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ABSTRACT 
In modern gas turbines parts of combustion chamber and turbine section are under heavy heat 

load, for example, the rotor inlet temperature is far higher than the melting point of the rotor 

blade material. These high temperatures causes thermal stresses in the material, therefore it is 

very important to cool the components for safe operation and to achieve desired component 

life. But on the other hand the cooling reduces the turbine efficiency, for that reason it is vital 

to understand and optimize the cooling technique [1].  

 

In this project Thermochromic Liquid Crystals (TLCs) are used to measure distribution of 

heat transfer coefficient over a scaled up combustor liner section. TLCs change their color 

with the variation of temperature in a particular temperature range. The color-temperature 

change relation of a TLC is sharp and precise; therefore TLCs are used to measure surface 

temperature by painting the TLC over a test surface. This method is called Liquid Crystal 

Thermography (LCT). LCT is getting popular in industry due to its high-resolution results, 

repeatability and ease of use.  

 

Test model in present study consists of two plates, target plate and impingement plate. 

Cooling of the target plate is achieved by impingement of air coming through holes in the 

impingement plate. The downstream surface of the impingement plate is then cooled by cross 

flow and re-impingement of the coolant air. 

 

Heat transfer on the target plate is not uniform; areas under the jet which are called stagnation 

points have high heat transfer as compare to the areas away from the center of jet. It is almost 

the same situation for the impingement plate but the location of stagnation point is different. 

A transient technique is used to measure this non-uniform heat transfer distribution. It is 

assumed that the plates are semi-infinitely thick and there is no lateral heat transfer in the 

plates. To fulfill the assumptions a calculated time limit is followed and the test plates are 

made of Plexiglas which has very low thermal conductivity. 

 

The transient technique requires a step-change in the mainstream temperature of the test 

section. However, in practical a delayed increase in mainstream temperature is attained. This 

issue is dealt by applying Duhamel’s theorem on the step-change heat transfer equation. 

MATLAB is used to get the Hue data of the recorded video frames and calculate the time 

taken for each pixel to reach a predefined surface temperature. Having all temperatures and 

time values the heat transfer equation is iteratively solved to get the value of heat transfer 

coefficient of each and every pixel of the test surface.  
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In total fifteen tests are conducted with different Reynolds number and different jet-to-target 

plate distances. It is concluded that for both the target and impingement plates, a high 

Reynolds number provides better overall heat transfer and increase in jet-to-target distance 

decreases the overall heat transfer. 
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Chapter 1 

1 Introduction 

Gas Turbines are not only used to power aircrafts but also they are one of the important sources 

of power generation at land. For high power output (>1MW) their efficiency is very high in 

terms of volume to power ratio and mass to power ratio compared with other internal combustion 

engines. In theory, working principle of Gas Turbine is described by Brayton or Joule cycle. 

 

 

Figure 1.1: Ideal Brayton or Joule cycle 

 

A gas turbine can be divided in three major parts Compressor, Combustor and Turbine. In the 

compressor working fluid, air, is sucked in and compressed. Internal heat of the air is increased 

with the increase of compressor pressure ratio. This compressed air is passed on in the 

combustion chamber. Heat is added to the air in the combustor by burning of fuel. This 

compressed and hot air is injected on the turbine blades, which rotates the engine shaft. The 

energy acquired in turbine section is more than the energy required to compress the air. This 

output energy can be increased by getting highly compressed air with very high temperature. In 

modern gas turbines, the air temperature in the combustor and turbine is almost equal or higher 

than the melting point of the material used for the components. This requires extensive cooling 

of all hot components. Coolant air is transported from the compressor and supplied to the hot 

parts. 

 

Various cooling methods are used for gas turbine cooling, for example, film cooling, rib 

turbulated cooling, impingement cooling, matrix cooling etc. Use of a cooling method depends 

on different factors, for example, the structural strength of component, geometry of part, etc. 

1.1 Impingement Cooling 

Impingement cooling is a method in which coolant is impinged with high velocity on the surface 

to be cooled. Impingement effect is achieved by allowing pressurized, high volume of coolant to 
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go through small cavities, normally round holes. The plate with holes is called impingement 

plate and the plate under the impingement plate is called target plate. 

 

“A cooling jet can be defined as a high-velocity coolant mass ejected from a hole or slot 

that impinges on the heat transfer surface.”  (Han et al. 2000) [1] 

 

Compared with other cooling methods, impingement cooling has higher local heat transfer. Jet 

impingement cooling is normally used for the cooling of combustion chamber liners, leading 

edge of rotor airfoil and mid-chord region of stator airfoil. Heat transfer takes place between the 

high velocity jet (coolant air) and the target surface. The cooling of this method is dependent on 

e.g. the flow of coolant air of the jet. The structure of the jet flow is dependent on many 

important parameters e.g. shape of the jet nozzle, arrangement of holes, distance between the 

hole and the target plate, distance in between jet holes, cross flow etc. 

 

Although the impingement gives high local heat transfer but on the other hand the impingement 

holes result in the weakening of the structure, therefore this method could only be used where 

structure has enough strength. In gas turbines, for example, at the trailing edge of vanes and 

blades, areas in combustion chamber where the heat-load is high and has good structural strength 
[1]. 

 

Following is a schematic configuration of jet flows structure with and without target plate, by 

Viskanta, 1993 [2]. 

 

Figure 1.2: Description of jet flow (a) with and (b ) without target plate. (Viskanta, 1993). 

 

The highest cooling rate is achieved at the area under exit of the jet and this region is called 

stagnation region or point. The boundary layer in this region is quite faint and highly turbulent, 

which results in high heat transfer. Moreover, high velocity coolant flow has higher heat transfer 
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coefficient. The heat transfer coefficient decreases in the wall jet region due to the development 

of a boundary layer, increase in temperature and decrease in velocity [1].  

 

There are several parameters which effect impingement cooling [1], for example: 

• Number of jets, e.g. single or array 

• Reynolds number 

• Jet to target plate spacing 

• Geometry of jets, e.g. circular or slot jets 

• Angle of jet 

• Arrangement of jets, e.g. staggered or inline 

• Jet to jet spacing 

• Cross flow and its direction 

• Coolant extraction 

• Target surface 

 

Some of the above parameters have different effect on single and array of jets, for example the 

jet to target plate spacing has inverse effect in the two cases (in a range of spacing) [1].  

1.2 Combustion Liner Cooling 

A combustor normally consists of two parts: 

1. Combustor liner or combustor casing 

2. Fuel injection system 

 

The function of combustor liners is to guide the flame and to provide desired structure to the 

flame. Since the combustor liner is in direct contact with the flame, it is very important to have 

an effective cooling system for the liner. In modern gas turbines, impingement cooling is 

generally the method of choice since it provides high local heat transfer. 

 

Schematic of sectional view of combustor liner in question is depicted in following figure: 

 

Figure 1.3: Schematic of combustion liner.  

Heat transfer takes place between the coolant air 

coming from the impingement plate and the target pl ate.  
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Coolant air strike on the target plate and decreases its temperature and then this high speed air 

bounces back or re-impinge on the downstream of impingement plate and reduces the 

temperature of impingement plate. 

 

As described in section 1.1 that there are number of parameters which effect the impingement 

cooling. Effects of following two important parameters are analyzed in this project the: 

• Reynolds number  

• Jet-to-target plate spacing  

 

Effect of Reynolds Number 

Reynolds number is defined as ratio of inertial to viscous forces of fluid flow.  For the case of 

pipe or tube it is given as: 

 

  µ
ρVd=Re            (1.1) 

Where 

Re = Reynolds number 

ρ = density 

V = velocity 

d = diameter of pipe 

µ = dynamic viscosity of fluid. 

 

Impingement cooling is significantly dependent upon the jet’s Reynolds number. For the target 

and downstream impingement surface, it is clear that area-averaged Nusselt number are in direct 

proportion to Reynolds number, se e.g. Gillespie at el. 1996 [3], Facchini and Surace 2006 [4]. 

