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ABSTRACT 

This study deals with the combination of film cooling techniques in an effusion cooled 

test plate. Geometrical parameters of the effusion cooling test plate have holes of 

diameter 1 mm, hole angle of 27° and 7.2 mm pitch in both streamwise and spanwise 

directions. Effusion holes are placed in a staggered manner with 9 holes per row, and 

there are 13 rows in total. Experimental and numerical investigation of adiabatic 

cooling effectiveness and convective heat transfer coefficient on an effusion cooled test 

plate is carried out with and without machined ring geometries upstream. For these 

tests, the effusion cooling geometrical parameters are scaled up by 3 times. Tests are 

carried out at blowing ratio ranging from 0.5 to 2.5, coolant to mainstream density ratio 

of 1.3 and at a mainstream velocity of 20 m/s. The convective heat transfer coefficient 

investigations are carried out using a constant heat flux surface with coolant and 

mainstream at the same temperature. Test plate surface temperature measurements are 

recorded by an infrared camera. Effusion cooling along with machined ring geometries 

upstream shows higher adiabatic film cooling effectiveness and higher film heat 

transfer coefficients than effusion cooling alone at all the blowing ratios. Measurements 

of overall film cooling effectiveness are also carried out in stainless steel effusion 

cooling test plate of 2 mm thickness with and without machined ring geometries. This 

comparison result also shows that the overall cooling effectiveness increases 

significantly before the effusion cooling holes with the presence of machined ring 

geometries. Another combination of impingement with effusion cooling is studied for 

an effusion test plate having a 5.4 mm pitch in both the spanwise and streamwise 

directions. An impingement plate is kept backside of the effusion plate at a distance of 

6 mm. The holes in the impingement plate are arranged in a staggered manner such that 

each effusion hole is surrounded by four impingement holes. The result shows that the 

effusion cooling with impingement gives higher overall cooling effectiveness than 

effusion cooling alone. The comparison is made between effusion cooling with 

impingement and effusion with machined ring geometries. The result shows that the 

effusion with machined ring geometries has higher overall cooling effectiveness than 

effusion cooling with impingement. Numerical analysis is performed using ANSYS 

workbench, and the methodology is validated against the experimental results. The 

numerical results are matching with the experimental results and the temperature 

contours obtained are compared with infrared camera images. A MATLAB program is 
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used to obtain the effectiveness contours for both the experimental and numerical 

results.  

 

Key Words: Combustor liner cooling, Adiabatic film cooling effectiveness, Heat 

transfer coefficient, Overall cooling effectiveness, Combined film cooling techniques.  
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1 INTRODUCTION 

The life and durability of the gas turbine engine mainly depend on the 

temperature of its parts. To keep the temperature of the parts within the safe limit, 

cooling methods and an effective thermal barrier coating are used in the turbine airfoils 

and the combustors. For the cooling, secondary air is taken from the high-pressure 

compressor exit and used to cool the liners in the combustion chamber and also the 

turbine stator and rotor blades. The amount of secondary air used for this cooling 

purpose should be minimum. Otherwise, the gas turbine efficiency will go down. Film 

cooling is one of the cooling techniques used to cool the combustion chamber liner and 

turbine blade components.  

1.1 Gas Turbine Engine 

 

Fig. 1.1 Typical gas turbine engine 

Source: (https://commons.wikimedia.org/wiki/File:Jet_engine.svg) 

Fig. 1.1 shows the typical gas turbine engine and its components. It mainly 

consists of four parts: the compressor, combustion chamber, turbine, and nozzle. The 

compressor is used to increase the pressure and temperature of the incoming air from 

the intake section. Combustion chamber, in which fuel is injected into the high-pressure 

air as a fine spray and mixed with the air, which is burned inside the combustion 

chamber liner. The pressure remains nearly constant during combustion. In the turbine, 

the temperature rise during the combustion process is converted into rotational energy, 

which is used to drive the compressor. The exhaust nozzle produces a high-velocity 

exhaust jet by using the remaining energy added in the combustor. Gas turbine engines 

work on the Brayton cycle. Fig. 1.2 shows the P-V and T-S plots of the Brayton cycle. 
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The process 1-2 shows the compression, 2-3 combustion, 3-4 expansion in turbine and 

4-1 shows the exhaust in the nozzle. 

 

Fig. 1.2 P-V and T-S diagram of the gas turbine 

Source: https://en.wikipedia.org/wiki/Brayton_cycle 

1.2 Gas Turbine Combustor 

The gas turbine combustor is a device in which combustion takes place by 

adding the fuel to air stream which is coming out from the compressor. Due to the 

combustion, the temperature rises inside the combustion chamber. The combustor is 

one of the main sub-systems of the engine in which highly three-dimensional flows 

with turbulent in nature, complex chemical reactions, and multidimensional heat 

transfer takes place. The compressor outlet conditions also dictate the design of the 

combustion system, and also it has to meet the turbine design requirements in terms of 

pattern factor for satisfactory operation and its desired life. Fig. 1.3 shows the 

components of a gas turbine combustor and its zones. 

1.2.1 Primary Zone 

The aim of the primary zone is to stable the flame and offer adequate time to 

attain complete combustion of the incoming air-fuel mixture. Many different types of 

flow patterns are engaged for the complete mixing of air and fuel which produces 

continuous ignition. These flow patterns create a toroidal flow reversal which 

recirculates a portion of the hot combustion gases for the continuous ignition. Air 
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swirlers are used in the modern combustors to create such type of flow pattern, whereas 

in olden days the air is fed through the holes drilled in the liner wall at the upstream 

end of the liner. 

 

Fig. 1.3 Components of a gas turbine combustor and its zones 

Source: Gas Turbine Combustion (Lefebvre and Ballal) 

1.2.2 Intermediate Zone 

If the primary-zone temperature is more than 2000 K, dissociation reactions will 

happen, and a significant amount of carbon monoxide (CO) and hydrogen (H2) will 

emit in the efflux gases. If these gases passed to the dilution zone, it would be cooled 

quickly by the accumulation of a huge amount of air. The CO would be discharged 

from the combustor unburned which is a source of combustion inefficiency and a 

pollutant also. So, by adding a small amount of air in the intermediate zone enhances 

the burnout of soot and permits the CO and any other unburned hydrocarbons to 

progress for complete combustion. 

1.2.3 Dilution Zone 

In the dilution zone, the annulus air is fed into the main flow path through 

dilution holes to reduce the temperature of the outlet stream that is suitable to the 

turbine. This temperature distribution at the exit of the combustor section is generally 

described in terms of “pattern factor.” 
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1.3 Combustor Liner and Need for Cooling 

The liner holds the combustion and introduces the airflow through the 

intermediate, dilution, and cooling holes for various purposes into the combustion zone. 

The combustor liner should be designed and withstand extended high-temperature 

cycles. Due to this reason superalloys like Hastelloy X, nimonic materials are used for 

the fabrication of liners. Even though high-performance alloys are used, it must be 

cooled with some amount of air flow. Some combustors will have thermal barrier 

coatings to reduce the heat flux. However, air cooling is still required. Various types of 

cooling arrangements were investigated to achieve better cooling effectiveness in the 

liner. Fig. 1.4 shows the different types of liner cooling arrangements. 

 

Fig. 1.4 Liner cooling hole arrangements/schemes 

Film cooling works by injecting cold air from a slot/hole and forms a barrier in-

between the hot gas and the liner wall which is shown in Fig. 1.5. This cold air creates 

a thin film that protects the liner surface, reducing the temperature of the liner 

significantly. The distinct nature of the film cooling holes does not offer a fully 

protected cooling film over the surface, and due to that the liner is not sufficiently 

safeguarded from the combustion gases. Even though if an excessive amount of coolant 

is sent through the film cooling holes, it leads the coolant jet to directly mix with the 

mainstream and induces vortices that can reduce the effectiveness. The region after 

http://en.wikipedia.org/wiki/Superalloy
http://en.wikipedia.org/wiki/Hastelloy
http://en.wikipedia.org/wiki/Thermal_barrier_coating
http://en.wikipedia.org/wiki/Thermal_barrier_coating
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some distance from the film cooling holes is adequately cooled due to the reattachment 

of film. But in effusion-cooling, multiple numbers of holes are arranged closely 

together. Due to this, the lower impulse jets influence each other and do not go beyond 

into the main flow and remain within the coolant boundary layer. Thus the cooling 

effectiveness is increased by the tendency of the vortices to reattach to the wall. 

Effusion cooling which is multiple rows of film cooling holes which are closely packed 

together in spanwise and streamwise directions and it seems at least seven rows of 

cooling holes should be there for an effusion cooling geometry that captures all relevant 

phenomena. Therefore, most film-cooling research data cannot provide a valid meaning 

for effusion cooling. Also, the coolant flow through the effusion cooling holes produces 

a significant amount of convective cooling. 

In impingement cooling, where the jets from the impingement holes cool the 

backside of the liner plate. The jets coming out from the impingement holes hits the 

liner plate and increases the local heat transfer coefficients significantly. For efficient 

impingement design the following parameters have to be considered: the layout of 

holes, jet to target spacing, the shape of the target surface, the shape of the jet nozzle, 

etc. Transpiration cooling in which the porous wall is used so that the continuous film 

formation happens and efficient cooling will be achieved. But due to the strength of the 

porous medium, this cooling method cannot be used in the combustor liner cooling.  

