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Abstract 

 

Heat transfer coefficients were measured by the improved hue detection based liquid crystal technique in a turbine 

blade internal cooling passage model with blockage walls. In the experiments, blockages with 9 holes of circular, wide, 

narrow shapes were used and for the circular shape, the number of hole of 7, 9, and 11 were tested. For all cases, the 

perforated area was kept same. Results showed that the staggered impingement jets increased heat transfer coefficient, 

however, pressure drop also increased greatly. Generally, Nusselt number ratio and the thermal performance factor 

decreased as Reynolds number increased. For all Reynolds numbers tested, the blockage wall with wide holes gave 

more uniform heat transfer coefficient and higher thermal performance factor. As the number of hole increased from 7 

to 11, the distribution of heat transfer coefficient became uniform and the thermal performance factor increased.  
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1. Introduction 

Gas turbine inlet temperature has been increased in 

order to increase the efficiency and power output of 

the gas turbine engine. As a result, heat load to gas 

turbine components also increased and various cool-

ing technique has been applied in order to ensure 

performance and life of the components. For the gas 

turbine blades, rib turbulated cooling, pin-fin cooling, 

and impingement cooling are applied in blade’s inter-

nal coolant passage in order to remove heat from the 

blade inside. Fig. 1 presents the commonly used tur-

bine blade internal cooling techniques. On the blade 

external surface, film-cooling method is employed in 

order to protect the blade surface from the hot com-

bustion gas. Recently, new concept of trailing edge 

internal cooling technique which utilizes repeated 

impingement jets has been proposed and studied. 

Perforated walls make jets and impinge on the down-

stream walls. It is expected that the impingement and 

mixing of coolant would increase internal heat trans-

fer coefficient. Ekkad et al. [1] and Pamula et al. [2] 

used liquid crystals and smoke for heat transfer study 

and flow visualization in a two-pass channel sepa-

rated by a dividing wall with an array of holes. They 

showed that jet by the holes impinged on the next 

wall and swirling cross flows were induced in the 

second passage. Moon and Lau [3] measured pressure 

drop and heat transfer coefficient by liquid crystal 

technique on the rectangular duct with perforated 

walls. They showed that the number of walls and 

configuration of holes did not affect the heat transfer 

level. Their results also showed that the smaller holes 

could increase heat transfer coefficient but pressure 

drop also greatly increased. Lau et al. [4] examined 

the heat transfer and pressure drop on a rectangular 

duct with perforated walls equipped with staggered 

holes. They showed that walls with circular holes and  
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Fig. 1. Commonly used gas turbine blade internal cooling 

technique. 
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Fig. 2. Schematic of test facility (not to scale). 

 

square holes increased heat transfer but the increase in 

pressure drop was much severe. They concluded that 

the shape and size of holes should be optimized in 

order to get better thermal performance ratio.  

In this study, five shapes of hole were tested in or-

der to examine the effect of hole shape on the heat 

transfer and pressure drop in a rectangular duct with 

repeated impingement jet holes. The shapes of the 

tested hole were narrow, wide, and circular. For the 

circular hole, the numbers of fabricated hole on each 

blockage wall were 7, 9, and 11. For all cases, the 

flow area of each blockage wall was kept same. Rey-

nolds number based on the duct hydraulic diameter 

was changed from about 20000 to 40000. Improved 

hue detection based transient liquid crystal technique 

[5] was used for the heat transfer measurement. 

2. Experiment set up 

Test facility consists of a Venturi flow meter with a 

differential pressure transmitter (Rosemount, 250in 

H2O), a blower (pmax=4800 mm H2O, Qmax=9.8 

m
3
/min), a electrical heater (12 kW), and two pneu-

matic valves. Fig. 2 shows the schematic of test facil-

ity. The flow rate is measured by a Venturi flow me-

ter and calculated by Eq. (1) [6]. 
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Heated air is bypassed until the air temperature 

reaches preset value. After the air temperature be-

comes predetermined value, air is diverted to the test 

section by pneumatic valves. In order to ensure the 

uniform inlet flow, baffles and honeycomb were in-

stalled between duct inlet and measurement plane as 

shown in Fig. 2. 