 

Effect of Jet to Target Plate Spacing  

For an array of jets there are two types of fluid flows. First and the major flow is the jet flow and 

second is cross flow caused by spent jets. This cross flow also causes the heat transfer but its 

effect is very small as compare to jet. Note that this cross flow decreases the effectiveness of the 

jet by deflecting its direction. This deflection effect could be reduced by increasing the spacing 

between jet and target plate, therefore giving more space to cross flow to develop. Florschuetz 

(1981) [5] considered this effect and developed a correlation that quite popular in the industry, the 

same correlation used as criterion in this study. According to Florschuetz, area-averaged Nusselt 

number (at target plate) increases with the increase of jet to target plate spacing (within a given 

limit). 
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On other side, for the large jet to target plate spacing (outside the Florschuetz limits), H. 

Höglund and M. Annerfeldt [6] presented a decrease in the average Nusselt number with the 

increase in spacing. 

1.3 Liquid Crystal Thermography 

A brief description of liquid crystals and then a discussion over the liquid crystal thermography 

technique is presented below. 

 

1.3.1 Liquid Crystals 
Liquid crystals are organic substances which are in a phase between liquid and crystal. In this 

phase matter possesses both solid and liquid properties by having lose-crystalline structure. LCs 

are available both in natural and synthetic form with different viscosities. LCs are categorized on 

the basis of their optical properties, which varies due to their molecular arrangement. A 

schematic of four common LCs is given in the figure below: 

 

 

Figure 1.4: Liquid Crystals classification as per o ptical properties (Naughton 2002 [7]). 

 

1.3.2 Thermochromic Liquid Crystals (TLCs) 
As the name suggests, Thermochromic liquid crystals shows specific colors (chrome) that are 

dependent on temperature. Almost all the TLCs belong to Cholesteric (Chiral Nematic) type of 

LCs. These types of LCs are organized in parallel layers.  
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Figure 1.5:  Schematic of structure of cholesteric liquid crysta l (Ireland 2000 [8]). 

 

TLCs are colorless except in a specific temperature range, called ‘color-play-range’. Within the 

color-play-range, molecular orientation occurs so that a specific wavelength of the white light is 

reflected and other wavelengths are transmitted. In the color-play-range a TLC shows Red 

Yellow Green and Blue colors, where red at the lower temperature end and blue at the higher. 

TLCs are available in different lengths of color-play-range, with color-play-range >5oC are 

considered broad and with <1oC are called narrow band TLCs. Further detail about the structure 

and working phenomena is available in open literature, e.g. Ireland and T V Jones 2000 [8]. 

 

1.3.3 Thermography 
TLCs have been used for measurement of temperature distribution over a surface during the last 

three decades. Commonly used liquid TLCs consist of encapsulated molecules, which prevent 

them from damage and therefore increase their life time. TLCs are available in form of liquids 

and sheets. The TLC sheets are made of a very thin glued layer of encapsulated TLCs on 

transparent polyester [9]. Liquid TLCs are painted/sprayed over the surface under examination 

and a complete surface temperature can be measured. The accuracy of the measurement is 

dependent on the accuracy of the TLC calibration and resolution of the captured image. TLC 

calibration gives the relation between color and temperature. Since TLCs are very precise and 

fast in response (~3ms) [8], data in time and space is normally captured using video (or image) 

recording, this technique is called Liquid Crystal Thermography (LCT). When the target surface 

changes its temperature to a defined value time can be measured with recorded video frames. 

Important thing in this technique is to use the same camera and lighting settings both for 

calibration and experiments.  

 

Many researchers have done intensive work for the study of behavior and structure of jet 

impingement cooling using Liquid Crystal Thermography. In recent years detailed study can be 

found in the work of different research groups at universities such as Huang et al [10], Chambers 

et al [11] and Florschuetz et al.[5] studied the effect of cross-flow, Ekkad and Kontrovitz [12] 

studied the effect of using various target surface geometries including dimpled target surface. 

Ekkad et al [13] presented the detailed heat transfer distribution by rib turbulators and bleed holes 

using liquid crystal thermography technique. A lot of work by many researchers could be found 
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on the study of effects of different parameters for example, impingement to target plate distance, 

jet holes diameters, sparse and dense arrays, inline and staggered arrays of holes. 

 

1.3.4 Advantages and Limitations of TLC 
TLC application gives surface response with high resolution in time and space. Response time of 

TLC can be as low as 3 milliseconds [8]. TLCs are available with different color-play-ranges 

from 1oC to 20oC and can work in the temperature range of -30oC to 115oC. Liquid Crystal 

Thermography is popular since it is a nonintrusive technique. This method is comparatively 

cheap for similar applications and gives very fine repeatability. 

 

Color-play-range of TLC may be destroyed due to contamination and exposure to ultra violet 

(UV) light. TLCs should not be put under high temperature (temperature above their color-play-

range upper limit) for a long time; this could distort the color response temperature [14]. Color 

sighting of active TLC surface is dependent on lighting and viewing angle. Therefore exactly the 

same camera and viewing angle should be used in calibration and in experiments. 

1.4 Objective 

This thesis study is carried out to validate the currently used impingement cooling correlations 

for the combustion chamber liners of the gas turbines manufactured by Siemens Industrial 

Turbomachinery AB in Finspång, Sweden. The thesis can be subdivided into four major 

sections:  

1. Manufacturing of the rig 

2. Calibration of Thermochromic Liquid Crystals 

3. Successful running of the experiments  

4. Post processing of the experimental data (video and images) using MATLAB.  
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Chapter 2 

2 Experimental Methodology 

This chapter discusses theoretical background of the study. Reason for selecting transient 

method is briefly discussed. In the beginning, conditions of the model scaling are described. 

2.1 Similarity Laws and Scaling 

To achieve engine condition in laboratory is not only infeasible but also dangerous and 

therefore similarity parameters are used to achieve the engine conditions at laboratory level. 

Two important similarity parameters in fluid mechanics are Reynolds number and Mach 

number. To get the dynamic similarity one has to fulfill the following condition: 

 

   Rem =  Reo           (2.1) 

 

(Subscript ‘m’  and ‘o’ stands for model and engine conditions respectively.) 

 

Moreover, in incompressible flow conditions difference between Mam (Mach number of 

model’s jet) and Mao (Mach number of engine’s jet) should not be a too large value. 

Mach number is defined as: 

   a

V
Ma =            (2.2) 

 

where V is velocity of jet and ‘a’  is speed of sound at the particular temperature and pressure. 

 

Reynolds number for model and engine can be written as: 

 

   mm

mm
m A

Lm

µ
&

=Re          (2.3)        
oo

oo
o A

Lm

µ
&

=Re          (2.4) 

 

A geometric relation between the dimensions of the model and engine can be written as: 

 

om LsL ⋅=           (2.5) 

 

where ‘s’  is scaling factor. Putting the above relation in equation 2.1 gives: 

 

mo

om
m As

Lm

µ⋅
=

&
Re            (2.6) 
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Comparison of equation 2.2 and 2.3 gives the following relation: 

 

smm
o

m
om ⋅⋅=

µ
µ

&&           (2.7) 

 

The scaling factor s is decided on the basis to get reasonable geometry, pressure and 

temperatures for model condition. The engine data e.g. Re, Ma, Temperature and Pressure, are 

known and after some calculations a scaling factor ‘s’ is chosen for the configuration tested in 

this study. In the beginning model temperature and pressure are chosen approximately and 

used to calculate the air properties, e.g. dynamic viscosity mµ , which is used to calculate 

model mass flow. Calculated mass flow at this stage is a rough value to have an idea about the 

experimental conditions. Theses calculated parameters are used for the rig designing and 

scaling factor is used for the test section manufacturing. During the experiments, temperature 

and pressure values are little bit different from the values used for rig designing. In each 

experiment newly calculated temperature and pressure values are used in order to get the 

target Reynolds number with available jet diameter. 

2.2 Transient Liquid Crystal Thermography 

There are two methods in use for liquid crystal thermography, steady-state and transient, 

where the later is used in this project. A brief description of the steady-state method is given 

below and then transient method is discussed in more depth. 

 

2.2.1 Steady-State Method 
The liquid crystal thermography technique is first used with steady-state method, for example, 

Steady-State Single Color Tracking Technique by Hippensteele [15] et al. in 1983. Moreover, 

Camci et al. 1992 [16] used Steady-State HSI technique, in which instead of analyzing true 

color (Red, Green and Blue, generally called RGB) images Hue-Saturation-Intensity (HIS) 

images were examined. 