  

Fig. 1.5 Schematic of film cooling concept 

Source: Gas Turbine Combustion (Lefebvre and Ballal) 
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1.4 Heat Transfer through Uncooled Liner 

The heat-transfer model shown in Fig. 1.6 contains only the variation of 

properties in the axial direction. Around the circumference, all properties are assumed 

to be constant at the axial position. The rate of heat transfer into an element of a wall 

must be well-adjusted by the rate of heat transfer out at steady-state conditions. 

Therefore, the inside surface area ΔAw1 of an element is, 

 (R1+C1) ΔAw1 = (R2 +C2) ΔAw2 = K1-2 ΔAw1 (1.1) 

K is the liner wall heat conduction which is always negligible compared to the 

convection and radiation. 

The liner wall thickness is thin; then we can consider ΔAw1  ΔAw2. Thus, the above 

equation can be simplified to 

 R1+C1 = R2 +C2 = K1-2 
(1.2) 

 

Fig. 1.6 Heat transfer through uncooled Liner  

Source: Gas Turbine Combustion (Lefebvre and Ballal) 

where K1–2 is the liner conduction heat transfer due to the temperature difference within 

the wall, i.e., 

 K1-2 = kw (Tw1 – Tw2) / tw 
(1.3) 
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1.5 Heat Transfer through Film Cooled Liner 

 

Fig. 1.7 Cooling film formation 

The cooling film formation over a cooled surface by using secondary flow as 

coolant is shown in Fig. 1.7. In the calculation of film-cooled surface temperatures, the 

previous R1, R2, and C2 equations remain the same, but the internal-convection 

component, C1, is different due to the introduction of coolant flow. The temperature 

and velocity of the hot gas near the wall are changed by the coolant coming out from 

the film cooled slot/holes . So the C1 equation becomes, 

 C1f = hf (Tm - Taw) 
(1.4) 

The mainstream heat transfer coefficient with effusion cooling holes is defined as 

 hf = C1f / (𝑇m - 𝑇a𝑤) 
(1.5) 

where 𝑇a𝑤 is the adiabatic wall temperature and C1f shows the convection heat rate 

between the effusion test plate and the mainstream flow with effusion holes. 

The mainstream heat transfer coefficient without effusion cooling holes is defined as 

 h0 = C1 / (𝑇m− 𝑇w) (1.6) 

where 𝑇m is the mainstream static temperature, 𝑇𝑤 is the wall temperature and C1 shows 

the convection heat rate between the plate without effusion cooling holes and the 

mainstream flow. 
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Adiabatic cooling effectiveness is defined as 

 𝜂aw = (𝑇m – 𝑇aw) / (𝑇m – 𝑇c) 
(1.7) 

Net Heat Flux Reduction (NHFR) is a parameter that generally used to estimate 

the reduction of heat flux across a cooled surface. This parameter was defined as, 

 NHFR = 1 – (C1f/ C1) = 1 – (hf/ h0) * (1 − 𝜂aw𝜃) 
(1.8) 

Where 𝜃 represent the dimensionless temperature: 

 𝜃 = (𝑇m – 𝑇c) / (𝑇m – 𝑇𝑤) 
(1.9) 

So it is important to find the adiabatic film cooling effectiveness and heat 

transfer coefficients with and without film cooling to get the NHFR values for a 

particular film cooling geometry. The film effectiveness measurements are normally 

carried out using an adiabatic surface with free stream and coolant at different 

temperatures. The heat transfer coefficient investigations are carried out using a 

constant heat flux or temperature surface with the coolant and free stream at the same 

temperature. A number of geometric and flow parameters influence the film cooling 

performance of a film cooling geometry. Lakshminarayana (1996) explained these 

parameters and their effect on film cooling. The main influencing geometric parameters 

of the film cooling hole are:  

o Hole inclination angle. 

o Hole pitch in a row. 

o Row pitch. 

o Hole Diameter. 

The important flow parameters influence the film cooling performance are: 

o Blowing ratio. 

o Mainstream Reynolds number. 

o Coolant to mainstream density ratio. 

o Mainstream turbulence. 
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The blowing ratio was estimated using the relation: 

 BR = ( cUc ) / ( mUm ) 
(1.10) 

The mainstream mass flux (mUm) was estimated from the measured 

mainstream velocity and the estimated mainstream density based on the static pressure 

and total temperature measured in the test section. The coolant jet velocity (Uc) is 

estimated from the plenum total pressure, the test section static pressure and the coolant 

density (c) is estimated from the coolant temperature.  

Density ratio is the ratio between coolant density to mainstream density. 

 DR =
ρc

ρ𝑔
 (1.11) 

where, ρc is coolant density in kg/m3 and ρ𝑔 is mainstream density in kg/m3. 

1.6 Introduction to Computational Fluid Dynamics 

Computational Fluid Dynamics (CFD) is an analysis of numerical problems 

based on fluid flow and heat transfer phenomena related to the computer-based 

simulation of chemical reactions. It covers both the industrial and non-industrial 

applications. Some of them are mentioned below. 

 Aerodynamic analysis in aircraft engineering. 

 Prediction of drag coefficient in automobiles and improving air ingestion 

in engines. 

 Hydrodynamic performance of crafts (ships). 

 IC engine combustion and gas turbine flows. 

 Chip cooling purpose in electrical and electronic engineering.  

 Analysis of chemical reaction, mixing and separation type problems.  

 Blood flow in non-natural hearts, air flow in breathing in biomedical 

engineering. 
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From the past 60 years, CFD is introduced in the design, research, and 

developmental activities of production and aircraft industries. In recent times, 

computational methods are used in the IC engine, gas turbine combustion chamber, and 

boilers design. Also, nowadays the automobile industry is predicting the drag forces 

with the help of CFD. CFD is well believed as a research and a design tool. 

 In CFD, numerical based algorithm structural codes are used to solve the fluid 

flow problems. All the commercial packages provide the normal classy user interfaces 

to input problematic limits and to examine the output results. So the user can use the 

commercial package with little training. Therefore, all the CFD codes have three main 

elements: 

 Preprocessor 

 Solver 

 Post processor 

1.6.1 Pre Processor 

The input conditions present in the flow problems is given by using pre-

processor in CFD programs. Following stages are involved in Pre-processing: 

 Geometry creation/modelling and explanation of the flow domain. 

 Generation of the grids – The grids are formed in the flow domain with a 

number of small cells with quadratic, triangular cell structures. Thus the 

geometry and the flow domain are fully meshed with non-overlapping 

subdomains. 

 Defining the proper physics and chemical phenomenon to the model 

domain. 

 Fluid and material properties to be specified. 

 Defining appropriate boundary conditions to the domain such as inlet, 

outlet conditions, and boundary wall conditions.  

The significance of the flow problem is given at each nodes of the cell. For example, 

velocity, pressure, temperature, etc. The accuracy of the solution depends on the grid 

size, i.e., the number of cells in the grid. Also, the mesh should be fine where larger 
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variation occurs from point to point, and coarser where little change in the fluid 

properties occurs. Normally, if the number of cells is high, then the results will be 

accurate. But the computational time will increase. In order to optimize the grid size 

and reduce the time for solving, grid independence test should be performed for the 

model. Convergence and grid independence are the two main features that describe an 

effective CFD solution. 

1.6.2 Solver 

The numerical solution to algebraic equations is found by two methods: Direct 

Methods and Iterative Methods. Direct methods include Gaussian Elimination 

Technique, Cramer’s Rule, and the Thomas Algorithm. Iterative methods are based on 

repeated applications of an algorithm; in this method, the initial guess values are very 

important. Without initial guess values, this method was not possible to solve the 

problems. Mostly used algorithm for the iterative method is the Jacobi and Gauss-Siedel 

methods. The variation of the governing equations is carried out by three different 

methods:  

 Finite difference method (FDM) 

 Finite element method (FEM) 

 Finite volume method (FVM) 

These three methods perform the following activities. 

 Evaluate the flow variables using simple equations. 

 Discretization in exchange for the guesses into the governing flow 

equations and subsequent mathematical operations 

 To find the solution of algebraic equations. 

Finite Difference Method: The principle of finite difference methods is mainly based 

on the numerical schemes used to solve ordinary differential equations. It consists of 

approximating the differential term by substituting the derivatives in the equation by 

means of differential quotients. The domain is divided into space and time, and the 

solution approximations are computed at space or time points. The inaccuracy between 

the numerical and the exact solution is determined by the error from a differential term 
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to a difference term. This is called the discretization or truncation error and replicates 

that a finite part of a Taylor series which is used in the approximation. 

Finite Element Method: The formulation of the problem using finite element method 

results in a system of algebraic equations. The method approximates the unknown 

function over the domain. The problem is solved by subdividing a large system into 

smaller and simpler parts which are called finite elements. The simple equations that 

model these finite elements are then assembled into a larger system of equations that 

models the entire problem. FEM then uses variational methods from the calculus of 

variations to approximate a solution by minimizing an associated error function. 

The Finite Volume Method: The main advantage of this method is less computational 

time for solution convergence and less memory usage. FVM is also giving the best 

accurate solutions in less time compared to all other methods. This method has the 

following steps: 

 Proper incorporation of the fluid flow governing equations on all the finite 

control volumes of the solution domain. 

 Discretization contains the replacement of finite-difference-type 

approximations in the integrated equation terms which represent the flow 

processes like convection, diffusion, etc. This converts the integral 

equations into a scheme of algebraic equations. 

 Using an iterative method, the algebraic equations are solved to get the 

correct solution. 

1.6.3 Post Processor 

Post processing is nothing but a graphical representation of the results. Present 

days, the CFD is prepared with multipurpose data representation tools. These tools 

contain the following features : 

   The domain of the geometry and demonstrating the grid. 