Fig. 3(a) presents the configuration of test section 

and shapes of hole used in the test. Test section was 

built of 10 mm transparent polycarbonate plate. 

Thermocouples or pressure taps were installed up-

stream, between, and downstream from the blockage 

walls. For the heat transfer and pressure measurement, 

two different upper plates with thermocouples or 

pressure taps were used. Liquid crystals (35C1W, 

Hallcrest) with bandwidth of 1℃ were sprayed on 

the heat transfer measurement planes and digital CCD 

camera and incandescent lamps were installed above 

the test section. During the heat transfer measurement, 

the color change of liquid crystals was stored in a 

computer through IEEE1394 cable in a rate of 30 

frames per second, DV format AVI file. From the 

every pixel of each frame of the AVI file, RGB(red,  

green, and blue) values are calculated and converted 

to 8 bit HSI(hue, saturation, and intensity) by Matlab 

based image processing program developed by au-

thors. For the heat transfer coefficient calculation, an 

improved transient liquid crystal technique was used. 

By using this technique, the unstable hue behavior in 

low intensity condition and noise effect on hue can be 

reduced and more accurate hue change time can be 

evaluated. Detailed image processing procedure and 

the improved transient liquid crystal technique were 

described by Shin and Kwak [5]. During the transient 

tests, the change of mainstream temperature was 

measured by 4 T-type thermocouples and recorded by 

data acquisition device (Aglient, 34970A) connected  
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(a) Layout of blockages 

 

(b) Circular holes 

 

(c) Narrow holes 

 

(d) Wide holes 

 

(e) Circular 7 holes 

 

(d) Circular 11 holes 
 

Fig. 3. Configuration of test section. 

 

to the computer. 

Figs. 3(b), (c), (d), (e), and (f) present blockage 

walls with circular 9 , narrow, wide, circular 7, and 

circular 11 holes, respectively. For all cases, overall 

flow area was same. The thickness of the blockage 

wall was 10 mm and the distance between blockage 

walls were 30 mm. Each row or hole was located so 

that upstream jets impinge between the downstream 

holes. 

3. Heat transfer measurement theory 

In the transient liquid crystal technique, the test sur-

face is assumed as a semi-infinite solid wall with 

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 time between the initial temperature 

to the preset surface temperature. Basic equation, 

initial, and boundary condition are as followings; 
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If mainstream temperature varies with time, which 

commonly occurs in internal heat transfer tests, these 

variations are assumed as step changes and solution 

of above equation at surface (x=0) can be expressed 

as Eq. (6).  
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where,   1 exp ,F x x erfc x= −  

,m j
TΔ = temperature step change of main flow 

 

In this study, because ,0m
T  and 

i
T  are equal, thus 

the first term of Eq. (6) become zero. Thus, once the 

time ( )t from initial temperature ( )
i
T to pre-defined 

temperature ( )
w
T is given, heat transfer coefficient 

can be calculated by Eq. (6). 

Surface temperature ( )
w
T is corresponding to the 

hue value of 50 and obtained from pre-operated hue-

temperature calibration. For the hue-temperature cali-

bration, copper plate was attached on the hot side of 

thermoelectric element using high conductive glue. T-

type thermocouples were instrumented on the copper 

plate and 1℃ bandwidth 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 0.1℃ step, the color of liquid  
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Fig. 4. Relation between temperature and hue. 

 

crystals coated surface was recorded and hue value 

was calculated. Fig. 4 shows the relation between the 

calculated hue and the temperature obtained by ther-

mocouple couples. Mainstream temperature ( )
m
T is 

local averaged temperature measured by four T-type 

thermocouples on each measurement plane as shown 

in Fig. 3(a).  

