
  
 
 
 

Journal of Mechanical Science and Technology 23 (2009) 624~630 
      www.springerlink.com/content/1738-494x

DOI 10.1007/s12206-008-1211-1 

Journal of 
Mechanical 
Science and 
Technology 

 
Measurement of the heat transfer coefficient in the dimpled channel:  

effects of dimple arrangement and channel height† 
Somin Shin1, Ki Seon Lee1, Seoung Duck Park1 and Jae Su Kwak2,* 

1Graduate student, School of Aerospace and Mechanical Engineering, Korea Aerospace University, 
Goyang City, Kyung-Gi Do,, Korea 

2Assistant Professor, School of Aerospace and Mechanical Engineering, Korea Aerospace University, 
Goyang City, Kyung-Gi Do,, Korea 

 
(Manuscript Received January 25, 2008; Revised July 3, 2008; Accepted December 14, 2008) 

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract 
 
Heat transfer coefficients were measured in a channel with one side dimpled surface. The sphere type dimples were 

fabricated, and the diameter (D) and the depth of dimple was 16 mm and 4 mm, respectively. Two channel heights of 
about 0.6D and 1.2D, two dimple configurations were tested. The Reynolds number based on the channel hydraulic 
diameter was varied from 30000 to 50000. The improved hue detection based transient liquid crystal technique was 
used in the heat transfer measurement. Heat transfer measurement results showed that high heat transfer was induced 
downstream of the dimples due to flow reattachment. Due to the flow recirculation on the upstream side in the dimple, 
the heat transfer coefficient was very low. As the Reynolds increased, the overall heat transfer coefficients also in-
creased. With the same dimple arrangement, the heat transfer coefficients and the thermal performance factors were 
higher for the lower channel height. As the distance between the dimples became smaller, the overall heat transfer coef-
ficient and the thermal performance factors increased. 
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1. Introduction 

It is known that the efficiency and power output of 
gas turbine engines increases as the turbine inlet tem-
perature increases. Also, the operating temperature of 
modern gas turbines goes beyond the permissible tem-
perature of turbine blade materials. Given these condi-
tions a sophisticated cooling system is required in 
order to maintain durability and required lifetime of 
the turbine blades. 

A blade cooling system could be selected by con-
sidering degree of heat transfer augmentation, pressure 
drop through the cooling channel, and manufacturing 
simplicity. It is known that the dimpled surface in-

creases heat transfer with a lower pressure drop com-
pared to the rib turbulated cooling technique which is 
widely used in gas turbine blades. Furthermore a sur-
face with dimples is easy to fabricate. Thus, a heat 
transfer augmenting technique using dimples has been 
tried as a blade cooling system in gas turbines. 

Dimples fabricated on the surface of blades increase 
heat transfer because it induces flow separation, reat-
tachment, and vortices. Khalatov et al. [1] visualized 
the flow near dimples by dye injection. Mahmood et al. 
[2] used infrared thermography and presented flow 
visualization, time-averaged total pressure, streamwise 
velocity, and spatially resolved local Nusselt numbers 
near the dimple. Mahmood and Ligrani [3] presented 
the influences of dimples on flow structure and heat 
transfer on different channel aspect ratios, different 
inlet air-to-local wall temperature ratios, and Reynolds 
numbers. Burgess and Ligrani [4] investigated friction 

†This paper was recommended for publication in revised form by 
Associate Editor Yong Tae Kang 

*Corresponding author. Tel.: +82 2 300 0103, Fax.: +82 2 3158 3189 
E-mail address: jskwak@kau.ac.kr 
© KSME & Springer 2009 



 S. Shin et al. / Journal of Mechanical Science and Technology 23 (2009) 624~630 625 
 

heater

Blower 

Venturi flow meter

Pneumatic
valves

Plenum

 
Fig. 1. Schematic of test facility (not to scale). 