 

To use the steady-state method a uniform heat flux over test surface is required, which is 

normally achieved by using film-heater. After achieving the uniform heat flux, images of the 

surface are captured. Using the following equation, convective heat transfer coefficient can be 

determined. 

ms TT

q
h

−
=              (2.8) 

 

Where q and Tm are known supplied heat flux and mainstream temperature. Ts is the surface 

temperature, measured by color-temperature calibration. 
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2.2.2 Transient Technique 
As stated above the steady state technique requires a uniform heat flux over the testing 

surface, which is quite difficult to achieve on complicated geometries. Moreover, the steady-

state method has issues of lateral heat conduction in the wall which increases its uncertainty. 

To resolve these issues a transient technique is used. In this technique a step change in 

mainstream temperature is required, from To (initial temperature) to Tm. As a result heat 

transfer takes place between mainstream and wall, and wall temperature changes from To to 

Ts. Boundary conditions associated with the method are described below: 

 

 

Figure 2.1: Heat transfer in a semi-infinite thick wall.  

 

Principle of conservation of energy in term of Fourier’s law, for heat conduction in a 

rectangular control volume, presented in figure 2.1, is given as: 

 

t

T
c

z

T
k

y

T
k

x

T
k

∂
∂=

∂
∂+

∂
∂+

∂
∂ ρ

2

2

2

2

2

2

          (2.9) 

 

where T is local wall temperature at position x,y,z and time t. And ρ, c, k are density, specific 

heat and thermal conductivity of the wall material. By assuming that the rate of change of 

internal energy in the wall is only due to one dimensional heat conduction (1D Heat 

Conduction) in z-direction then the above equation becomes: 

 

t

T
c

z

T
k

∂
∂=

∂
∂ ρ

2

2

 
        (2.10) 

   

Where left hand side represents the rate of heat conduction into the body and right hand side 

represents the rate of change of internal energy inside the body. 
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Furthermore, to get an analytical solution it is also assumed that the test surface is semi-

infinitely thick and as a result the thermal pulse from the impingement air cannot go through 

the body. Using the assumptions and below mentioned boundary conditions: 

 

T = To   at t = 0 

)( ms TTh
z

T
k −=

∂
∂−   at z = 0 and t ≥ 0 

T = To   at ∞=z  for all t 

 

Solution of equation 2.10 is given by: 

 






















−=

−
−

ck

th
erfc

ck

th

TT

TT

om

os

ρρ

2

exp1

 

        (2.11) 

 

In the above equation t is the time to reach the defined surface temperature (Ts) from the 

initial temperature (To). TLCs shows a specific color when a point on the surface reaches the 

defined surface temperature. The color-temperature relation is known from the TLCs 

calibration curve. By counting the video frames, t can be measured for any point that has 

achieved the target color or in other words the defined surface temperature. Knowing the t and 

the material properties (ρ, c and k), heat transfer coefficient h can be calculated from equation 

2.11. 

 

 

Figure 2.2: Description of temperature change in a transient test. 

 

Equation 2.11 is only valid if a step change in the mainstream temperature is achieved, but in 

practice mainstream temperature changes gradually. A description of temperature change in 



 

ideal and real transient test is given in figure 2.2. By using Duhamel’s superposition theorem 

to take every step change in mainstream temperature into account, equation 2.11 is modified 

as [17]: 

∑
= 





=−

N

j
os TT

1

1

 

where 

Ts = Surface or wall or temperature

To = Initial temperature of the Surface

∆Tmj = Consecutive difference of mainstream temperatures

h = Convective heat transfer coefficient

t = Time to reach the defined surface temperature

τ = Time step 

ρ = Density of test surface material, in this case Plexiglas

c = Specific heat of test surface material

k = Thermal conductivity of test surface material

N = Number of time steps

 

Using MATLAB, the right hand side of the above equation is solved for a r

the heat transfer coefficient, h

left and right hand side of the equation is selected.

 

Figure 2.3 : Graphical representation of

used in heat transfer equation solved with Duhamel’ s theorem (equation 2.12).
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right hand side of the above equation is solved for a r

h. That value of h which gives the smallest 

right hand side of the equation is selected. 

 

: Graphical representation of  mainstream temperature and time step 

used in heat transfer equation solved with Duhamel’ s theorem (equation 2.12).

ideal and real transient test is given in figure 2.2. By using Duhamel’s superposition theorem 

to take every step change in mainstream temperature into account, equation 2.11 is modified 

[ ]∆ mjT

 

        (2.12) 

right hand side of the above equation is solved for a range of values of 

 difference between 

mainstream temperature and time step 

used in heat transfer equation solved with Duhamel’ s theorem (equation 2.12).  
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Nusselt number 

Nusselt number, Nu, is a dimensionless number which is defined as ratio of convective to 

conductive heat transfer coefficient: 

 

airk

hd
Nu =

  
(2.13) 

 

Where d is the hole diameter and k is the thermal conductivity of the fluid, which is air in this 

case. Heat transfer coefficient h calculated from equation 2.12 is used in the above equation to 

calculate the Nu. Large value of Nusselt number means efficient convective heat transfer. The 

use of dimensionless Nusselt number allows a comparison of the results with other similar 

geometries and the results obtained by different researchers. 

  

Assumptions 

Two assumptions are used to drive the equation 2.12: 

� 1D Heat Conduction 

� Semi-infinite thickness of the test surface 

In order to follow the above assumptions, the test section is manufactured from Plexiglas 

which has low thermal conductivity (0.21 W/mK) and it is transparent. Plus, the tests are 

conducted for a short interval of time. It has been calculated that for a short interval of time, 

the lateral conduction (both in x and y direction) is very low and its effect is negligible as 

compare to the axial conduction of heat due to impingement, see Valencia [18] at el 1995. The 

time limit for an experiment can be calculated by using the Biot number, temperature ratioθ  

and Fourier number, given as [19]: 

 

Plexiglask

hL
Bi =

  
        (2.14) 

 

τλθ
2
1

1
−=

−
−= eA

TT

TT

mo

ms  (For center of plane wall)          (2.15) 

 

2L

t oplexiglssα
τ =

 
        (2.16) 

 

where A1 and λ1 in equation 2.15 are coefficients for one dimensional transient heat 

conduction problems, values of A1 and λ1 are available in elementary heat transfer books, and 

α is thermal diffusivity. The calculated time limit for the presented work is not less than 150 



14 

 

Rδ

seconds in any experiment and the normal time for a test run is not more than 60 seconds, 

which means that the experiments has fulfilled the assumptions. 

2.3 Uncertainty Analysis 

Experimental uncertainty is determined using the method described by Moffat 1988 [21]. For a 

result, R, calculated from several independent variable, 

 

  ),...,,,( 321 NXXXXRR =   (2.17) 

 

The uncertainty in result is given by: 

 
2/1

1

2






















∂
∂= ∑

=

N

i
i

i

X
X

R
R δδ   (2.18) 

 

where  

 = Uncertainty in result. 

iXδ  = Individual uncertainty of each variable.  

 

Uncertainty in the value of heat transfer coefficient, h, is dependent on uncertainty in the 

temperature values, To, Ts, Tm and time t. Uncertainty in these parameters is given below: 

 

S. no. Parameter Uncertainty 
1 Initial Temperature, To ±0.5oC 
2 Surface Temperature, Ts ±0.5oC 
3 Mainstream Temperature, Tm ±0.5oC 
4 Time, t ±0.04 sec 

Table 2.1: Uncertainty distribution 

Relative uncertainty calculated for heat transfer coefficient measurements is ±6.4% at 

maximum. Moreover, total error for the mass flow measurement is no more than 1.5%. 

Uncertainty in the geometrical dimensions of the Plexiglas plate is ±0.1mm. It is concluded 

that the estimated experimental uncertainty is within ±8%.  
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Chapter 3 

3 Experimental Setup 

This chapter includes the details of complete experimental process, instruments used and 

airflow network for the experiment. Plus the description of test section and parts of the rig are 

described here. The TLC calibration curves used in post processing are also presented in this 

chapter. 

3.1 Test Rig 

Before describing the whole network of the experiment, following is a list and brief 

description of the parts/equipment used in the experiment. They are listed in the same 

sequence as they appear in the airflow path. A schematic of the airflow path can be seen in 

figure 3.1. 