 Vector (velocity and streamline) plots, 2-D and 3-D surface plots, contour 

plots of temperature, pressure, etc. 
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Animation display is one of the advantages of post-processing. Finally, we can 

get the results at each and every node points in Microsoft excel sheet format. 

1.6.4 Equations Governing Fluid Flow and Heat Transfer  

The governing equations for fluid flow and heat transfer characterize the 

conservation laws of physics. The basic laws for the formation of the governing 

equations are: 

 The fluid mass is conserved. 

 The rate of change of momentum should equal to the sum of the forces on 

a fluid particle. (Second law of Newton). 

 The rate of change of energy is the same as the sum of the rate of heat 

addition on a fluid particle and the rate of work done on a fluid particle (first 

law of thermodynamics). 

1.6.4.1 Three Dimensional Mass Conservation Equation 

The mass conservation equation states that the rate of increase of mass in the element 

is equal to the net rate of flow of mass into the element across its faces. 

The rate of increase of mass in a 

fluid element 
= 

The net rate of flow of mass into the 

fluid element 

The resulting mass balance equation is divided by the elemental volume (∂x∂y∂z), and 

then the equation becomes, 

 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝑤)

𝜕𝑧
= 0 

(1.12) 

or in more compact vector notation 

 𝜕𝜌

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑈) = 0 

(1.13) 

This is the Continuity equation which is having two terms on the left-hand side. The 

first term is the rate of change of density with respect to time. The second term is called 
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a convective term which defines the net mass flow out of the element through its 

boundaries. 

The density is constant for an incompressible fluid, so the equation becomes 

 𝑑𝑖𝑣(𝜌𝑈) = 0 
(1.14) 

or in longhand representation 

 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0 (1.15) 

1.6.4.2 Momentum Equation in Three Dimensions 

Newton's second law states that the rate of change of momentum of a fluid 

particle equals the sum of the forces on the particle. 

The rate of increase in momentum of a 

fluid particle 
= Sum of forces on the fluid particle 

Two types of forces are exhibited by the fluid particles. One is the surface force, and 

another one is body force. Surface force includes pressure and viscous forces. Body 

force contains gravity, centrifugal, Coriolis and electromagnetic forces. 

x Momentum sources  

 𝜌
𝐷𝑢

𝐷𝑡
=

𝜕(−𝑝 + 𝜏𝑥𝑥)

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
+

𝜕𝜏𝑧𝑥

𝜕𝑧
+ 𝑆𝑀𝑥  

(1.16) 

y component 

 𝜌
𝐷𝑣

𝐷𝑡
=

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕(−𝑝 + 𝜏𝑦𝑦)

𝜕𝑦
+

𝜕𝜏𝑧𝑦

𝜕𝑧
+ 𝑆𝑀𝑦  

(1.17) 

z component 

 𝜌
𝐷𝑤

𝐷𝑡
=

𝜕𝜏𝑥𝑧

𝜕𝑥
+

𝜕𝜏𝑦𝑧

𝜕𝑦
+

𝜕(−𝑝 + 𝜏𝑧𝑧)

𝜕𝑧
+ 𝑆𝑀𝑧  

(1.18) 
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1.6.4.3 Three Dimensional Energy Equation  

The energy equation states that the rate of variation of energy on a fluid particle 

is equal to the summation of the net rate of heat added to the fluid particle and the net 

rate of work done on the particle. 

The rate of increase of 

energy on the fluid particle 
= 

The net rate of heat added to the fluid particle 

+ 

The net rate of work done on the fluid particle 

 

The energy equation is expressed as: 

𝜌
𝐷𝐸

𝐷𝑡
= −𝑑𝑖𝑣(𝜌𝑈) + [

𝜕(𝑢𝜏𝑥𝑥)

𝜕𝑥
+

𝜕(𝑢𝜏𝑦𝑥)

𝜕𝑦
+

𝜕(𝑢𝜏𝑧𝑥)

𝜕𝑧
+

𝜕(𝑣𝜏𝑥𝑦)

𝜕𝑥

+
𝜕(𝑣𝜏𝑦𝑦)

𝜕𝑦
+

𝜕(𝑣𝜏𝑧𝑦)

𝜕𝑧
 +

𝜕(𝑤𝜏𝑥𝑧)

𝜕𝑥
+

𝜕(𝑤𝜏𝑦𝑧)

𝜕𝑦
+

𝜕(𝑤𝜏𝑧𝑧)

𝜕𝑧
]

+ 𝑑𝑖𝑣(𝑘 𝑔𝑟𝑎𝑑 𝑇) + 𝑆𝐸  

(1.19) 

1.6.4.4 Navier- Stokes Equations for a Newtonian Fluid 

The governing equations have some more unknowns in the form of viscous 

stress components. By incorporating an appropriate model for the viscous stresses, the 

conservation equations for fluid flows are obtained. For all the fluid flows, the viscous 

stresses can be stated as functions of the local deformation rate. In 3-D flows, the local 

rate of deformation is having both the linear and the volumetric deformation rate. 

 𝜌
𝐷𝑢

𝐷𝑡
= −

𝜕𝑝

𝜕𝑥
+ 𝑑𝑖𝑣 (𝜇𝑔𝑟𝑎𝑑 𝑢) + 𝑆𝑀𝑥  

(1.20) 

 𝜌
𝐷𝑣

𝐷𝑡
= −

𝜕𝑝

𝜕𝑦
+ 𝑑𝑖𝑣 (𝜇𝑔𝑟𝑎𝑑 𝑣) + 𝑆𝑀𝑦  

(1.21) 

 𝜌
𝐷𝑤

𝐷𝑡
= −

𝜕𝑝

𝜕𝑧
+ 𝑑𝑖𝑣 (𝜇𝑔𝑟𝑎𝑑 𝑤) + 𝑆𝑀𝑧  

(1.22) 
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1.6.5 Turbulence Models 

Turbulent flows are described by velocity fluctuations in the flow. These 

fluctuations can cause transported quantities such as momentum, energy, and species 

concentration to fluctuate. Subsequently, these fluctuations are in the order of high 

frequency and small-scale in nature; it is expensive to solve these problems 

computationally. For this reason, the instantaneous governing equations can be 

modified into a set of equations based on time-averaged, ensemble-averaged which 

results that are computationally cheap to solve. But, the modified equations hold 

additional unknown variables, and turbulence models have the capacity to know the 

quantities of these variables. The number of additional unknown variables is more than 

the number of available governing equations and hence leads to the closure problem. 

The closure problem is resolved by implementing turbulence models. Many turbulence 

models are available in CFD to solve the problem, but the literature shows that the 

previous researchers mainly used K-ε models for film/effusion cooling problems. 

1.6.5.1 Selecting a Suitable Turbulence Model 

For all classes of problems, there is no universally accepted single turbulence 

model is available. The selection of turbulence model depends on the flow physics, the 

recognized method for a particular problem, the level of accuracy needed, the existing 

computational facilities, and the total time required for solving the problem. To select 

the best suitable model for our problem, it is necessary to realize the abilities and limits 

of the several turbulence models. 

1.6.5.2  Realizable k-ε Model 

The meaning for the word “realizable” describes that the model fulfills some of 

the mathematical limitations on the Reynolds stresses, consistent with the turbulent 

flow physics. Both the standard k-ε and the RNG k-ε models are not realizable. The 

realizable model displays a considerable amount of developments over the standard k-

ε and the RNG k-ε models, where the flow behaviour which contains rotation, vortices, 

and streamlines.  

Since the realizable k-ε model is somewhat fresh, it is not understandable in 

which cases this model regularly beats the RNG model. But the literature review 
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indicates that the realizable model is the best among all the k-ε models for numerous 

validations of flows with separations and secondary vortices. Particularly this model 

resolves the round-jet irregularity; i.e., it forecasts the rate of spreading for planar and 

axisymmetric jets.  

This model varies from the standard k-ε model in two ways:  

 The realizable k-ε model covers a different formulation for the turbulent 

viscosity.  

 The transport equation is modified for the rate of dissipation, ε, has been 

obtained from a mean-square vorticity fluctuation transport equation.  

1.6.5.3 Transport Equations for the Realizable k- ε Model 

𝜕

𝜕𝑡
(𝜌𝜅) +

𝜕

𝜕𝑥𝑗
(𝜌𝜅𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝜅

𝜕𝑥𝑗
] + 𝐺𝜅 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝜅  (1.23) 
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𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝜌𝑓1𝑆𝜀 − 𝜌𝑓2

𝜀2

𝑘 + √𝑣𝜀

+ 𝑓1𝜀

𝜀

𝑘
𝑓3𝜀𝐺𝑏 + 𝑆𝜀  

(1.24) 

Where G denotes the turbulence kinetic energy. The subscript k and b denotes 

the mean velocity gradients and buoyancy. 𝑌𝑀 characterizes the momentum 

contribution.  𝑓1, 𝑓2  and 𝑓3  are constants. 𝜎𝜅 and 𝜎𝜀 denotes the respective 𝜅 and 

𝜀 turbulent Prandtl numbers. The user-defined source terms are represented by 𝑆𝜅 

and 𝑆𝜀. 
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1.7 Organization of the Thesis 

This thesis contains six chapters. Chapter 1 covers the introduction to the gas 

turbine engine, combustor zones, need and types of liner cooling arrangements, heat 

transfer mechanisms across the cooled liner and, along with the basics of CFD. The 

importance of heat transfer coefficients, adiabatic film cooling effectiveness 

measurements, NHFR calculations over the film cooled surface and the geometrical 

and flow parameters involved in the film cooling technology is also explained in this 

chapter. Chapter 2 provides a detailed literature survey for the different cooling 

techniques used in the combustor liner. The improvement of surface temperature 

measurement techniques to get the liner surface temperatures accurately during the 

experiments and the best turbulence model for the numerical analysis of film cooling is 

also briefly provided in this chapter based on the previous work of various researchers 

in this field. At the end of this chapter the research gap, the present study, and objectives 

of the present work are explained.  