Augmentation of heat transfer by impingement or 

turbulator accompanies pressure drop. Thus, the heat 

transfer augmentation should be compared with the 

pressure drop in order to evaluate the thermal per-

formance of heat transfer enhancing method. In this 

study, thermal performance factor defined by Eq. (7) 

was used. 
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In Eq. (7), 
0

f  is the friction factor for fully devel-

oped turbulent flow in the smooth tube, f is the Dar-

cy friction factor calculated from pressure measure-

ment, ,0hD
Nu  is Nusselt number for fully developed 

turbulent flow in smooth tubes with the same hydrau-

lic diameter, and 
hD

Nu is measured Nusselt number. 

f is defined as Eq. (8). 
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In Eq. (8), pressure drop was measured by total ten 

pressure taps as shown in Fig. 3 (a).  

0
f  is calculated by Eq. (9) [7]. 
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Table 1. Uncertainties in heat transfer measurement. 

 

Variables Typical value Uncertainty 

w
T  35.42℃ ±0.2℃ 

m
T  27.75 - 41.2℃ ±0.2℃ 

i
T  27.5℃ ±0.2℃ 

/
w

kα  0.0018634 5% 

t  30sec 0.1sec 

m
k  0.0263 /W mK  5% 

Duct size 30mm×225mm 0.5mm 

h 264.59
2

/W m K  12.9% 

Nu 532.62 13.92% 

 

The average and local Nusselt number is defined as 

Eq. (10) and ,0hD
Nu  can be calculated by Eq. (11) 

[7]. 
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for 0.5 < Pr 2000< ,
h

6

D
3000 < Re 5 10< × . 

Since the transient liquid crystals technique is 

based on the one-dimensional assumption, test dura-

tion time should be limited so that the opposite side of 

test section can remain at the initial temperature. 

Wagner et al. [8] suggested criterion for the test dura-

tion time as Eq. (12). 
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4
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For current test section, 
test duration

t is about 180 sec-

onds and the test duration time was kept less than 60 

seconds.  

Uncertainty in the measurement estimated numeri-

cally since Eq. (7) can not be expressed in explicit 

form regarding the heat transfer coefficient [9]. Table 

1 shows uncertainties of each variable and resulting 

uncertainties of heat transfer coefficient and Nusselts 

number for typical test.  

 

4. Result and discussion 

Five different blockage walls with circular 7,9,11, 

narrow, and wide holes were used and tests were 

conducted at Re
hD

of about 20000, 30000, and 40000. 

Fig. 5 presents the distribution of Nusselt number 
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for circular 9 holes case. Results clearly show the 

effect of jets. As the jet impinges on the downstream 

blockage walls, Nusselt number increases and Nusselt 

number between jets is relatively lower. The overall 

Nusselt number is higher for the second measurement 

plane. That is caused by increased mixing of main-

stream flow. As the mainstream flow impinges re-

peatedly on the blockage wall, flow becomes more 

turbulent and the turbulence intensity on the second 

measurement plane becomes higher than that on the 

first measurement plane. The increased turbulence 

intensity on the second measurement plane results in 

higher heat transfer coefficient. Fig. 5 also shows that 

the overall Nusselt number increases as the Reynolds 

number increases. 

 

 
 
Fig. 5. Nusslet number distribution (circular 9holes). 

 

 
 
Fig. 6. Nusslet number distribution (narrow holes). 

Fig. 6 shows the distribution of Nusselt number for 

the narrow holes case. Compared to the circular 9 

holes case (Fig. 5), the overall Nusselt number de-

creased due to narrower jet flow. The narrower jet 

could induce relatively less spanwise mixing and 

result in lower heat transfer. As Reynolds number 

increases, the overall Nusselt number also increases. 

For the wide holes case (Fig. 7), high Nusselt num-

ber region by jet impingement is wider than circular 

or narrow holes cases. Compared to narrow holes 

case (Fig. 6), the overall Nusselt number is higher and 

the distribution of the Nusselt number becomes more 

uniform. Wider jet flow could induce more spanwise 

mixing and that would result in higher overall heat 

transfer coefficient on the measurement plane.  