 

1- Air compressor: Atlas Copco GA Screw Air Compressor. 

2- Air filter:  Wilkerson Particulate Filter F35-CB-F00. 

3- Pressure control valve: Diaphragm pressure control valve. 

4- Orifice flow metering:  Orifice plate and pipe is designed according to ISO 5167-1 

and ISO 5167-2, respectively. Pressure upstream and downstream of the orifice plate 

is measured and sent to the PSI unit. Temperature of the air is measured by a K-Type 

thermocouple and sent to the Datascan unit. These reading are then used by 

FluidVIEW to calculate the mass flow for every second. 

5- Heater: Heater consists of 15 elements, each 2 kW at 230 V i.e. total 30 kW at 230V 

is used. An overheat safety is attached with the heater, the safety limit and heater 

power are adjusted by digital controllers. 
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Figure 3.1: Airflow Network. 

 

6- Plenum The plenum is equipped with a bypass of 54 mm diameter. During the 

preparation of transient test hot air is bypassed to heat up the plenum and get a stable 

temperature of air. Otherwise cold metal walls may influence the air temperature in 

the experiment. During the transient test, holes in the impingement plate are the only 

exit for the airflow. Plenum and test section is separated by a rapid lid mechanism 

which is operated by a double-acting pneumatic cylinder DNC-80-200-PPV-A–

163440 (Festo, Germany). The cylinder is controlled by a 24 volt electrical switch. 

The opening time of the lid is less than a second and when the lid is opened air rushes 

into the test section. Moreover, for safety purpose, a rupture disc is attached to the 

plenum and it would rupture if due to any malfunctioning pressure inside the plenum 

is more than 3bar. 

 



17 

 

 

Figure 3.2: Plenum and Test Section. 

 

7- Vacuum section Between the plenum and test section a rectangular duct is placed that 

is connected to a vacuum pump. This vacuum section has two functions, first to suck 

out any leakage from the plenum during the air heating period to ensure that the initial 

temperature of test section is at room temperature. The second function is to rapidly 

cool down the test section after a test. A manually operated butterfly valve is attached 

to the suction pipe which is turned closed just before the test and no air could go to the 

vacuum during the experiment. 

 

8- Test Section Test section consists of one impingement plate, one target plate and 

wooden spacer between the two plates. This is the last section for airflow. 

 

3.1.1 Airflow Network 
Air is supplied to the system from a compressed-air-net at site. The main compressors 

maintain pressure between lower bound of 6 bars and upper bound of 7 bars. This pressure 

bounding gives a periodic cycling of mass flow rate. Unfortunately this cycling issue is not 

eliminated and fluctuation of max ca 7 g/s is observed within a minute. This compressed air 
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with mean pressure of ca 6.5 bar and temperatures of ca 20oC (dependent on ambient air 

temperature) is passed through the pressure control valve. The valve is used to maintain a 

constant mass flow rate for the experiment by controlling the pressure. Downstream to the 

valve an orifice meter is used to measure the mass flow rate. Then the air comes into the 

heater and heated up by the hot elements inside the heater. This hot air is directed into the 

plenum through a flexible rubber tube and the tube is then connected to a perforated steel 

pipe, which is shown in figure below: 

 

 

      Figure 3.3: Perforated inlet to plenum. 

 

To reduce thermal losses, heater and the flexible tube are insulated with glass wool. Plenum is 

also insulated with glued insulation sheets. Airflow coming into the plenum is blocked by a 

steel plate to avoid hitting the hot air directly onto the lid between the plenum and the test 

section, please see figure 3.2. The hot air comes out from 4 mm holes all around the steel pipe 

but not from front, as shown in figure 3.3. Moreover, the idea behind this type of air inlet is to 

have evenly distributed airflow during the experiments. The hot air is then bypassed into 

atmosphere away from the test section until a stable temperature in the plenum is achieved for 

20 to 30 minutes. The bypass opening is located in the plenum in a way that when the lid 

between the plenum and the test section is opened no air can flow through the bypass, means 

that the lid is working as butterfly valve. When a stable hot air temperature is achieved, the lid 

is opened and the hot air rushes into the test section through the holes of impingement plate. 

The test section is closed from three sides and impinged spent air flows towards the open side, 

creating the cross flow, and streamed out in the lab. 

 

Gaskets are used between all the flange connections. The plenum-lid is covered with soft 

window sealing all around its perimeter and silicon is used from outside at the plenum to 

vacuum-section joint and vacuum-section to test-section joint. 

3.2 Instrumentation 

Pressure Scanner Model 9010 PSI unit by Pressure Systems (Esterline Technologies) is used 

for the pressure measurements. Pressure measurements are taken at following locations: 

1. Pressure before the orifice. 

2. Pressure after orifice. 
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3. At inlet of plenum and 

4. At outlet of plenum. 

 

Datascan Unit  7220 by Adept Scientific is used for acquiring data from thermocouples and an 

electrical signal from a LED. 

 

Thermocouples: 1 sheathed and 7 unsheathed (naked) N-type thermocouples are calibrated 

with a calibrated PT100 thermometer in steady-state water bath. A brief description of the 

thermocouple calibration is given in appendix A. 

 

Types and positions of thermocouples used in the experiments are as follows: 

1. Two unsheathed thermocouples attached to the calibration plate during calibration. 

Type N. 

2. After orifice meter, this gives the reading of compressed air temperature, which is 

used in mass flow rate calculation. Type K. 

3. At the exit of heater. Reading from this thermocouple is control parameter for safety 

controller. Type K. 

4. Just before the plenum inlet. Type K. 

5. Inside the plenum. Type N. 

6. Two thermocouples are inserted between the lid and test section, one on the upper left 

corner and second on the lower right corner. Readings of these thermocouples are 

considered as mainstream temperatures. Type N 5 mm unsheathed. 

7. On the target plate surface but below the area of interest and reading from this 

thermocouple is used as the initial temperature To. Type N 5 mm unsheathed. 

 

Desktop Computer Intel Celeron 440, 2.00GHz with 1.99GB of RAM is used for data 

acquisition and another desktop computer Intel Pentium 4, 3.4 GHz with 2GB of RAM is 

used for post processing using MATLAB. 

 

Sony DCR-SR290E (CMOS sensor) digital video camera is used for capturing video during 

the TLC calibration and transient experiment. It is a PAL-system (Phase Alternating Line) 

based camcorder with frame rate of 25 frames per second. 

 

Three halogen lamps, each 150Watt, are used as lighting source. 

 

Software 

FluidVIEW  a Siemens built data acquisition software, written in LabVIEW. It is used for 

data logging. FluidVIEW logs the measurements from the Pressure Scanner and the Datascan 
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unit in a Data Interchange Format (.dif) file. Knowing required variables, FluidVIEW can 

calculate and give output in the log file, for example, mass flow rate.  

 

Picture Motion Browser version 2.0.06.13151 by Sony Corporation is used to transfer the 

recorded videos from the Sony camcorder to the computer. 

 

Adobe Premiere 6.0 by Adobe Systems is used to get frames from the recorded videos. 

 

MATLAB  R2008b with Image Processing Toolbox Version 6.2 by The MathWorks Inc. is 

used for post processing. 

 

Liquid Crystals 

Black backing paint SPBB and TLC containing R30C5W (SPNR30C5W) and R40C5W 

(SPNR40C5W) by Hallcrest Inc. is used for impingement and target plate experiments 

respectively.  

3.3 Temperature and video data synchronization 

It is very important to correctly match the recorded images with the related mainstream 

temperature. To achieve this relation a LED (light emitting diode) is used, which is powered 

from the same electrical switch which operates the lid. Moreover, two wires are connected 

from LED to Datascan Unit. LED is taped on the target plate away from the interested area 

but in the range of camera view. When lid is opened LED turned on and an electrical signal is 

sent to the Datascan Unit, this electrical signal is recorded as a millivolt signal in the logger 

file. Log data is selected from the first millivolt signal to the last and also the video is picked 

from the point when LED turned-on until it turned off. 

 

 
Figure 3.4: LED attached on test surface.  

