for circular and square cylinders. As shown 
in Table 1, PIV has become a popular method for 
determination of flow structure around the bluff 
bodies in recent years. This method is able to show 
more details about flow behind the square cylinder 
near a wall. 
The present study aims to use PIV measurement to 
explain reasons of heat transfer enhancement by 
presenting flow structure behind the square cylinder 
near the flat plate. Also, for better understanding of 
heat transfer characteristics of the flat plate boundary 
layer disturbed by a square cylinder, the temperature 
sensitive paint (TSP) method is applied for 
determination of temperature distribution of the flat 
plate. The TSP is a polymer-based paint in which the 
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temperature-sensitive luminescent molecules are 
immobilized. The quantum efficiency of 
luminescence decreases with increasing temperature; 
this effect associated with temperature is thermal 
quenching that serves as the major working 
mechanism for the TSP. 

 
Author & 

Year 
Cylinder 

Type 
Measurement 

Technique Re G/D 

Martinuzzi, 
Bailey [6] Square LDA 

HWA 18900 0.1-
1.6 

Wang and 
Tan [7] 

Circular-
Square PIV 1.4*10^4 0.1-1 

Shi, Liu [8] Square S-PIV, TR-
PIV 2250 0.1-

0.8 

Liu, Shi [9] Square Microphone 13,200 
0.25 
and 
0.5 

Khabbouchi, 
Guellouz [10] circular PIV 8700 0.15-

1 
Hsieh, Low 

[11] Circular PIV 3036-
3924 0.8 

Table1: Summary of measurement techniques for some 
previous experimental studies 

 
HWA-Hot-Wire Anemometry, LDA-Laser-Doppler 
Anemometry, HFA- Hot-Film Anemometry, PIV- 

Particle Image Velocimetry, 
 
II. EXPERIMENTAL DETAILS 
 
The experiments were performed in the subsonic 
open-circuit wind tunnel previously used by [12]. A 
honeycomb and five screens were placed in sequence 
in the settling chamber. A diffuser and a smooth 
contraction fairing with a contraction ratio of 6:1 
were used to straighten the flow. The dimensions of 
the inlet channel were 300 mm (width)  300 mm 
(height)  1000 mm (length). Air was driven by a 
centrifugal blower and a 1.5 kW motor. The test 
section was 300 300 mm2 in the cross section and 
1240 mm in length. The speed of the flow in the test 
section was controlled using an inverter (Danfoss, 
Denmark). 

 
Fig.1. Schematic diagram of the PIV measurement regions 

 
As Fig. 1 shows, a two dimensional square cylinder 
(10 mm  10 mm), spanning the entire width of the 

test section, was placed at the station 220 mm 
downstream of the leading edge.  
The free-stream velocity was kept at 8 m/s, resulting 
in a Reynolds number based on the cylinder width 
ReD = 5130. The free-stream turbulence intensity was 
measured to be less than 0.6%. The boundary layer 
thickness δ at the cylinder position in the absence of 
the cylinder was δ/D = 1.5. 
The fluid flows around the cylinders were measured 
using the planar PIV. The global seeding of the 
complete wind tunnel volume was made using Di-
Ethyl-Hexyl-Sebacat (DEHS) droplets generated by 
an aerosol atomizer (PIVPart14, PIVTEC-GmbH, 
Germany), leading to a polydisperse distribution with 
a mean diameter of approximately 1μm. The middle 
plane of the test section was illuminated by an 
Nd:YAG laser at 135mJ/pulse(532 nm, 8 ns, Litron, 
UK). The compacted combination of cylindrical 
lenses (Dantec, Danmark) was fitted with the laser to 
produce a 1-mm-thick light sheet. Two CCD cameras 
were synchronized to simultaneously capture the 
seeded flow patterns in two adjacent regions, i.e., IPX 
11M with 4000 × 2672 pixels (IMPERX, USA) and 
IPX 16M with 4872× 3248 pixels (IMPERX, USA). 
Using two six-freedom positioning platforms, the two 
CCD cameras were independently adjusted to obtain 
a field-of-view of 60D × 17D with an overlapped 
region of 6 D (Fig.1). Image post-processing was 
performed to combine the two seeded images into an 
instantaneously varying imaged pattern. The cameras 
recorded a total of 3000 images during the 
experiment. The size of the interrogation window was 
32 ×32 pixels with a 50% overlap, yielding a 
measurement grid of velocity vectors with 1 mm ×1 
mm spacing. The standard cross-correlation 
algorithm, in combination with window-offset, sub-
pixel recognition by Gaussian fitting and sub-region 
distortion was used to improve the signal-to-noise 
ratio. For temperature measurement, the TSP method 
was used. Schematic diagram of the TSP setup, 
measurement region and dimensions of heater is 
shown in Fig. 2. 
The heater module is produced using Kapton heater, 
and its maximum power was obtained 300 w. To 
obtain constant heat flux, a thin aluminum plate was 
connected on top surface of Kapton heater by high 
thermal conductivity glue. The bottom of the heater 
was insulated by an elastic insulation with thermal 
conductivity less than 0.04 W/m2.k to avoid the heat 
loss through the bottom. The power supply of the 
heater was adjusted on 100 W. Ru(bby) was 
employed as a TSP luminophore with maximum 
emission around 600nm, and Dupont Chromeaclear 
HC-7776S was selected as a TSP binder. An LED 
unit was used as an exciting light with 400 nm 
wavelength and the luminescence from the sensor 
was detected by a CCD camera with 4000 × 2672 
pixels and 200ms exposure time. At each 
measurement, 20 pictures were obtained and then 
averaged to decrease shot noise. In two points of 
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surface, temperature has been measured by two 
thermocouples for calibration between temperature 
and luminescent intensity. 