In Chapter 3, the experimental rig setup, test plate details, and its fabrication, 

instrumentation details, experimental procedure and the error estimate of experimental 

data is presented. Chapter 4 presents the CFD methodology which includes modelling, 

mesh details, selection of the turbulence model, CFD boundary conditions and grid 

independence study.  

In Chapter 5, the experimental and numerical results along with detailed 

discussions on the results and trends are presented. Initially, the results of adiabatic film 

cooling effectiveness, heat transfer coefficient and NHFR values for machined ring 1 

& 2 geometries, effusion cooling geometry and combined effusion cooling with 

machined ring 1 & 2 geometries are presented. Next, the results of overall cooling 

effectiveness measurements taken in the SS test plates are presented for effusion 

cooling with and without machined ring geometries, and effusion cooling with 

impingement geometry is explained. Finally, a comparison study between effusion 

cooling with impingement and effusion cooling with machined ring geometries is done 

to find out which combined cooling technique is beneficial for the combustor liner 

cooling. Chapter 6 gives the conclusions of the present study and the recommendations 

for future work. 
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2 LITERATURE REVIEW 

Several numerical and experimental studies were carried out previously to 

achieve higher convective heat transfer coefficient on the coolant side of the liner. 

Further, the film-cooling and effusion cooling airflow have been considered on the hot 

gas side thereby reducing the convective heat transfer coefficient from the hot gas to 

the liner wall. The basic heat transfer equations to a film-cooled surface are described 

by Goldstein (1971). Sen et al. (1996) explained the importance of net heat flux 

reduction (NHFR) which tells the reduction of the heat transfer with and without film-

cooling. NHFR combines both the effects of adiabatic film cooling and heat transfer 

coefficients. This is enlightened by Sen et al. (1996) and Schmidt et al. (1996) for heat 

transfer coefficients and adiabatic cooling effectiveness respectively. It is important to 

find out both adiabatic film cooling and heat transfer coefficients to get the overall 

cooling effectiveness. 

2.1 Slot Cooling 

In earlier gas turbine combustor, the liner is cooled only by slot cooling. 

Correlations for film cooling effectiveness in near slot region were described by 

Lefebvre and Ballal (2010). He explained how the convective heat transfer from the hot 

combustion gas side varies for the liner with and without film cooling. The coolant jet 

coming out from the slot changes the temperature and velocity of the hot gases near the 

liner wall and thereby reduces the convective heat transfer from the hot combustion 

gases to the liner surface. Yang et al. (2012) investigated one-row, two-row (staggered 

and aligned arrangement) and three-row parallel-inlet film holes arrangement to find 

the film cooling characteristics. Their results show that an increase in blowing ratio the 

heat transfer coefficient decreases and the film cooling effectiveness increases. Park et 

al. (2009) conducted an experimental study by using a thermochromic liquid crystal 

method to study the effect of film cooling effectiveness by changing the first slot angle 

under recirculation flow and the influence of wiggle strip within a slot. Their results 

show that the film cooling effectiveness decreases significantly in the first slot position, 

because of the effects of recirculation flow. Inanli et al. (2009) have studied the effect 

of slot film cooling and effusion cooling on a plexiglass test plate. Flat and angled leap 
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geometries are tested for three different slot heights of 7.5, 10 and 12.5 mm. They found 

that the flat leap produces more film cooling effectiveness than the angled one at all 

blowing ratios. Among the slot height variation leap height of 12.5 mm gives higher 

effectiveness than the other two. In effusion cooling, they varied the angle of effusion 

holes (30o and 75o) and found that the cooling effectiveness is reduced for 75o hole 

angle. This is due to jet penetration into the mainstream and thus reduces the generation 

of the insulation layer.  

2.2 Effusion Cooling 

Modern gas turbine combustor liners have effusion cooling holes. Several 

researchers varied the geometrical parameters of the effusion cooling holes and found 

the cooling performance. Natsui et al. (2017) investigated four different effusion 

cooling arrays to find the effect of local and laterally averaged effectiveness, at a 

blowing ratio ranging from 0.3 to 1.2. They used CO2 as a coolant to achieve a density 

ratio of 1.5. They found at lower blowing ratio of 0.3, the film jets are still attached to 

the test surface, but at blowing ratio of 0.5, jet lift-off takes place and then impinge back 

after some distance onto the test surface. At higher blowing ratio, the jets reattach much 

more downstream, distributing the coolant further along the test surface. Natsui et al. 

(2016) tested full coverage effusion staggered hole arrays by varying the inclination 

angles, 30o and 45o, and the spacing of the holes as 14.5 and 19.8 times the diameter. 

Their results show that for these large spacing of holes, after several rows only the 

coolant merge and begin to interact with lateral holes. At low blowing ratio, throughout 

the array, each individual jet remains discrete. At higher blowing rates, due to the jet 

spreading the profile is more uniform as they reattach with the wall.  

Cerri et al. (2007) varied both the diameter and distribution of the holes (pitch) 

and found that a very effective cooling system can be obtained with minimum cooling 

air consumption by changing the geometrical parameters. The injection hole spacing, 

the inclination angle of the holes are varied, and the temperature distribution on effusion 

cooled plates was studied by Gustafsson, and Johansson (2001) using infrared 

thermography for different temperature ratios, velocity ratios of the two air streams. 

They tested three different hole angles of 15o, 20o and 30o and found that lower angles 

are giving better film cooling effectiveness. They varied the streamwise pitch to the 
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diameter ratio (Sx/D) of 3, 6 and 12 and found that the cooling effectiveness is higher 

for the closer holes. Legar et al. (2003) have studied the geometrical parameters such 

as hole diameter, hole angle inclination, and hole pitches to determine the optimal 

multi-holed plate geometry, by means of infrared thermography and found that the wall 

cooling effectiveness increases with the hole diameter and decreases with the increase 

in hole angle. The hole length to diameter ratio (l/D) was varied for a fixed geometry 

of Sx/D and Sy/D spacing of effusion cooling holes by Arcangeli et al. (2008) and found 

that the smaller diameter always implies better performance in terms of overall 

effectiveness. They also developed a correlation for overall effectiveness in terms of 

l/D ratios based on their results. The velocity profiles for an effusion cooling combustor 

liner test plate with laser Doppler velocimetry to measure the flow characteristics of the 

cooling layer is described by Scrittore et al. (2007). Their results indicate that a fully-

developed velocity profile was obtained at a location of 15 film-cooling hole rows. 

Hasan et al. (2013) investigated computationally the effectiveness of effusion film 

cooling for a split region of full coverage film holes into two zones of cooling rows and 

their results show that the two zones of cooling holes gave reasonably similar cooling 

effectiveness compared with the continuous array of holes. The advantage of split 

cooling holes is that the same cooling effectiveness is achieved with the minimum 

amount of coolant flow. 

Murray et al. (2018) analyzed the cooling performance of effusion holes by 

experimentally and computationally. They tried to develop a superposition method of 

a two-dimensional film effectiveness distribution that can give data quickly for an 

effusion cooling array of holes. Their results show at higher pitches of effusion holes, 

the superposition method gives satisfactory results, but at lower pitches due to high 

levels of jet interactions the superposition method was not able to predict the cooling 

effectiveness accurately. 

2.3 Surface Temperature Measurements Techniques 

In earlier days the film cooled surface temperature measurements were taken by 

using thermocouples. Thermocouples will not give a detailed picture of cooling 

performance and the film cooling flow physics were affected if a large number of 

thermocouples were used on the test surface. Nowadays researchers are using modern 
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non-contact type surface temperature measurement techniques. Infrared (IR) imaging 

technique was used by Zhang et al. (2009) for investigating the overall cooling 

effectiveness of three effusion cooling test plates. Pressure Sensitive Paint and 

Thermochromic Liquid Crystal based techniques to measure the adiabatic effectiveness 

of a multi-perforated plate were used by Caciolli et al. (2013) and found that the 

adiabatic effectiveness results achieved by the two techniques show decent agreement 

in terms of average values. Ekkad et al. (2004) describes the procedure for transient 

infrared thermography for simultaneous measurements of heat transfer coefficient and 

film cooling effectiveness from a single test. In the same paper, he mentioned the 

advantages of infrared thermography over the liquid crystal thermographic method.  

Infrared thermography requires a uniform high emissivity surface, and this will be 

prepared by coating the measurement surface by black paint easily. Due to the quick 

preparation of the test surface and the limitations of the liquid crystals, nowadays most 

of the researchers are using only infrared thermography for film cooling measurements.  

Accurate calibration of infrared thermography is essential if it is used for the 

surface temperature measurements during tests on film/effusion cooling. In situ 

calibration for quantitative infrared thermography is explained by Martiny et al. (1996). 