LED is used for correctly matching the temperature data and video recording. This 

is the first frame when lid is opened but TLC has n ot started changing its color. 
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3.4 Steady State Calibration of TLC 

Steady-state calibration of TLC-color-response and temperature of the surface is carried out 

before using the TLCs for thermography. Detailed description of the calibration method is 

given in appendix A. Following are the calibration curves obtained after the calibration for 

TLC 30-35oC and TLC 40-45oC: 

 

 

Figure 3.5: Hue-temperature curve OR Calibration cu rve for TLC with color-

play range of TLC30-35 oC. 

 

 

Figure 3.6: Hue-temperature curve OR Calibration cu rve for TLC with color-

play range of TLC 40-45 oC. 
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3.5 Test Section 

Test section is consists of impingement plate, target plate and the spacers between the two 

plates. Since the spacers block the airflow to exit from the sides therefore also called as walls. 

Below is description of each part of the test section. 

 

Walls 

Three pieces of Masonite board are used to separate the Impingement and Target plate, see 

figure 3.2 and 3.8, these pieces are named as Walls. There are three walls, upper wall, lower 

wall and side wall. These walls block the airflow from the three sides. Upper and lower walls 

are rectangular in shape but the side wall has 45oangle to simulate the engine configuration, as 

shown in the figure 3.9. Thermal conductivity of Masonite is 0.18 W/mK. 

 
 

 
 

 Figure 3.7: Side view sketch of test -section . 

      Test section is bolted with the plenum.  
    Figure 3.8: Side wall front and section view.  

 

Effect of different spacing on impingement and target plate cooling is tested in this project, 

especially at the contact area of side wall and target plate is of much interest, as this is the 

welded joint in the combustion liner. 

 

Impingement and Target plates are made of 10 mm thick transparent industrial grade 

Plexiglas, properties of the Plexiglas are listed below. 

 

Property Value Unit 

Thermal conductivity, k 0.21 W/mK 

Density, ρ 1200 Kg/m3 

Specific heat, cp 1240 J/kgK 

Thermal diffusivity, α 1.4113E-07 m2/s 

Table 3.1: Plexiglas properties. 
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Total 16 sharp edged circular holes, of diameter d, are drilled in impingement plate, where 5 

holes in first and third column and 6 holes in middle column, with column to column spacing 

‘x’ and row to row spacing ‘y’. (All dimensions are within tolerance of ±0.1 mm.) For all 

tests, distance between the upper wall to the middle column’s upper hole is 0.6y; same is for 

the lower wall. Distance between the holes of first column to the side wall’s edge is 0.156x, 

for all tests. Target plate is a flat rectangular plate. Impingement plate is shown in figure 

below: 

 

 

Figure 3.9: Impingement plate: 

(A) with attached Masonite walls. 

                 (B) 3D view of impingement plate m ade of Plexiglas. 
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3.6 Investigated cases 

Experiments are conducted to get the heat transfer distribution over both impingement plate 

and target plate. Effect of three different Reynolds numbers is tested on both plates. In 

addition, three different spacers (z/d = 1.68, 2.18 and 5.45) for target plate and two different 

spacers (z/d = 1.68 and 2.18) for impingement plate are tested to see the effect of spacing 

between the two plates. 

 

To compare the results with other work, all geometrical parameters are described in non-

dimensional form. All lengths are ratio of physical lengths to hole diameter, this is same for 

the Reynolds and Nusselt number calculation. Here, x/d and y/d represents the stream-wise 

and span-wise distances between the holes and z/d is the non-dimensional representation of 

distance between the impingement and target plate or in other words ration of the spacer 

thickness to the jet hole diameter. 

 

Investigated cases are listed in tabular form, in all cases x/d=7.27 and y/d=3.41 

 Impingement Plate 

Reynolds number ca z/d 

26000 1.68 2.18 - 

35000 1.68 2.18 - 

42000 1.68 2.18 - 

 Target Plat 

26000 1.68 2.18 5.45 

35000 1.68 2.18 5.45 

42000 1.68 2.18 5.45 

Table 3.2: List of investigated cases. 

3.7 Experimental Procedure 

Following is explanation of the painting sequence used in the target plate tests and 

impingement plate tests. Further on, the experimental procedure is described stepwise. 

 

TLC painting of test plates 

Impingement plate is first painted with a light layer of black background color to avoid any 

reflection and to get clear response of the TLC colors in the camera. For target plate first the 

TLC is painted and when it is dried out a very thin layer of black background paint is applied 

on the top of TLC layer. Total thickness of TLC and black background color is not more than 

10 micron when dried. For the impingement plate TLC of color-play-range from 30oC to 35oC 

is used and for target plate TLC from 40oC to 45oC is painted. A schematic of painting 

sequence for both plates is depicted below: 
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Figure 3.10: Liquid crystal and black backing-paint  painting sequence. 

Procedure 

1. Test section is bolted with the vacuum-section and thermocouples are attached to their 

locations. Vacuum-section and the plenum contacts are already sealed with silicon. A 

fresh silicon sealing is applied on the test-section and vacuum-section joints (see 

figure 3.2), silicon may take 4 to 5 hours to dry and become effective. 

2. Before starting the airflow, current reading of the atmospheric pressure is entered in 

the FluidVIEW and a logger file is defined. All measurements for example 

temperature, pressure, mass flow rate etc. are now logged in the defined logger file; 

frequency of the data logging is 1Hz. 

3. After turning on the airflow, the pressure valve is adjusted to get the desired mass 

flow. Area around plenum and test section is checked for leakage. 

4. Heater is switched on and its temperature and safety limits are set digitally. Vacuum 

pump is also turned on to get rid of any hot air leakage from the plenum. To set the 

temperature of the heater, Florschuetz correlation is used to estimate the Nusselt 

number for the tested Reynolds number. This Nusselt number is then used to calculate 

the heat transfer coefficient at a guessed mainstream temperature. Knowing the initial 

temperature To, target surface temperature Ts and using the guessed mainstream 

temperature Tm, temperature ratio θ is calculated. A Siemens internal report is 

available which suggest the uncertainty of a transient TLC experiment on the basis of 

heat transfer coefficient and temperature ratio. The calculated temperature ratio is 

checked with the report uncertainty levels and finally an optimal mainstream 

temperature is selected which gives minimum uncertainty for the average heat transfer 

coefficient at the tested Reynolds number. The uncertainty relations and graphs for 

transient TLC experiments are also available in open literature, for example, Youyou 

and Michael 2002 [20]. 

5. During the air heating, the camera and lamps are set on their locations and camera 

settings are changed from auto to previously chosen settings. It takes around 30 to 45 

minutes to get a stable desired temperature in the plenum, depending upon Reynolds 

number.  
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6. Once the stable temperature is reached, lamps and video recording are switched on. 

Vacuum butterfly valve is turned closed and lid opened. 

7. Normally it takes max 30 second to get the entire test plate area colored blue and once 

it is attained, the lid is closed. Camera, lamps and heater switched off, and vacuum 

started again. To be on safe side heater cables are unplugged. When heater is cooled 

down air supply is terminated. 

8. Logging is stopped and logger file is saved as MS Excel workbook for further 

processing. Video is transferred from the camera to computer for post processing. 

 

Clips from the videos of target and impingement plate tests can be watched at following web 

address: http://www.youtube.com/watch?v=qgwEGavDE9o 

 

 

 



27 

 

Chapter 4 

4 Post Processing 

Post processing can be divided in two sections 

1. Post processing of temperature and pressure data. 

2. Post processing of image data. 

4.1 Temperature and pressure data reduction 

Following are steps of temperature and pressure data post processing: 

 

1. As described earlier that the temperature and pressure data is logged in a Data 

Interchange Format (.dif) file format. DIF format is limited to a single worksheet and 

limited formatting can be done. For further processing this DIF log file is saved as MS 

Excel workbook. 

2. Using stabilized mainstream air temperature (Tm), and pressure; density, velocity, 

dynamic viscosity, Reynolds number, specific heat capacity, thermal conductivity, and 

Prandtl number are calculated. The above mentioned parameters are calculated with 

following formulas for working fluid air. 