 
Fig.2. Schematic diagram of the TSP setup and TSP 

measurement region 
 
III. RESULTS AND DISCUSSION 
 
In Fig. 3, temperature distribution is shown for five 
cases i.e., without cylinder, G/D=0.8, G/D=0.2, 
G/D=0.1, and G/D=0.0. For the case without 
cylinder, as the boundary layer thickness is almost 
constant in the turbulent boundary layer, temperature 
variations are taken into account very slightly. For the 
cases with cylinder, it is observed that surface 
temperature decreases in most of the regions. For the 
case G/D=0.8, in the region (0<X/D<8), temperature 
values are smaller than values for the case without 
cylinder. While, in the region (8<X/D<15), 
temperature values for the two cases are close to each 
other. For the case G/D=0.2, temperature values are 
noticeably smaller than values for the other cases in 
all the points. For the case G/D=0.1, in most of the 
regions, surface temperature is smaller than that for 
the cases without cylinder and G/D=0.8. For the case 
G/D=0.0, in the region (X/D<3), surface temperature 
is larger than that for the other cases with cylinder. 
While, in the region (X/D>3), temperature values for 
this case are significantly smaller than those in the 
case G/D=0.8.  

 

 
Fig.3.Temperature distribution of heated surface behind the 

square cylinder: (a) Without cylinder, (b) G/D = 0.8, (c) G/D = 
0.2, (d) G/D = 0.1 and (e) G/D = 0.0 

 
Time-mean streamline patterns of the wake behind 
the square cylinder are demonstrated in Fig. 4. For 
the case G/D=0.8, a slight asymmetry of the two 
time-averaged recirculation zones immediately 
behind the cylinder is observed. As these 
recirculation zones are far from the surface, they 
cannot exert a major influence on the surface heat 
transfer coefficient. By decreasing the gap ratio to 
G/D=0.2, the symmetry of two recirculation zones 
decreases and a separation flow is created in the 
region (2<X/D<6) near the wall. When the separated 
flow is unsteady, it mixes fluids inside and outside 
the separated flow and improves the heat transfer 
coefficient. Also, a flow reattachment occurs at 
(X/D=6), which has a washing action effect on the 
surface. Because, as shown in Fig. 3(c), the surface 
temperature is seen to decrease near the (X/D=6). 
When the gap ratio is reduced to G/D=0.1, the wake 
pattern considerably changes due to complete 
suppression of the vortex shedding. A single 
recirculation zone is located immediately behind the 
cylinder, with its vertical and longitudinal size being 
close to the cylinder width. Also, a strong separated 
flow forms near the wall in the region (2<X/D<6). As 
it mentioned above, unsteadiness manner of the 
separated flow can augment heat transfer coefficient.  
 