 

Fig. 2. Configuration of test section. 

factors and Nusselt number based on dimple depth. 
Moon and Lau [5] examined the effect of dimple ge-
ometry on the convective heat transfer and pressure 
drop in a square channel with an array of concave or 
cylindrical dimples. Moon et al. [6] measured heat 
transfer coefficients in the four different channel 
heights, and friction factors using static pressure taps. 
Ligrani et al. [7] investigated the effect of dimple 
depth and inlet turbulence intensity on the Nusselt 
number and friction factors. Chyu et al. [8] studied 
local heat transfer distribution on the surfaces with 
hemispheric and tear-drop shapes of concavities using 
a transient liquid crystal imaging system. Ligrani et al. 
[9] experimented with a channel with a dimpled sur-
face on one wall, both with and without protrusions on 
the opposite wall, while Borisov et al. [10] studied the 
channel with dimple concavities on both sides. 

Most literature has presented the averaged Nusselt 
number or local Nusselt number distribution with low 
resolution. In this paper, in order to investigate the 
detailed heat transfer augmentation using dimples, the 
improved transient liquid crystal technique was used 
to measure the detailed local heat transfer coefficient 
distribution in and near the dimples fabricated on a flat 
surface. The quality of the measured heat transfer co-
efficient by the transient liquid crystal technique was 
improved by the time-hue curve fitting method and the 
analytical solution for the varying mainstream tem-
perature condition. The presented measurement results 
will clearly show high and low heat transfer regions by 
the dimple-induced flow phenomena. 
 

2. Experiment set up  

The test facility consisted of a venturi flow meter 
with a differential pressure transmitter (Rosemount, 
250in H2O), a blower (pmax=4800mmH2O, Qmax= 
9.8m3/min), an electrical heater (12kW), and two 
pneumatic valves. Fig. 1 shows the schematic of the 
test facility. The test section was made of 10 mm 
transparent polycarbonate plate. The flow rate was 
measured by a Venturi flow meter and calculated by 
Eq. (1). (ISO, [11]) 
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Heated air is bypassed until the air temperature 

reaches a predetermined value. After the air tempera-

ture reaches the predetermined value, the air is di-
verted to the test section by pneumatic valves. Ther-
mocouples or pressure taps were installed at the be-
ginning and end of the arrayed dimples to measure 
mainstream temperature and pressure drop through 
the dimpled region. Black paint and liquid crystals 
with a bandwidth of 1℃ (35C1W, Hallcrest) were 
sprayed on the heat transfer measurement planes, and 
a digital CCD camera and incandescent lamps were 
installed above the test section. During the heat trans-
fer measurement, the color change of liquid crystals 
was stored in a computer through IEEE1394 cable at 
a rate of 30 frames per second (DV format AVI file). 
Using every pixel of each frame of the AVI file, 
RGB(red, green, and blue) values were calculated and 
converted to 8 bit HSI(hue, saturation, and intensity). 
The hue history on each pixel was curve-fitted in 
order to calculate the transient time between the test 
start and the time at which the hue value becomes the 
preset value. All image processes were conducted by 
the Matlab-based image processing program devel-
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oped by the authors. By using the time-hue curve 
fitting method, the unstable hue behavior under low 
intensity conditions and noise effect on the hue by the 
image capturing system can be reduced and more 
accurate transient time can be evaluated. Detailed 
image processing procedures were described by Shin 
et al. [12]. 

During the transient tests, the change of the main-
stream temperature was measured by 4 T-type ther-
mocouples and recorded by a data acquisition device 
(Agilent, 34970A). Fig. 2 presents the configuration 
of the test section. The diameter (D) and depth of the 
dimples were 16 mm and 4 mm, respectively. The 
channel height (H) to the diameter of the dimple was 
0.6 and 1.2, and two dimple arrangements shown in 
Fig. 2 were tested. 
 

3. Measurement theory 

In the transient liquid crystal technique, the test sur-
face is assumed as a semi-infinite solid wall with a 
convective boundary condition. If the sudden change 
in mainstream temperature or velocity is applied to 
the test section, the surface temperature changes with 
time and the heat transfer coefficient can be calcu-
lated by utilizing the time between the initial tempera-
ture and the preset surface temperature. The basic 
equation, initial, and boundary conditions are as fol-
lows: 
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If the mainstream temperature varies with time, 

which commonly occurs in internal heat transfer tests, 
temperature variations of the mainstream can be ex-
pressed as shown in Eq. (6) (Kwak, [13]). 
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Where, N=n+1  
 
Temperature variations on the surface (x=0) can be 

expressed as Eq. (7). 
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Once the time (t) from the initial temperature (Ti) to 

the pre-defined temperature (Tw) is determined, the 
heat transfer coefficient can be calculated by Eq. (7). 