 

Density:  
)15.273( +

=
TR

Pρ             (4.1) 

Velocity:  
A

m
V

ρ
&

=            (4.2) 

Dynamic Viscosity: 6101))20(0495.018.18( −××−×+= mTµ  §      (4.3) 

Reynolds number: 
µ

ρVd=Re            (4.4) 

Specific heat capacity:  

cp = 8.6553890984 x1x10-18 x (Tm+273.15)6 _ 1.0279081754E-13 x (Tm+273.15)5 + 

4.8130534069 x1x10-10 x (Tm+273.15)4 _ 1.1106107426 x1x10-6 x (Tm+273.15)3 + 

0.0012432384097 x (Tm+273.15)2 _ 0.42233419975 x (Tm+273.15) + 1050.5249856 

        (4.5) 

Thermal conductivity: 

kair = 2.1528426 x 1x10-15 x Tm
4 _ 7.1365923 x 1x10-12 x Tm

3 _ 0.000000019664468 x 

Tm
2 + 0.000077712393 x Tm + 0.023943406           (4.6) 

 

Prandtl  number  
k

cpµ
=Pr             (4.7) 

§ Reference: ELFYMA, standard formula book in Sweden. 
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(Note: Temperature in all above formulas is used in oC) 

 

3. Data is selected in the range where the LED millivolt signal is present. This data is 

copied to another worksheet, to safely have the original data and further processing of 

the useful data. 

4. Furthermore, a new sheet is added in the workbook in which MATLAB program 

writes the output data. A macro, AddColumn, is recorded in this sheet which adds two 

new columns A and B. The macro is operated by MATLB HTC calculation program 

and avoids overlapping of data writing. 

4.2 Post processing of image data 

1- Recorded video of the experiment is transferred from the camcorder to the computer 

by a USB connection and using the Sony Picture Motion Browser software. 

2- Video is trimmed out from the point where the LED switched on and till the point 

when LED switched off. This trimmed out video is used for post processing. 

3- The trimmed video is imported in Adobe Premier 6.0 and video frames are extracted at 

the rate of 25 frames per second (fps), remember that video is also recorded with same 

frequency. The extracted frames are in sequence and have resolution of 680x400 

pixels.  

 

4.2.1 Programming 
This huge amount of data is solved by programs written in MATLAB. Image Processing 

Toolbox Version 6.2 is used for image reading. There are two programs written in MATLB, 

one is to read and store the data of all the images in a matrix. The second program, relates the 

image data with the temperature data saved in excel file and solves the heat transfer equation 

for every point in the area of interest. The first program is used as function in the second 

program. First program is named as UIM.m (Universal Image Matrix) and second is 

Calculate_GlobalHTC.m. 

 

4.2.2 Noise Reduction and Analyzed area 
In the image data storing program, UIM.m, noise in the RGB and Hue images is reduced by 

following method: 

In the beginning of the experiment, test plate appears black due to black background 

color on the plate. But, due to the light intensity a glare is produced on the shiny 

surface of Plexiglas. This glare results in noisy hue values when images are converted 

from RGB to HSV format. It is observed that at these noisy points the sum of R, G and 

B values is much lower than the pixels without noise. To find out what is the value 

below which pixels can be considered as noise, some selected rows of sum of R, G, 
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and B matrix, called SumRGB in the program, are plotted. By these plots a limit can 

easily be set to determine pixels with noise and pixels without noise. After deciding 

this noise limit, called RGB noise limit in the program, all pixels where SumRGB is 

below the value of RGB noise limit are replaced with new value of R = G = B =24, 

i.e. SumRGB at those noisy pixels is now 72. This value gives black color in RGB 

images and when converted to HSV scale it gives zero value to hue. After 1 or 1.5 

seconds when liquid crystal layer starts changing its color the sum of R, G and B 

increases significantly and this noise reduction method does not drop any useful data. 

4.3 Difference between Area of Interest in Correlation and Present Study 

As described earlier that the impingement plate consist holes in three columns. The first and 

third column has five holes and second column has six holes, as shown in figure 3.8. 

 

The area considered in correlations is: 
x/2 and y/2 up and down from center of the holes at first column second row from 

the upper wall and third column fourth row of impingement plate. As shown in 

figure 4.1(a). 

 

But, in present study the analyzed area is not exactly the same as of correlations. In the 

current study actual combustor liner geometry is followed, which causes the difference 

between the area of interest of present study and of correlations; see figure 4.1 and 4.2. 

 

For all impingement plate tests the distance between the first column of holes and edge of side 

wall is constant. Schematic of the area of interest in correlations and area considered in 

impingement plate tests is given below: 

 

Figure 4.1: Correlation Area and Analyzed Area. 

(a) Area of interest considered by correlations, ma rked by \\ lines. 

(b) Impingement plate test area is marked with // l ines. In all impingement 

plate tests, the examined region is at same locatio n and dimensions. 

 

For the target plate the area analyzed is varied with the change of z/d. Regions analyzed in the 

target plate tests with three different z/d values are depicted below: 
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Figure 4.2: Target Plate Analyzed Area. 

Area inside black border is the correlation area.  

Region marked with // lines is the analyzed area in  present work.  

(a) when z/d = 1.68   (b) when z/d = 2.18   (c) whe n z/d = 5.45 
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Flowchart of image analysis program 
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Flow chart of HTC calculation program  
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Chapter 5 

5 Results 

As described earlier the MATLAB program Calculate_GlobalHTC.m gives the calculated 

Nusselt number matrix containing the Nusselt number value for every pixel of the test surface. 

The resultant Nusselt number of the experiments can be viewed in two ways: 

 

1- Averaged Nusselt number of the whole test surface. That is the average of the 

Nusselt number matrix. This average value is useful when comparing the experimental 

results for example with correlations, different geometries, different target-to-

impingement plate distance and or with other parameters. 

 

2- Detailed visualization of the heat transfer distribution over the test surface in terms of 

Nusselt number is presented in four different plots: 

i. Surface Map 

Surface map is the graphical representation of the Nusselt number matrix in which 

a color map, called ‘hot’ in MATLAB, represents different Nusselt numbers with 

different colors. In the following surface maps higher values are represented by 

red color and lower values are represented with blue color. Areas under the jet are 

most effectively and very rapidly influenced by the impingement air; therefore the 

heat transfer coefficient is much higher in those areas. High heat transfer 

coefficient means higher Nusselt number values. 

ii.  Span-wise Average 

These plots are representation of column wise averaged values of Nusselt number 

matrix. These plots are of crest and trough patron, where the crest or peak 

represents the columns with higher Nusselt number and the trough represent the 

columns with lower Nusselt number values. 

iii.  3D Map 

In these plots the vertical axis and different colors represents the intensity of the 

Nusselt number. 

5.1 Target Plate Results 

In this section the target plate results are given in the three graphical forms as described 

above, surface map, span-wise average plot and 3D map. These results are followed by a brief 

discussion on the surface averaged Nusselt number values. Following are the results of the 

nine tests conducted on the target plate. The nine tests can be divided in three sets: 
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Set 1 

Test 
Re z/d 

Set 2 

Test 
Re z/d 

Set 3 

Test 
Re z/d 

1 25638 1.68 4 26592 2.18 7 25401 5.45 
2 35196 1.68 5 33429 2.18 8 35281 5.45 
3 41844 1.68 6 42251 2.18 9 43042 5.45 

Table 5.1: Values of Reynolds number and z/d for th e target plate tests. 

Target Plate test 1 z/d 1.68 Re 25638 
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Target Plate test 2 z/d 1.68 Re 35196 
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Target Plate test 3 z/d 1.68 Re 41844 
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Target Plate test 4 z/d 2.18 Re 26592 
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Target Plate test 5 z/d 2.18 Re 33429 
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Target Plate test 6 z/d 2.18 Re 42251 
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Target Plate test 7 z/d 5.45 Re 25401 

 

 
 

 

 



42 

 

Target Plate test 8 z/d 5.45 Re 35281 
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Target Plate test 9 z/d 5.45 Re 43042 
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5.2 Impingement Plate Results 

The calculated Nusselt number for the impingement plate is represented for three different 

Reynolds numbers and two different z/d values. Results are presented in the same manner as 

for the target plate results. Six tests are performed on the impingement plate. These tests are 

divided in two sets:  

 
Set 1 

Test 
Re z/d 

Set 2 

Test 
Re z/d 

1 27099 1.68 4 26951 2.18 

2 37276 1.68 5 36890 2.18 

3 42576 1.68 6 43391 2.18 
Table 5.2: Values of Reynolds number and z/d for th e impingement plate tests. 
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Impingement Plate z/d 1.68 Re 27099 
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Impingement Plate z/d 1.68 Re 37276 
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Impingement Plate z/d 1.68 Re 42576 
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Impingement Plate z/d 2.18 Re 26951 
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Impingement Plate z/d 2.18 Re 36890 
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Impingement Plate z/d 2.18 Re 43391 
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Chapter 6 

6 Discussion 

This chapter discusses the results presented in chapter five and after that conclusions are made 

over the entire thesis work. Some points for future work are given at the end of the chapter. 