Based on Fig. 3 (d), heat transfer is enhanced in the 
region (2<X/D<6). In addition, like the case G/D=0.2, 
a reattachment point is observed at (X/D=6) that is 
the location of deterioration of the temperature value 
in Fig. 3 (d). For the last case, the square cylinder 
attached on the surface, the recirculation zone behind 
the cylinder is removed, and only the separated flow 
immediately behind the cylinder expands to X/D=6. 
In this case, like the cases G/D=0.1 and G/D=0.2, 
flow reattachment point occurs at (X/D=6), where, 
based on Fig. 3 (e), reduction of the surface 
temperature is observed. Therefore, for the three last 
cases (G/D=0.2, G/D=0.1 and G/D=0.0), the 
reattachment point plays a critical role in heat transfer 
enhancement. 
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Fig.4.Time-mean streamline patterns of the wake behind the 

square cylinder: (a) G/D = 0.8, (b) G/D = 0.2, (c) G/D = 0.1 and 
(d) G/D = 0.0 

As mentioned in Fig. 4, in the three cases G/D=0.2, 
G/D=0.1 and G/D=0.0, the separated flow behind the 
square cylinder near the wall is observed. However, 
based on Fig. 3, only for the case G/D=0.2, heat 
transfer significantly increases where the separated 
flow occurred (2<X/D<6). This behavior can be due 
to unsteady manner of the separated flow. To study 
the separated flow behavior, the reverse flow 
intermittency (γ ) is shown in Fig. 5.The 
intermittency is defined as the fraction of realizations 
during which the flow at a given position is in 
reversal [13]. The fact that the reverse-flow 
intermittency is equal to 0.5 means that the forward 
and reversed flow share 50% in time, indicating that 
the flow is most unstable. Accordingly, the central 
green band 0.4 <γ < 0.6 is related to highly unstable 
flow in the subsequent discussion. 
For the case G/D=0.8, the reverse flow is mainly 
concentrated at the recirculation zone behind the 
cylinder. The highly unstable fluid flow near the 
boundary of the recirculation zone is resulted from 
the opposite circulation vortices alternatively 
shedding from the upper and low sides. In the region 
close to the bottom plane wall (1 <X/D <2), the 
unstable reverse flow (0.4 <γ < 0.6) is resulted from 
the effect of the wall on vortices shed from the lower 
side. For the case G/D=0.2, intermittency distribution 
at two recirculation zones is almost like that for the 
case G/D=0.8, but with more stability due to effect of 
wall proximity. However, the highly unstable reverse 
flow (0.4 <γ < 0.6) near the surface expands to 
X/D=6 that plays an important role in heat transfer 
between hot fluids near the wall and cold fluid far 
from the wall. Therefore, surface temperature 
reduction, as shown in Fig. 3(c), in the region 

(2<X/D<6) is due to this unstable reverse flow. For 
the case G/D=0.1, it is observed that the separated 
flow becomes more stable than that for the case 
G/D=0.2 in the region (2<X/D<5). Therefore, for the 
case G/D=0.1, as shown in Fig. 3(d), in this region, 
surface temperatureis larger than that for the case 
G/D=0.2. 
For the case G/D=0.0, the separated flow becomes 
highly stable (γ >0.8) in the region (0<X/D<4). 
Therefore, fluid temperature becomes rather high in 
this region, which has a negative effect on heat 
transfer. As a result of this, temperature, as shown in 
Fig. 3, in the region (0<X/D<3) is higher than that of 
the case without cylinder. 
 
CONCLUSION 
 
In this study, flow structure behind the square 
cylinder near the flat plate was investigated using PIV 
measurement for four gap heights. Also, temperature 
distribution of the flat plate is obtained by the TSP 
method. These measurements were performed to 
present reasons of heat transfer enhancement behind 
the square cylinder. The following conclusions were 
obtained from the analysis of the results: 

1. For the case G/D=0.2, temperature values 
are noticeably smaller than those for other 
cases in all the points.  

2. For the three cases (G/D=0.2, G/D=0.1 and 
G/D=0.0), the reattachment point plays a 
critical role in heat transfer enhancement. 

3. Surface temperature reduction for the case 
G/D=0.2 in the region (2<X/D<6) is due to 
the unstable reverse flow. 

4. For the case G/D=0.0, stability of reverse 
flow in the region (0<X/D<4) has a negative 
effect on heat transfer. 

 
Fig.6.Distribution of reverse-flow intermittency of the wake 
behind the square cylinder: (a) G/D = 0.0, (b) G/D = 0.1, (c) 

G/D = 0.2 and (d) G/D = 0.8 
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