He developed a method to correct temperatures obtained by infrared thermography 

using thermocouples as a reference temperature. The correction procedure is based on 

temperature values recorded by the thermocouple, and a corresponding thermal image 

captured simultaneously under steady-state test conditions. These thermocouple 

temperature data are used as reference values for the calibration. Also, he mentioned 

the importance of placing the thermocouples on the surface in such a way that it covers 

the entire temperature range of interest. Ochs et al. (2009) followed the same procedure 

of calibration of Martiny et al. (1996) and developed a calibration technique which 

allows for extrapolation for higher temperature ranges with higher accuracy as 

compared to existing in situ calibration techniques. 

Another important aim in the combustor liner cooling is to get maximum 

cooling performance with a minimum amount of cooling air flow. So it is necessary to 

find the mass flow rate and coefficient of discharge through the film cooling holes. The 

discharge coefficients for the fluid flow through discrete-hole and inclined multihole 
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double wall for combustor liner were presented by Xu et al. (2000) over a range of 

Reynolds numbers from 5,000 to 40,000. They found that the discharge coefficients are 

in the range of 0.7. Also, the discharge coefficient increases upto pressure parameter of 

20, and then it shows constant. A numerical study on the effusion cooling system of an 

aero-engine combustor liner was performed by Andreini et al. (2011), and they found a 

correlation to predict the discharge coefficient of effusion cooling holes. They 

developed the correlation for the coefficient of discharge as a function of the ratio 

between the hole and the annulus Reynolds number, the inlet flow function and the 

velocity head ratio of the hole. Guo et al. (2011) found out the effect of turbulence 

intensity on the discharge coefficient of the film cooling hole. Their results show that 

the discharge coefficients decrease when the turbulence level increases due to the 

increased mixing losses at both ends of the film cooling hole. The coefficient of 

discharge value reduced by more than 30% for both subsonic and supersonic flows with 

high turbulence intensity. 

2.4 Numerical Models 

In CFD, different turbulence models are available. Many researchers used 

different turbulence models in their study and tried to find out which turbulence model 

is best for film/effusion cooling heat transfer studies. Harrison and Bogard (2008) did 

a comparative study to find out the film cooling effectiveness and heat transfer 

coefficient using realizable k-ε, standard k-ω, and RSM turbulence models. Their 

results show that the realizable k-ε model gives better centerline effectiveness results. 

Similarly, Silieti et al. (2009) compared three turbulence models and told realizable k-

ε model provides the best results in comparison with experimental results. El-jummah 

(2014) mentioned in his thesis that the standard k-ɛ turbulence model with standard 

wall function having y+ values in the range 30 to 45 showed better agreement with the 

experimentally measured data. But even with the enhanced wall treatment having y+ 

values from 1 to 5, shows no significant improvement in the predictions when compared 

with the standard wall function approach. 
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2.5 Slot/Effusion Combined Cooling 

As the combustor operating temperature has increased, more effective cooling 

methods are required. Recently researchers are concentrating on a combination of film 

cooling methods. Combustor liner having a slot injection and an effusion array with a 

central dilution hole was tried by Andreini et al. (2013) to study the effects of coolant 

to mainstream density ratio. Their results pointed out that for the effect of density ratio, 

heat transfer phenomenon is mainly driven by velocity ratio and at the higher 

blowing/velocity ratios, the adiabatic effectiveness is less sensitive to the cooling flow 

parameters. Tarchi et al. (2012) used slot injection and an effusion array with a central 

large dilution hole along with a backward facing step upstream of the slot which 

generates a large recirculation area to simulate the real combustor flow path. They 

found that the presence of the step leads to a reduction in effectiveness and does not 

have effects on the heat transfer coefficient.  

2.6 Impingement/Effusion Combined Cooling 

Three-dimensional numerical simulation of flow and heat transfer 

characteristics of impingement/effusion cooling systems were carried out by Jingzhou 

et al. (2009). Their results show that the cooling effectiveness increases as the spacing 

between the adjacent holes decreases or the blowing ratio increases. Rhee et al. (2004) 

investigated the effect of rib arrangements on an impingement/effusion cooling system 

with crossflow effects. Impingement and effusion holes are arranged in a staggered 

manner, and they analyzed the effect of cross flow between the injection and effusion 

plates. For the blowing ratio greater than 1.0, overall heat transfer is increased due to 

the ribs on the effusion surface, and higher values are obtained with a lesser pitch 

between the ribs. But the adverse effects on heat/mass transfer was seen due to the 

prevention of wall jets spreading at lower blowing ratio of 0.5. Wei-hua et al. (2011) 

studied the impingement with effusion cooling behavior in a curved effusion wall of 

the combustion chamber, and their results show with decreasing effusion hole angle 

and effusion hole to hole spacing, the cooling effectiveness is enhanced. Hong et al. 

(2007) investigated the impingement with effusion cooling system with cross flow and 

found out that the flow and heat/mass transfer characteristics are changed significantly 

due to the installation of fins, and also a higher heat/mass transfer coefficient is obtained 
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due to the flow disturbance and acceleration by the fin in the effusion hole region. Cho 

et al. (2008) found that due to secondary vortices formed between two adjacent 

impinging jets, high transfer rate is induced. Due to that in the midway region, the heat 

transfer coefficient is as high as stagnation heat transfer coefficient. They determined 

that the staggered hole arrangement shows better performance than the in-line and 

shifted arrangement. 

2.7 Summary of the Literature Survey 

The summary of the literature survey shows that the cooling of the combustor 

liner mainly depends on the geometrical and flow parameters of the cooling holes. The 

geometrical parameters such as the diameter of the hole, pitch between holes and the 

film hole angle will be varied in such a way to achieve maximum film cooling 

effectiveness with a minimum amount of cooling air requirements. Also, the film 

cooling performance depends upon various flow parameters such as hot gas side 

Reynolds number, blowing ratio, the density ratio of the coolant to hot gas, the 

turbulence created by the combustion gases, etc. For a new cooling hole arrangement, 

experimental or numerical studies to be carried out freshly to find out the cooling 

effectiveness and heat transfer coefficient distribution downstream of the holes. 

Effusion cooling gives maximum cooling performance in comparison with slot, 

machined ring film cooling. Combination of cooling techniques will provide better 

cooling effectiveness than the individual cooling schemes. 

2.8 Research Gap and Need for the Study 

In addition to the individual cooling schemes, the literature indicates that there 

is a requirement for further investigation of a combination of different cooling schemes 

to achieve better cooling effectiveness. The data available in the literature indicates 

effusion cooling is the latest and efficient technology which provides more cooling 

effectiveness. In literature, very limited data are available for the combined cooling 

techniques, and there is no such previous work was carried out with the combination of 

the machined ring with effusion hole geometry downstream. CFD data is also not 

available for the combined machined ring and effusion cooling geometry. So there is a 
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need to study the adiabatic film cooling and convective heat transfer coefficients over 

the combined machined ring and effusion cooling geometries. 

2.9 Scope of the Present Study 

The scope of the present study consists of three parts. 

1. The first part consists of adiabatic film cooling effectiveness and heat transfer 

coefficient measurements for a multirow film cooling configuration with and 

without machined ring geometries. 

2. The second part describes the overall film cooling effectiveness measurements 

for an effusion cooling geometry with and without machined ring geometries. 

Effect of the pitch for two effusion cooling geometries is also analyzed. 

3. The third part involves the study of overall film cooling effectiveness 

measurements on an impingement with effusion cooling. 

The aim of the first part is to generate adiabatic film cooling effectiveness and 

heat transfer coefficients for a multirow film cooling configuration with and without 

machined ring geometries. In this first part, there are three tasks. The first task is to 

generate film cooling performance data for the machined ring geometries alone. The 

next task is to generate the film cooling performance data for effusion cooled liner 

without a machined ring. The third task is to generate film cooling performance data 

for effusion cooled liner configuration with machined ring upstream. Geometrical 

parameters of the effusion cooling test plate consist of a hole diameter of 1 mm, hole 

angle of 27° and 7.2D pitch in both streamwise and spanwise directions. Effusion holes 

are placed in a staggered manner with 9 holes per row, and there are 13 rows in total. 

For these adiabatic cooling effectiveness and heat transfer coefficient measurements, 

the effusion cooled geometry is scaled up by three times. The geometrical parameters 

of machined ring 1 (MR1) consist of one row of holes with hole diameter(d) of 2.5 mm 

and a pitch(x) of 10.8 mm. In machined ring 2 (MR2), where the holes are arranged in 

a staggered manner and are of same hole diameter, same pitch as of MR1. But the two 

rows of holes are separated by a distance(y) of 2.5 mm. Detailed experiments are carried 

out to obtain the heat transfer coefficient and adiabatic film cooling effectiveness 

distribution data in the blowing ratio range of 0.5 to 2.5 and at a mainstream velocity 
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of 20 m/s. The heat transfer coefficient investigations are carried out using a constant 

heat flux surface with the coolant and mainstream at the same temperature. The 

adiabatic film cooling effectiveness measurements are normally carried out with 

mainstream and coolant at different temperatures, and the effectiveness is derived from 

the temperature distribution in the flow direction over an adiabatic wall.  In this study, 

the mainstream was at room temperature, and the coolant was at a temperature around 

-42C. This simulates the density ratio of 1.3 between the coolant and the mainstream. 

Uncertainty analysis is carried out for the temperature, pressure, the mass flow rate 

through the orifice and consequently the maximum relative error referred to the heat 

transfer coefficient, effectiveness calculation is established.  In order to keep 

uncertainties as low as possible, great attention is paid to Infrared Camera calibration, 

which is the main source of uncertainty in evaluating surface/wall temperature (Tw). 

The above investigation is supported by CFD analysis. 

The aim of the second part is to find out the overall film cooling effectiveness 

measurements for effusion cooling geometry with and without machined ring upstream. 