6.1 Discussion on Target Plate Results 

Following conclusions are made from the analysis of target plate test results: 

1- Similar to all other studies it is clear that by rising the Reynolds number, value of 

overall heat transfer coefficient increases. 

 

 
Figure 6.1: Comparison of target plate results with  different Reynolds number, different z/d and 

with results of Florschuetz correlation. 

 

2- Higher the gap between the target and impingement plate there is decrease in Nusselt 

number value. Remember that Florschuetz correlation is valid for the z/d from 1 to 3 

and in present study z/d varies from 1.68 to 5.45. But even for the z/d 1.68 and 2.18 

the trend of decrease in average Nusselt number value with higher z/d is present.  
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3- For the case of z/d 2.18 and Reynolds number 33429 average Nusselt number value is 

out outlier, this may be due to some error in mass flow measurement. Another test 

should be conducted to verify. 

4- Cross flow effect is more obvious with higher value of z/d. For the z/d of 1.68 effect of 

cross flow on the third (last) row of impingement holes is almost negligible but of the 

highest z/d value a patron of decrease in Nusselt number span-wise average value can 

be seen. 

5- Secondary peaks on the left, right, up and down side of the main peaks can be seen in 

the Nusselt surface map and Nusselt span-wise graphs for the z/d 1.68 and also in z/d 

2.18 cases but it is not very obvious. 

 

 
Figure 6.2: Areas around the stagnation point with high Nusselt 

number at target plate with z/d 1.68, Reynolds numb er 25638. 

 

6- With the increase of spacing the distance between the jet and side wall increased and 

effect of impingement air is too low. This suggests that in case of increasing the jet-to-

target spacing a straight side wall would work better than a 45o angle wall. 

6.2 Discussion on Impingement Plate Results 

Following conclusions are made from the analysis of impingement plate test results: 

1- By increasing the Reynolds number, value of overall heat transfer coefficient 

increases. Same as target plate an outlier is observed at z/d 2.18 and Reynolds number 

36890.  

2- By increasing the gap between the target and impingement plate there is decrease of 

15 to 18% in Nusselt number value.  
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Figure 6.3: Comparison of impingement plate results  with different Reynolds number and 

different z/d. 

3- Cross flow has higher effect on impingement plate as compare to target plate. There is 

continuous decrease in heat transfer coefficient along the path of spent air.  

4- A combine re-impingement effect of two jets is observed in between the holes and 

slightly pushed in the cross-flow direction. The lowest value of Nusselt number is 

observed in the mid region of three neighboring holes, as shown in the following 

figure: 

 
Figure 5.4:  A segment from impingement plate’s surface map of N usselt number values. 

5- Quite high values of Nusselt number are observed just around the periphery of the jet 

hole.  

6.3 Conclusions 

Liquid Crystal Thermography technique has been used for detailed measurement of the heat 

transfer coefficient. This technique shows good results in comparison to other techniques. A 

number of TLC calibration tests have been conducted and show similar calibration curves 

each time, which confirms the repeatability of TLC measurements. Overall, the technique is 

simple and does not require expensive apparatus as compare to other surface-temperature 

measuring techniques, for example IR Thermography. Modern cameras and image processing 

tools make this technique quite efficient and fast. For example the post processing of the 
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experiment’s video frames in MATLAB takes one to two minutes and gives the result of each 

and every pixel of the tested surface. 

 

Painting of the TLC on the surface is easy and TLC sticks smoothly on the Plexiglas surface. 

Boroscope and ordinary halogen lighting are tested for the calibration. Since the camera 

recorded sharp colors under halogen lighting, halogen lamps are used for calibration and 

experiments. The rig built for the experiments worked very well. Airflow during the 

experiments is smooth and uniform. Lid opening time is less than a second which provides a 

sudden change in the mainstream temperature.  

 

The heat transfer coefficient is measured over the surface of the impingement and target 

plates. The effect of Reynolds number and jet-to-target plate spacing are presented for both 

plates. Results show that the overall heat transfer increased when Reynolds number is 

increased. The increase in z/d results in decrease of overall Nusselt number.  

 

Within the Florschuetz correlation limits, for the z/d 1.68 and z/d 2.18, the overall Nusselt 

number is 1% to 13% less than the correlation values. Outside the correlation range, for the 

case of z/d 5.45, the overall Nusselt number is 27% to 31% lower than the correlation values. 

However, it should be remembered that the area of interest in correlation and in the 

experiments is not exactly the same, please see section 4.3 for details. 

 

The difference between the impingement plate and target plate results is varies from 29% to 

42% and from 42% to 43% for z/d 1.68 and z/d 2.18, respectively. Comparison between the 

impingement plate and target plate results is presented in the graphs below: 

 

 

Figure 6.4: Comparison of Impingement and 

Target plate result with z/d 1.68. 

 

Figure 6.5: Comparison of Impingement and 

Target plate result with z/d 2.18.  
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Figure 6.6: Percentage difference between the impin gement and 

target plate results for z/d 16.68 and z/d 2.18. 

6.4 Future Works 

At Siemens Industrial Turbomachinery AB, different gas turbine models are manufactured 

and impingement cooling is used at various locations. The liquid crystal thermography 

technique is successfully used in this study and there are number of different components for 

which this method can be used. Following are the areas on which future work may focus: 

 

1- The results for the Reynolds number 35000 with z/d 2.18 are not satisfactory, both for 

the impingement plate and target plate experiments. New experiments should be 

conducted to get the better understanding of the effect of Reynolds number. 

2- A systematic variation in the z/d and Reynolds number. 

3- Different jet diameters and jet-to-jet spacing. 

4- Effect of cross-flow and its direction. 

5- A comparison between the experimental and CFD investigations.  

6- Application of the technique on complicated geometries. 
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APPENDICES 

Appendix A: Liquid Crystal Calibration 

Following is detailed description of the liquid crystal calibration process. Necessary details of 

the calibration accessories used are also described below. 

 

Calibration Plate 
One 10 mm thick aluminum plate and one 12 mm thick copper plate are used as calibration 

plates for calibration of TLC 40-45oC and TLC 30-35oC respectively. Aluminum and copper 

are selected due to their high thermal conductivity and smoothness of the surface. Two holes 

of 2.5 mm diameter and 100 mm apart are drilled in middle of the plates. These holes are used 

to attach unsheathed thermocouples on the metal plates. 1 hole with thread on each corner is 

made to hold the Plexiglas plate during the calibration.  

 

LC and Black Background Painting 
Dimensions of the painted area on the plate are same as of the experimental surface. This is to 

make sure about any spatial effect on the colors in the captured images. Before painting, the 

metal plates are cleaned properly with cotton to remove any dust, oil, or water etc particles on 

the surface. Air pressure of 2 bars and airbrush ‘Air Gunsa A.Z.4’ with φ 1.2 mm nozzle from 

the height of ca 25cm is used for painting. First a few layers of black backing paint are 

painted on both plates and then the plates got time to dry completely. After that, coats of 

respective TLCs are applied on aluminum plates until a wet thickness of 100 micron is 

achieved, it’s a recommended wet thickness from TLC manufacturer to get optimum dry 

thickness around 10 microns. A wet film thickness gauge is used to measure the paint 

thicknesses. Paint is scratched away from the areas on the plates where unsheathed 

thermocouples are to be attached. 

 

  
Figure 7.1: Air gun ‘Air Gunsa A.Z.4’ used for the painting of black background 

color and liquid crystal. Paint thickness gauge on the right side.  
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Issue of Reflection from Plexiglas and use of Tent 
Plexiglas has very smooth, shiny and reflective surface. To get rid of reflections from 

surrounding lights, all calibrations and transient tests are done in a tent of black cloth. The 

tent is used to avoid any other lighting to strike on the test surface and therefore chances of 

having any reflection on the Plexiglas surface are eliminated. 