The mainstream temperature is curve-fitted by us-
ing an averaged temperature measured by T-type 
thermocouples installed at the beginning and the end 
of the dimple fabricated region. The mainstream tem-
perature for the heat transfer calculation at each pixel 
was calculated based on the distance between the 
thermocouples and the location of each pixel. 

The surface temperature was obtained from pre-
operated hue-temperature calibrations. For the hue-
temperature calibration, a copper plate was attached 
on the hot side of thermoelectric element with high 
conductive glue. A T-type thermocouple was instru-
mented on the copper plate and a 1℃ bandwidth of 
liquid crystals (35C1W, Hallcrest) was sprayed on the 
copper plate after black paint was applied on. By 
changing the temperature of the copper plate by 0.2℃ 
steps, the color of the liquid crystal coated surface 
was recorded and a hue value was calculated. Fig. 3 
shows the relation between the calculated hue and the 
temperature obtained by the thermocouple couple.  

Augmentation of heat transfer by dimpled surface 
accompanies a pressure drop. Thus, the heat transfer  
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Fig. 3. Relation between temperature and hue. 
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augmentation should be compared with the pressure 
drop in order to evaluate the thermal performance of 
heat transfer enhancing methods. In this study, the 
thermal performance factor defined by Eq. (8) was 
used. 
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In Eq. (8), f0 is the friction factor for fully devel-

oped turbulent flow in a smooth tube, f is the Darcy 
friction factor calculated from pressure measurement, 
NuDh,0 is the Nusselt number for fully developed tur-
bulent flow in smooth tubes with the same hydraulic 
diameter, and NuDh is the measured Nusselt number. 
The Darcy friction factor, f is defined by Eq. (9). 
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In Eq. (9), the pressure drop, p∆ , was measured 

by four pressure taps shown in Fig. 2, and f0 was cal-
culated by Eq. (10) (Frank and David [14]). 
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The averaged Nusselt number is defined in Eq. (11) 

and the Nusselt number for smooth tubes, NuDh,0 can 
be calculated by Eq. (12) (Frank and David [14]), 
respectively. 
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Measurement uncertainty in the heat transfer coef-

ficient was estimated numerically (Dunn, [15]) since 
Eq. (7) can not be expressed in explicit form regard-
ing the heat transfer coefficient. The estimated uncer-
tainty for the heat transfer coefficient and the Nusselt 
number was 8.13% and 9.56%, respectively. 
 

4. Results and discussions 

Various flow phenomena are induced by the dim-

ples as shown in Fig. 4(Griffith et al. [16]). The 
boundary layer of the mainstream was separated by 
the dimples and recirculation zone is created in the 
upstream side of the dimples. The separated main-
stream flow reattaches in the downstream side of the 
dimple surface and the reattached flow forms a twin 
vortex. As the flow comes out of the dimple, it reat-
taches again at the downstream of the dimple (Khala-
tov et al. [1], Mahmood et al. [2], Ligrani et al. [9]). 
These complex flow phenomena induce high and low 
heat transfer in and near the dimples. 