The effusion test plate is prepared in stainless steel 304 which has a thermal 

conductivity of 16.2 W/mK at 100oC and having a thickness of 2 mm. Angled holes of 

1 mm diameter with an inclination angle of 27° and 7.2D pitch in both streamwise and 

spanwise directions are drilled through the test plates by the electric discharge 

machining process. The machined rings which are used in adiabatic cooling 

measurements is geometrically scaled down by 3 times and used in this overall cooling 

effectiveness measurements. One more effusion cooling geometry is prepared to find 

out the effect of pitch between the holes. The second test plate is having a streamwise, 

and spanwise pitch of 5.4 mm and other geometrical parameters remain the same as 

that of the first test plate. 

The third part consists of overall film cooling effectiveness measurements on 

impingement with effusion cooling. The effusion plate which is having 5.4 mm pitch 

in both the spanwise and streamwise directions is selected for this study. An 

impingement plate made out of 3 mm thick hylam sheet is kept backside of the effusion 

plate at a distance of 6 mm. The holes in the impingement plate are also arranged in a 

staggered manner such that each effusion hole is surrounded by four impingement 
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holes. The impingement holes are of 0.9 mm in diameter and are normal to the plate 

surface. 

In the initial proposal, only the first part is mentioned as the scope of work. But 

during the course, the second part is added, because the literature suggests the 

importance of overall cooling effectiveness measurements in effusion cooling. The 

third part is an additional work of an entirely different combination of cooling technique 

(Impingement with effusion). This third part study is done just to compare both the 

combined cooling techniques, and to find out which combination gives better cooling 

effectiveness. 

2.10 Objectives of the Work 

 To find the adiabatic film cooling effectiveness and heat transfer coefficients 

experimentally over the effusion cooled liner surface with and without 

machined ring geometries at different blowing ratios.  

 CFD modeling and studies to find the adiabatic film cooling effectiveness and 

heat transfer coefficients to support the experimental investigation. 

 Overall cooling effectiveness measurements over the effusion cooled liner 

surface with and without machined ring geometries at different blowing ratios. 

 Overall film cooling effectiveness measurements for two effusion cooling 

geometries of different hole pitch. 

 Overall film cooling effectiveness measurements on impingement with effusion 

cooling are studied for a particular geometry. 

 A comparison study between effusion with impingement cooling and effusion 

with machined ring geometries. 
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3 EXPERIMENTAL SETUP AND METHODOLOGY 

3.1 Experimental Setup 

 

Fig. 3.1 Photograph of the film/effusion cooling test setup 

The experimental activities are carried out at CSIR-National Aerospace 

Laboratories, Bangalore. The Film cooling test rig available at Heat Transfer Lab of 

Propulsion Division is used for this study. Fig. 3.1 shows the photograph of the film 

cooling test setup. Experiments are carried out in a 2-D blowdown tunnel. The 

mainstream air is drawn from the centralized compressed air reservoir. The tunnel 

consists of a flow control valve, heater, settling chamber and test section. Through the 

flow control valve, the flow is controlled in the mainstream tunnel. A 150 kW electrical 

heater with a PID (Proportional Integral Derivative) controller is used to heat the 

mainstream air. The settling chamber is provided with screens to reduce the turbulence 

level in the mainstream. The size of the rectangular test section is 395 mm x 175 mm. 

The test section is provided with two openings on the opposite sides, one for mounting 

the test plate with the coolant supply system and the other for fixing a transparent 

window for viewing the test plate. The transparent window is so selected that it allows 

the infrared radiation in the spectral band of the IR camera. A secondary flow line is 
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established for supplying the film cooling flow to the test plate which is also drawn air 

from the same reservoir from which the mainstream is drawn. This coolant flow is 

supplied through a regulator, mass flow meter and a liquid nitrogen heat exchanger to 

the coolant chamber. In the liquid nitrogen heat exchanger, air is passed through the 

copper coils which is surrounded by liquid nitrogen. According to the requirement of 

coolant temperature, the level of liquid nitrogen is varied in the heat exchanger. The 

test plate with the cooling hole arrangement is fixed to the coolant chamber which 

provides the cooling air for flowing through the machined ring and effusion holes. Fig. 

3.2 shows the schematic layout of the film/effusion cooling test rig. 

 

Fig. 3.2 Schematic layout of the film/effusion cooling test rig 

Two static pressure taps at different locations are provided on the coolant 

chamber wall to measure the coolant static pressure. As the velocity of flow in the 

coolant chamber is small, the measured static pressure is taken as the total pressure of 

the coolant. Two thermocouples are inserted into the coolant chamber to measure the 

coolant temperature. Two pitot tubes for mainstream wall static pressure measurement 

and two thermocouples to measure the mainstream total temperature are located 

upstream of the test plate in the mainstream duct. At the same location, total pressure 

taps are provided for estimating flow velocity. Each static, total pressure tap and 

thermocouple are placed on the opposite sides of the mainstream duct wall, but at the 

same sectional plane. Always at two locations, measurements are taken, and the average 
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is used for further calculations. The velocity upstream of the test model is estimated 

from the measured total pressure of the pitot tube, the wall static pressure and the 

required flow velocity is set by controlling the inlet flow control valve.  

3.2 Test Plate Details 

3.2.1 Geometric Details of Machined Ring 

A number of parameters influence the behavior of machined ring geometries. 

The main parameters among them are, the distance between the machined ring and 

effusion cooling geometry, machined ring geometry height, the hole arrangement, the 

hole diameter and the velocity of the jet through the machined ring holes.  Fig. 3.3 

shows the geometric details of the two machined ring arrangements. These geometries 

have similarities with the geometries of parallel inlet holes described by Yang et al. 

(2012). They studied one row, two rows with the aligned and staggered arrangement 

and three rows of film cooling holes. They varied the film hole diameter in the range of 

2 mm to 7 mm, the pitch between holes as 5 mm to 10 mm and the distance between 

the rows as 5 mm for a double row, 2.5 mm for three rows.  But in the present study, 

the following geometrical parameters are considered for the machined rings. Machined 

ring 1 (MR1) having one row of holes, consists of hole diameter(d) 2.5 mm and a 

pitch(x) of 10.8 mm. In machined ring 2 (MR2), where the holes are arranged in a 

staggered manner having the same hole diameter, with the same pitch as of MR1. But 

the two rows of holes are separated by a distance(y) of 2.5 mm. These machined ring 

geometries are prepared on the hylam material.  

  

a.) Machined Ring 1 b.) Machined Ring 2 

Fig. 3.3 Schematic of machined ring geometries 
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Fig. 3.4 Schematic of the machined ring with one row of holes 

 

Fig. 3.5 Schematic of the machined ring with two rows of holes 

Fig. 3.4 and Fig. 3.5 show the geometric details of the machined ring 

arrangements. For the measurements of adiabatic film cooling effectiveness and heat 

transfer coefficients with machined ring geometries, a test plate made out of hard 

polyurethane foam material is attached downstream of the machined ring geometries. 

The thickness(t) of the hard foam is 15 mm with a thermal conductivity of 0.02 W/mK. 

Thin stainless steel sheet of 0.2 mm thickness is fixed over the hard foam and adhered 

using adhesive Araldite. Before fixing the stainless steel sheet to the base substrate, 

fourteen thermocouples are fixed to the sheet, covering the plate length in the flow 

direction to measure the surface temperature for use as the reference temperature for 

evaluating background correction in infrared temperature measurement. As the 

thermocouples are fixed on the bottom side of the stainless steel sheet, markers are 
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provided on the top side to identify their locations when viewing the test plate through 

an infrared camera.  The model is painted using high emissivity black paint to ensure 

uniform emissivity for the viewed surface.  The test plate so fabricated is assembled 

onto the top flange (made out of hylam) of the plenum, through which the coolant flow 

is fed to the film cooling holes. In the top flange, provision is made to install the 

machined ring geometries. The schematic of the machined ring test plate assembly is 

shown in Fig. 3.6. 

For heat transfer coefficient measurements, copper bus-bars are attached at the 

two ends of the stainless steel sheet through which electrical power is supplied to heat 

the sheet. Thus the test plate is prepared in such a way that both film cooling 

effectiveness and heat transfer coefficient can be acquired using the same model. 

 

Fig. 3.6 Schematic of the machined ring test plate assembly 
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3.2.2 Geometric Details of Effusion Test Plate 

 

Fig. 3.7 Geometric details of the effusion test plate 

For adiabatic film cooling effectiveness measurements, the test plate for the 

multirow effusion cooling was prepared in a low thermal conductivity substrate (hard 

polyurethane foam), and the holes are drilled in that. The geometric detail of the 

effusion test plate is shown in Fig. 3.7 and it is scaled up 3 times when compared to the 

original geometry that is used in the metal liner plates. The thickness(t) of the hard foam 

is 15 mm with a thermal conductivity of 0.02 W/mK. The effusion cooling holes are 

drilled at 27o hole angle(β), 3.0 mm hole diameter(D) with 9 holes in a row having a 

streamwise pitch (Sx) of 7.2D. There are 13 rows of cooling holes with 7.2D spanwise 

spacing (Sy) between rows arranged in a staggered manner. The geometrical parameter 

of this effusion cooling holes is designed in such a way that it would not replicate the 

previously available literature survey and also it has to give the best cooling 

effectiveness in terms of performance. Gustafsson and Johansson (2001) tested three 

different hole angles of 15o, 20o and 30o and found that lower angles are giving better 

film cooling effectiveness. Similarly, Legar et al. (2003) made a study on 20o, 30o and 

90o and their results show that the wall cooling effectiveness decreases with the increase 

in hole angle. In other research papers also, researchers used a hole angle of 30o for 

their studies. So, in comparison with the earlier researcher’s results, it is decided to have 

hole angle of 27o in this present study for better performance.  