 

Camera and its settings 
A Sony DCR-SR290E (CMOS sensor) camcorder is used for video recording of the 

calibration and experiments. Camera records the video at frequency of 25 frames per second 

(fps) and each frame from the video is exported in MS Windows bitmap format for image 

processing.  

Camera has following video recording specifications 

• Video compression format MPEG2 

• Video Signal PAL color, CCIR standards 

 

Following camera settings are used for calibration and experiments: 

• Camera to test plate angle 90o 

• Screen Aspect Ratio 16:9 (wide) 

• Focus: Manual. Camera is placed as close as possible to the test plate but capturing the 

whole painted area. This makes a distance of 440 mm from the centre of the test plate 

to the front of the camera. 

• Exposure 12 Points below the maximum. 

• White balance: In Door 

• Recording Mode: 9M (HQ) 

• Scene Selection: Auto 

• Tele Macro, Color Slow Shutter, Supper Night Shot, Fader, D. Effect, Pict. Effect: Off 

 

Lighting Source / Lamps 
Lighting type has much influence on color recognition by the camera and therefore on the 

liquid crystal thermography as well. Two type of lighting, white boroscopic light and halogen 

light, are tested during the calibration. Halogen lighting is selected as it gave useful hue range. 

Three halogen lamps are used in the final calibration and transient experiments. Two lamps 

are placed in front of the plate at an angle of ~45o from test-plate-plane and third lamp is 

placed over the plate again with ~45o. Distances of the first two lamps are 540 mm from 

centre of the lamps to side edges of the LC painted area and the third overhead lamp is at a 

distance of 510 mm from centre of the lamp to upper edge of LC painted area. As the halogen 

lamps emit noticeable amount of heat therefore a test is conducted to see the effect of emitting 
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heat on the test plate. Discussion on this issue is placed under the heading of ‘Calibration 

Experiments’. 

 

Calibration Experiments 
In this section a discussion is made over the use of different camera settings, light sources and 

effect of heating due to halogen lamps. Note that these experiments were done with 10 mm 

thick aluminum plate of size 200x200 mm2. 

 

Effect of white LED and Boroscopic lighting 

In the beginning of this project two types of lights were checked for use, boroscopic and 

halogen light. Moreover a single white LED lamp (230 V, 2.4 Watt, 40 lumen) was purchased 

to see its result. The LED gave a pointed illumination and the idea to use LED for this project 

was discarded. To give a try to LED the LED lamps with multiple LEDs could be checked. 

 

A boroscopic light ‘Olympus KMI KLS-201’ was used for the calibration of TLC 30-35oC. 

The Hue-Temperature curve obtained under boroscopic lighting is given in appendix B, figure 

B3. The results of boroscope and halogen lights are same for the Temperature greater than 

32.87oC (Dark green to Blue transition region) but below this there is a very small change in 

Hue with boroscope light and sharp drop in hue with Halogen light. It means that under 

boroscopic light, very important range of data is lost and it is decided not to use boroscope 

lighting. 

 

Effect of ‘Out Door’ white balance in camera settings 

During the transient experiments a lot of noisy points were observed in the images and to 

eliminate those points different camera settings were applied to see the effect of those settings 

on the image quality. By using ‘Out Door’ white balance there was a sharp reduction in the 

noisy points of RGB image, but the question was how this setting reading the colors. To get 

the answer, calibration under the Out Door white balance was conducted both for TLC 40-

45oC and TLC 30-35oC under Halogen light. It was observed that the camera with this setting 

did not recognized most of the color change, especially the shades of green color. Therefore 

this camera setting was not used in the final calibration and transient experiments. A 

Calibration curve under this setting is given in appendix B, figure B4. 

 

Effect of Heating by Halogen Lamps 

A test was done to measure the effect of emitting heat from the halogen lamps on the test 

plate. Two halogen lamps, 150W each, are placed at an angle of 45o (from left and right) in 

front of aluminum plate with a distance of 500 mm from the plate. (Please, remember that the 

same angle and distances are used in final calibration and experiments). Two thermocouples 

are attached at the surface of the test plate to measure the temperature change in plate. The 
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test was conducted for 63 minutes and increase of 5.88oC was observed. This means an 

increase of 0.093oC per minute, but it would be much lower if there is Plexiglas in front the 

aluminum plate. Since a transient test runs only for a minute on a Plexiglas and the lamps are 

turned-on right before the test therefore heating effect due to halogen lamps is assumed 

insignificant. 

 

Steady State Calibration Process 
As described earlier two separate plates are used for calibration.  

o 10 mm thick Aluminum plate for the calibration of TLC 40-45oC  

o 12 mm thick Copper plate for the calibration of TLC 30-35oC 

Separate calibrations for the two types of TLC are done with the same method. 

 

Following is the point wise description of the calibration process: 

• Two unsheathed calibrated thermocouples are attached in middle of the calibration 

plate, using masking tape.  

• A 10 mm thick Plexiglas plate is screwed in front of the calibration plate so that there 

is a space of ca 15 mm in between the two plates. Reason for placing the Plexiglas 

plate and the gap is to have same conditions in the calibration as of experiments. This 

spacing is tightly sealed with multiple layers of masking tape, all around the two 

plates. 

• After enabling the temperature data acquisition, the whole set of calibration plate with 

attached thermocouples and screwed Plexiglas is put in the oven to heat up.  

• When the temperature reached above 3oC from the color play range of TLC, the set is 

removed from the oven and placed vertically on the table inside the tent in front of the 

camera and lighting. Camera recording started and time is noted. In the beginning 

surface showed blue color as the calibration plate is at high temperature.  

• The plate is allowed to cool down naturally under the room condition and it took 

almost 30 to 40 minutes to fall 8 degrees and that is why it is called steady state 

calibration.  

• When the surface become black the video recording turned off and time is noted, also 

the data acquisition stopped.  

• Temperature data is selected from the start to the end time of the video recording for 

processing. Further on, using macros in MS Excel, 1 temperature reading per minute is 

selected and 1 frame per second is extracted in Windows bitmap format using Adobe 

Premier. A matrix with the hue data of 1 image per minute of the complete video is 

created in MATLAB using UIM.mat program.  
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• Another program Calibration.mat takes time, temperature and hue data of images as 

input and gives an output result in MS Excel file with corresponding Hue and 

Temperature values of selected pixels.  

 

Thermocouple calibration 
1 sheathed and 7 unsheathed (naked) N-type thermocouples are calibrated with a calibrated 

PT100 thermometer in steady-state water bath from 22.5oC to 53oC. The water bath contains a 

stirring system to have a uniform temperature all around the vessel. Temperature readings 

from the thermocouples are read through Datascan Unit 7220 and recorded in a MS Excel file 

using FluidVIEW. The PT100 thermometer readings are recorded manually and then filled in 

the excel file for further processing. A linear relationship is developed between thermocouples 

and PT100 readings. 

 

baTT leThermocoupPT +=−100           (3.1) 

 

Coefficients ‘a’  and ‘b’  in equation 3.1 are calculated for each thermocouple and fed in the 

FluidVIEW. By doing this FluidVIEW automatically inserts the a and b coefficients in the 

respective thermocouples readings when saving data in excel file. The calibrated 

thermocouples had maximum standard deviation of 0.04oC.  
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Appendix B: Calibration Curves 

B1: Calibration curve for TLC30-35oC 

 
Figure B1: Hue-temperature curve OR Calibration cur ve for TLC with color-play range of 

30oC to 35oC, under halogen lighting. This is the curve used i n impingement plate tests. 

 

B2: Calibration curve for TLC40-45oC 

 
Figure B2: Hue-temperature curve OR Calibration cur ve for TLC with color-play range of 

40oC to 45oC, under halogen lighting. This is the curve used i n target plate tests. 
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B3: Calibration curve under Boroscopic Light 

 
Figure B3: Hue-Temperature curve for TLC of color-p lay range 

from 30 oC to 35oC under Boroscopic light. 

 

B4: Calibration curve with ‘White Balance: Out Door’ 

 

Figure B4: Hue-Temperature curve for TLC of color-p lay range 

from 40 oC to 45oC with camera setting ‘White Balance: Out Door’. 

 