Fig. 5 shows the distribution of the Nusselt num-
bers for sparsely distributed dimples (S=2D). Rey-
nolds numbers shown in Fig. 5 are based on the aver-
aged mainstream flow velocity and channel hydraulic 
diameter. Results show that the overall Nusselt num-
ber increases as the Reynolds number increases. Also, 
the Nusselt numbers for the lower channel height 
cases are higher than those for the higher channel 
height cases. For the same Reynolds number, the 
mainstream velocity is higher for the lower channel 
height cases, which results in higher Nusselt numbers 
for the lower channel height cases. Also, the higher 
Nusselt number for lower channel height cases was 
partly caused by the enhanced flow disturbance. As 
the ratio of channel height to dimple diameter de-
creases, the flow is increasingly disturbed by the dim-
ples, which causes a higher Nusselt number. Fig. 5 
also clearly shows the high and low heat transfer re-
gions in and downstream of the dimple. Due to flow 
recirculation, the heat transfer coefficients upstream 
of the dimple are low. The heat transfer coefficients 
downstream of the dimple are higher because of the 
flow reattachment. High heat transfer coefficients 
along the dimple edges can be seen for about 2/3 of 
the dimple upstream edge. It is claimed that the high 
heat transfer region along the rim is caused by the 
twin vortices and flow reattachment. As the flow 
comes out from the dimple, the flow reattaches again 

 
 
Fig. 4. Dimple induced flow phenomena. 
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on the surface and causes a high heat transfer region 
downstream of the dimple. 

Fig. 6 presents the distribution of the Nusselt num-
ber for densely distributed dimples (S=1.1D). The 
overall distribution of the Nusselt number is similar to 
the sparsely distributed dimple case (Fig. 5). For the 
same Reynolds number and channel height, the Nus-
selt number for the densely distributed case is higher 
than that of the sparsely distributed dimple case. As 
the distance between dimples is reduced, more flow 

disturbance is caused by the dimples, which results in 
an increase in heat transfer. 

Fig. 7 shows the averaged Nusselt number on the 
dimpled surface compared to a smooth tube with the 
same hydraulic diameter. Generally, the Nusselt num-
ber ratio decreases as the Reynolds number increases. 
For the same Reynolds number, the lower channel 
height case shows a higher Nusselt number ratio and 
the densely distributed dimples induced a higher Nus-
selt number ratio. Thus, the highest Nusselt number 
ratio was obtained from the densely distributed dim-
ples with a low channel height.  

Fig. 8 presents the friction factor ratio compared to 
a smooth tube with the same hydraulic diameter. Gen-
erally, the friction factor ratio decreases as the Rey-
nolds number increases. Actual pressure drop is 
higher for the higher Reynolds number case, but the 
difference in the friction factor ratio is not significant.  

The thermal performance factor generally de-
creases as the Reynolds number increases (Fig. 9). 
However, the amount of change is not significant. 
The thermal performance factor depends more on the 
arrangement of dimples and the channel height. Thus, 
the thermal performance of the dimpled surface can 
be optimized by changing the channel height to dim-
ple diameter ratio or the arrangement of the dimples. 
In this study, one dimple depth was tested, but it is 
expected that the depth of dimple is one of the impor-
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Fig. 5. Nusselt number distribution on dimpled surface
(S=2D). 
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Fig. 6. Nusselt number distribution on dimpled surface
(S=1.1D). 
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Fig. 7. Nusselt number ratio. 
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Fig. 9. Thermal performance factor. 

tant factors of heat transfer augmentation with dim-
pled surfaces. The optimization of the dimple con-
figuration and arrangement will be the next step of 
this study. 
 

5. Conclusions 

The distribution of the heat transfer coefficient on 
the dimpled surface was measured by an improved 
transient liquid crystal technique. Two configurations 
of dimples were tested and for each configuration, 
channel height to dimple diameter ratio was set at 0.6 
and 1.2, and depth of the dimple was 1/4 of the dim-
ple diameter.  

Results showed that the heat transfer coefficient 
upstream side of the dimple was low because of flow 
recirculation. Similarly, a high heat transfer region 
was found downstream of the dimple due to flow 
reattachment. The heat transfer coefficient increased 
as the Reynolds number increased, and the lower 
channel height cases showed higher a heat transfer 
coefficient. Also, the heat transfer coefficient was 
higher for the densely distributed dimple case. The 
thermal performance factor was generally larger than 
1 and the highest thermal performance factor was 
over 3 for the lower channel height and densely dis-
tributed dimple case. 

It was clearly shown that the configuration of the 
dimples and channel height could be optimized in order 
to increase the thermal performance factor. The other 
possible performance factors such as depth or shape of 
dimple will be considered in following studies. 
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