For adiabatic cooling effectiveness tests generally scaled up models have been 

tested by researchers. Gustafsson and Gunnar Johansson (2001) used 5 mm diameter 

effusion holes, whereas Zhang et al. (2009) and used 5.7 mm diameter in their adiabatic 
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film cooling effectiveness studies. So, in this study, it is decided to have an effusion 

cooling hole diameter of 3 mm for the adiabatic model. To find out the overall cooling 

effectiveness metal liner plates are used. For metallic liner test plates, the same 

geometric parameters that are used in the real engine are considered for testing. Legar 

et al. (2003) studied the effect of hole diameter varied from 0.3 mm to 0.7 mm and 

found that the hole diameter increases cooling effectiveness also increases due to the 

increase in mass flow through the holes. Jingzhou et al. (2009) used 1 mm diameter 

effusion cooling holes in his studies. Generally, the hole diameter of 0.3 to 1.2 mm was 

suggested by the researchers.  So, for overall cooling effectiveness study, effusion 

cooling hole diameter of 1 mm is selected and used in the stainless-steel metallic liner 

test plate.  

The pitch between the holes is another important parameter while 

selecting/designing effusion hole arrangements. Gustafsson and Johansson (2001) 

varied the streamwise pitch to the diameter ratio (Sx/D) of 3, 6 and 12. Jingzhou et al. 

(2009) varied the streamwise pitch to the diameter ratio (Sx/D) of 1.5, 2 and 2.5 and 

spanwise pitch to the diameter ratio (Sy/D) of 3, 4 and 5. The results of both the papers 

show that the cooling effectiveness is higher for the closer holes. In the present study, 

the 7.2D pitch is used in both the streamwise and spanwise direction. 

Thin stainless steel sheet of 0.2 mm thickness with the required effusion cooling 

hole geometry, machined by water jet cutting, is fixed over the hard foam and adhered 

using adhesive Araldite. Before fixing the stainless steel sheet to the base substrate, 

eight thermocouples are fixed to the sheet, covering the plate length in the flow 

direction to measure the surface temperature for use as the reference temperature for 

evaluating background correction in infrared temperature measurement. As the 

thermocouples are fixed on the bottom side of the stainless steel sheet, markers are 

provided on the top side to identify their locations when viewing the test plate through 

an infrared camera.  The model is painted using high emissivity black paint to ensure 

uniform emissivity for the viewed surface.  The test plate so fabricated is assembled 

onto the top flange (made out of hylam) of the plenum, through which the coolant flow 

is fed to the film cooling holes. In the top flange, provision is made to install the 

machined ring geometries upstream of the multirow hole arrangement. The schematic 
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of the effusion test plate assembly and effusion test plate with a machined ring assembly 

is shown in Fig. 3.8 and Fig. 3.9. 

 

Fig. 3.8 Schematic of the effusion test plate assembly 

 

Fig. 3.9 Schematic of the effusion test plate with the machined ring assembly 
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For overall cooling effectiveness measurements, this same effusion cooling 

geometry is retained but scaled down by 3 times. This test plate is prepared in stainless 

steel and having a thickness of 2 mm. Angled holes of 1 mm diameter with an 

inclination angle of 27° are drilled through the test plate by electric discharge machining 

(EDM) process. Effusion holes are placed in a staggered manner with 9 holes per row, 

and there are 13 rows in total. The number of holes are 117. The streamwise and 

spanwise pitch distance is 7.2D. The geometry has a hole density of 28.54 holes/in2. 

Fig. 3.10 shows the geometrical details of the test plate. Photograph of the test plate for 

overall cooling effectiveness measurements is shown in Fig. 3.11. Apart from this, 

another test plate is fabricated with the same geometrical parameters of the effusion 

holes expect the hole pitch. For the second plate hole pitch of 5.4D is chosen which is 

less than the first geometry. This analysis will give the effect of hole pitch on effusion 

cooling geometry. 

 

Fig. 3.10 Geometrical details of the test plate for overall cooling effectiveness  

The stainless-steel test plate contains three regions namely the upstream region 

before the start of cooling holes, the multi-holed region, and the region downstream of 

the cooling holes. In the upstream region, heat transfer takes place by conduction 
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through the plate, convection on both sides of the plate and also by radiation on both 

sides of the plate. In the multi-holed region, the heat transfer occurs by radiation, 

convection, conduction through holes, and by the film cooling effect. After the multi-

holed region, the film cooling effect is developed and achieved in the downstream 

region. In the actual liner, radiation effects are considered on both sides of the liner. 

However, in our experiments, the effect due to radiation is minimum and are neglected.

  

 

Fig. 3.11 Photograph of the test plate for overall cooling effectiveness   

The schematic of the mainstream and the coolant flow through the effusion, and 

machined ring geometry holes are shown in Fig. 3.12. The effusion cooling geometry 

is positioned at a distance of 32 mm from the machined ring exit. Both the machined 

rings have a wedge shape arrangement at the inlet with gradual taper up to the machined 

ring height, in order to ensure a smooth mainstream flow over the machined ring 

geometries in the streamwise direction of the flow. The machined ring communicates 

with the coolant chamber through the slot provided in the top flange. For the tests with 

effusion holes alone, the machined ring geometry was removed, and the coolant flow 

slot area for the machined ring was blocked. Test plate length along the streamwise 

direction is shown in terms of X/D. The test plate starts at X/D=0 and ends at X/D=80. 

Similarly, the effusion cooling holes are starting at X/D=10.6 and ends at X/D=70.  
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Fig. 3.12 Schematic of effusion cooling with machined ring cooling flow along with 

the mainstream flow 

 

Fig. 3.13 Photograph of the fabricated adiabatic effusion test plate 

Fabricated models of adiabatic effusion test plate and machined ring geometries 

are shown in Fig. 3.13 to Fig. 3.15.  

 



40 

 

 

Fig. 3.14 Photograph of fabricated machined Ring 1 with one row of holes 

 

Fig. 3.15 Photograph of fabricated machined Ring 2 with two rows of holes 

3.3 Instrumentation Systems 

3.3.1 Thermocouples 

Mainstream and coolant air temperature measurements are carried out by using 

Omega make K-type thermocouples which are connected to a Fluke temperature data 

acquisition system. Four thermocouples are used to measure the fluid temperatures: two 

for mainstream air and other two for coolant air temperature measurements. Apart from 

these, eight thermocouples are fixed in the test plate to measure the surface temperature 

for use as the reference temperature for evaluating background correction in infrared 

temperature measurement. These thermocouples are calibrated with reference to a 

standard calibrated thermocouple and the measurements taken by these thermocouples 

are having an accuracy of + 1C. 

3.3.1.1 Thermocouple Calibration 

In order to achieve accurate readings from a thermocouple, it is essential to 

calibrate each and every thermocouple used in the experiments. A thermal bath, which 

gives control and stable constant temperature, is used for the calibration purpose. It 

gives uniform temperature and covers a large enough area so that a standard reference 

thermocouple can adequately be inserted into it. A measuring instrument, such as Fluke 

calibrator is used to measure reference thermocouple output. Initially, the thermal bath 

is set to a particular temperature and one junction of the thermocouple, which is to be 

calibrated, is then placed into the thermal bath. The other junction is connected to the 
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Fluke, and the temperature readings of this thermocouple and the standard reference 

thermocouple are recorded. By increasing the temperature at different increments based 

on our temperature range, i.e., between the upper and lower limits, this process is 

repeated. The error between this thermocouple and the standard reference thermocouple 

is calculated for all the measurements.   

3.3.2 Infrared Camera 

Test plate surface temperature measurement is taken by FLIR SC 325 infrared 

camera having a resolution of 320 x 240 pixels and an accuracy of ± 1.5°C. IR camera 

is having a manufacturer’s calibration curve, which converts the raw radiation value to 

temperature. However, the manufacturer’s calibration was made against a black body. 

In our experiments, the test plate image is a grey body because it depends upon various 

factors like radiation emitted from the test surface, radiation reflected from the tunnel 

walls, the transmissivity of the window material, the radiation reflected from the 

window material and the background atmospheric radiation. Therefore, a separate 

calibration was made according to our temperature range.  

3.3.2.1 Infrared Camera Calibration 

Infrared camera calibration is carried out based on the procedure explained by 

Martiny et al. (1996). The test plate is heated from room temperature to 80oC with an 

interval of 2oC. For each interval, the IR image raw count value and the thermocouple 

value in Celsius are recorded. From each image, the location of the thermocouple is 

identified by the marker, and that particular raw count values are taken and plotted 

against the thermocouple values for the series of points. Similarly, the test plate was 

cooled to a lower temperature below atmosphere up to -20oC at an interval of 2oC. The 

temperature against raw count calibration from -20oC to 80oC and the raw count against 

temperature calibration are shown in Fig. 3.16 and Fig. 3.17 respectively. Thus, the IR 

camera is calibrated in the required temperature range, and the calibration equations are 

generated from the plots. In our experimental study, the IR image is captured in raw 

radiation values and then converted into temperature values using these calibration 

equations. 
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Fig. 3.16 Variation of raw radiation values with respect to temperature 

 

Fig. 3.17 Variation of temperature with respect to raw radiation values 
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In the present study, during tests, the background radiation varies from day to 

day due to the atmospheric temperature variation. An in-situ calibration was carried out 

for each and every acquired data to solve this problem, during the tests. The image 

acquired by the camera is in raw radiation values. The thermocouple data in Celsius is 

converted into raw radiation value using the equation mentioned in Fig. 3.16. From the 

image, the thermocouple locations are identified, and the raw radiation values for each 

thermocouple is extracted. The difference between the image raw radiation value and 

the thermocouple converted radiation value is estimated and called as a correction 

factor for the particular day background radiation. This correction factor is added to all 

the pixel values in the image.  Thus the correction factor applied image is converted to 

temperature using the equation mentioned in Fig. 3.17 and this temperature is used to 

calculate the adiabatic film cooling effectiveness and heat transfer coefficients.  