 

 
 
Fig. 7. Nusslet number distribution (wide holes). 

 

 
 
Fig. 8. Nusslet number distribution (circular 7 holes). 
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Fig. 9. Nusslet number distribution (circular 11 holes). 
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(a) Second plane 
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(b) Second plane 
 
Fig. 10. Averaged Nusselt number. 
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Fig. 11. Overall thermal performance factor. 

 

Fig. 8 presents the distribution of Nusselt number 

for circular 7 holes case. Because the distance be 

tween holes is wider, the effect by jets can be easily 

recognized. In the circular 11 holes case (Fig. 9), due 

to the narrower hole distance, the distribution of the 

Nusselt number becomes more uniform. 

Fig. 10 presents averaged Nusselt numbers on the 

first and second measurement planes. The averaged 

Nusselt numbers were normalized by the Nusselt 

number for smooth duct case (Eq. (11)) with same 

Reynolds number. For all cases, the averaged Nusselt 

number generally decreases as Reynolds number 

increases. For all Reynolds number, the averaged 

Nusselts number for the wide holes is highest and for 

the circular hole cases, 11 holes case is higher than 7 

or 9 holes cases.  

Fig. 11 shows the overall thermal performance fac-

tor for each case. The overall thermal performance 

factor was calculated using overall pressure drop 

across measurement planes and the averaged Nusselt 

number for both measurement planes. Generally, the 

overall performance factor decreases as Reynolds 

number increases, however, the variation of the ther-

mal performance with Reynolds number was small. 

The wide hole case shows best thermal performance 

factor and as the number of hole increases for the 

circular hole cases, the thermal performance factor 

also increases  

 

5. Conclusions 

In this paper, improved hue detection based tran-

sient liquid crystal technique was used to measure 

heat transfer coefficient in a rectangular duct with 

blockage walls. Three different shapes of hole of 

wide, narrow, and circular holes were tested and for 

the circular hole cases, 7, 9, and 11 holes were tested. 

Reynolds number based on the duct hydraulic diame-

ter was ranged from about 20000 to 50000. Result 

showed that the Nusselt number ratio and the overall 

thermal performance factor decreased as Reynolds 

number increased. For all Reynolds numbers tested, 

the wide holes case showed best performance. For the 

circular hole cases, the thermal performance factor 

was slightly increased as the number of hole was 

increased. The overall thermal performance factors 

for all cases were less than 1, however, results 

showed that the shape of hole could improve the 

thermal performance by blockage walls with holes. 

Future works are recommended to optimize the shape 

and configuration of the blockage walls.  
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Nomenclature----------------------------------------------------------- 

d
C   :  Discharge coefficient of Venturi flow  

  meter 

p
c  :  Specific heat of test section ( /J kg K ) 

d   :  Pipe diameter (m) 

f   :  Friction factor 

h   :  Heat transfer coefficient ( 2
/W m K ) 

k   :  Thermal conductivity ( /W mK ) 

Nu   :  Nusselt number 

Nu   :  Averaged Nusselt number 

Pr   :  Prandtl number 

p   :  Pressure (Pa) 

Q   :  Volume flow rate ( 3
/ secm ) 

Re   :  Reynolds number 

T   :  Temperature (℃) 

t  :  Hue change time (sec) 

 

Subscripts 

h
D  :  Hydraulic diameter (m) 

i  :  Initial state 

j  :  Time step 

m  :  Mainstream 

w  :  Wall 

0  :  Smooth duct 

 

Greeks 

α  :  Thermal diffusivity of test section ( 2
/m s ) 

β  :  Diameter ratio 

ε  :  Coefficient of expansion 

ρ  :  Density ( 3
/kg m ) 

Δ  :  Difference 

τ  : Time step change in Duhamel’s  

  theorem (sec) 
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