 

Fig. 3.18 Comparison of thermocouple effectiveness and image effectiveness values 

In order to ensure the camera calibration procedure is correct, the result of 

adiabatic film cooling effectiveness for effusion cooled test plate at blowing ratio of 2.5 

test run is plotted in Fig. 3.18. This plot shows the effectiveness result which is 
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calculated from the thermocouple temperature values and also from the thermographic 

image values. From this plot, the results show that the thermocouple temperature 

effectiveness values and the thermographic image effectiveness values are matching. 

So the in-situ calibration of the thermographic image with reference to the 

thermocouple is satisfied. 

3.3.3 Pressure Net Scanner 

Total and static pitot tubes are fixed in the coolant chamber and in the 

mainstream duct to measure the coolant chamber pressure and the mainstream total and 

static pressures. These pressures are measured by a pressure net scanner (Model 9116 

Pneumatic Intelligent Pressure Scanner).  

The mainstream mass flux (mUms) was calculated from the mainstream velocity 

and the mainstream density. The mainstream density is calculated based on the static 

pressure and total temperature measured in the test section.  

 𝑈𝑚𝑠 
2 = 2 ∗ (

𝑃𝑡  − 𝑃𝑠  


𝑚𝑠

)   (3.1) 

The mainstream density (m) is estimated from the mainstream temperature and 

the mainstream pressure.   

The average coolant jet velocity through all the holes (Uc) is estimated from the 

coolant chamber/plenum total pressure, the test section/mainstream static pressure and 

the coolant density (c). The coolant density (c) is estimated from the coolant 

temperature and the coolant chamber pressure.   

 𝑈𝑐 
2 = 2 ∗ (

𝑃𝑐𝑐  − 𝑃𝑠  


𝑐

)   (3.2) 

3.3.4 Orifice Plate 

An orifice plate is used in the coolant line to estimate the coolant mass flow rate 

through the film cooling holes. The orifice hole diameter of 20.13 mm is used, and the 

upstream, downstream static pressure ports to the orifice plate are made at Dp, Dp/2 

locations respectively as per the BIS standards. The mass flow is calculated based on 
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the equations given in the BIS standard. Orifice upstream and downstream pressures 

are also measured by the pressure net scanner. The mass flow measurements and the 

coefficient of discharge through the machined ring holes and effusion cooling holes are 

given in Appendix-I. 

3.4 Experimental Procedure 

3.4.1 Adiabatic Film Cooling Effectiveness Measurement 

The cooling effectiveness measurements are carried out with hot mainstream 

and the coolant at a lower temperature. For adiabatic film cooling effectiveness 

measurement, the mainstream air at an atmospheric temperature of 30C is allowed to 

pass over the test section at the required flow velocity of 20 m/s. Generally, at the 

combustor primary and secondary zones, the hot gas mainstream velocities are less. So 

in this study, the mainstream air velocity of 20 m/s is set by measuring the static and 

total pressures in the mainstream duct. The flow velocity is estimated from the total and 

static pressure measurements in the mainstream duct. The Reynolds number at this 

velocity and based on the hydraulic diameter of the duct is 3x105. The secondary air is 

set to the required pressure based on the blowing ratio in the coolant plenum through a 

pressure regulator and cooled to -42C while passing through the liquid nitrogen heat 

exchanger. The blowing ratio considered in this study is the global blowing ratio 

through the effusion cooling holes in the test plate. The coolant total pressure inside the 

coolant chamber is kept constant both in the streamwise and spanwise direction of the 

cooling holes. The temperature of the film cooling air is measured inside the plenum at 

two locations. Once both the air streams are set to the required blowing ratio, the 

following things are recorded. Test model surface temperature measurement was taken 

by FLIR SC 325 infrared camera with in-situ calibration with respect to the 

thermocouples fixed on the test plate. Mainstream and coolant air temperature 

measurement are recorded by Omega make K-Type thermocouples which are 

connected to a Fluke temperature data acquisition system. The static and total pressure 

measurements of mainstream and the coolant pressure by the pressure net scanner and 

finally the coolant mass flow measurement was estimated by orifice plate pressure taps 

readings. This procedure is repeated for the other blowing ratios. 
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3.4.2 Convective Heat Transfer Coefficient Measurement 

For convective heat transfer coefficient measurements, constant heat flux at the 

surface can be provided with a thin stainless steel foil. Thin metal foils are more suitable 

due to the uniform resistance of the membrane, which is important in providing constant 

heat flux. Otherwise, power distribution is difficult to calculate. The constant heat flux 

boundary condition is generated by heating the stainless steel sheet attached over the 

surface by low voltage high current AC power. The high current low voltage AC 

electrical power is supplied to the stainless steel sheet fixed onto the model through an 

autotransformer and a step-down transformer with the step-down ratio of 230:4. A 

current transformer located on one of the input leads to the model is used for current 

measuring. The current transformer has a step-down ratio of 1000:1. The current 

transformer output, being current, is passed through a standard 9.4 Ohm resistor and 

the voltage drop is measured by the data logger. The heat supplied is estimated from 

the relation: 

 𝑄𝑒 =
𝑉 ∗ 𝐼

𝑊 ∗ 𝐿
 (3.3) 

Where W is the width of the sheet, L is the length over which voltage drop V is 

measured, and I is the current supplied. A relation between V and I is obtained by 

measuring the voltage drop over length L as a function of current: 

 𝑉 = 𝑐 ∗ 𝐼 (3.4) 

Fig. 3.19 shows a typical V versus I curve for the thin stainless steel sheet which 

was used for the machined ring geometries. This sheet doesn’t have the effusion holes. 

Fig. 3.20 shows typical V versus I curve for the thin stainless steel sheet which was 

used for the effusion cooling. In this thin stainless steel foil, effusion-cooling holes are 

made using water jet cutting.  

Hence, the heat supplied can be estimated from the relation: 

 𝑄𝑒 =
𝑐 ∗ 𝐼 ∗ 𝐼

𝑊 ∗ 𝐿
 (3.5) 
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Because of the finite thermal conductivity of the substrate, part of the power 

supplied is transferred to the substrate. To estimate this conduction loss, the model outer 

surface is covered with thermal wool of low thermal conductivity to eliminate all losses 

from the exposed surface of the model. Power is supplied to the model, and the model 

temperature is recorded after attaining steady condition. This is a measure of the 

conduction loss for the measured surface temperature. As the model inner surface is at 

room temperature, the difference between the model temperature and room temperature 

was used to characterize the heat loss QL.  

Fig. 3.21 and Fig. 3.22 shows typical heat loss power variation with the 

difference in test plate and room temperature for the substrate used on machined ring 

geometries and effusion cooling respectively. As the heat loss through radiation was 

small and negligible, the net power supplied is estimated from the relation: 

 𝐶1 = 𝑄𝑛𝑒𝑡 = 𝑄𝑒 − 𝑄𝐿 (3.6) 

The heat transfer coefficient is calculated from the relation:   

 ℎ𝑓 =
𝐶1

𝑇𝑎𝑤 − 𝑇𝑚
 (3.7) 

where Taw is the local wall temperature estimated from thermogram and Tm is the 

measured mainstream temperature. 



48 

 

 

Fig. 3.19 Variation of voltage with respect to the current supplied for thin stainless 

steel sheet for machined ring geometries 

 

Fig. 3.20 Variation of voltage with respect to the current supplied for thin stainless 

steel sheet with effusion cooling holes 
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Fig. 3.21 Conduction heat loss with respect to the temperature difference across the 

substrate used for machined ring geometry 

 

Fig. 3.22 Conduction heat loss with respect to the temperature difference across the 

substrate used for effusion cooling holes 
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For the heat transfer coefficient measurements, the mainstream and the coolant 

air is set at the same temperature. The required blowing ratio is set, and subsequently, 

the electrical power was supplied to the stainless steel sheet. The surface temperatures 

were monitored in a data logger. The power was adjusted in such a way that the 

maximum temperature measured did not exceed air temperature by more than 25° C. 

Sufficient time was allowed to reach steady condition. The temperatures and the current 

supplied to the sheet were recorded in the data logger over a period of 30 seconds, and 

the average value was taken for calculation of heat transfer coefficient. At the same 

time, two thermal images were recorded by using the IR camera. The pressure readings 

were noted down. The local heat transfer coefficient was calculated by dividing the net 

heat flux supplied to the stainless steel sheet to the difference between the measured 

wall and free stream temperature.  

3.5 Error Estimate 

The error estimate/uncertainty is calculated based on the procedure explained 

by Holman (1994). The mainstream and the coolant temperatures are measured with an 

accuracy of + 1C by K-type thermocouples. The test plate temperature is estimated 

from the FLIR infrared thermographic system output with an accuracy of +1.5C. With 

the above temperature measurement accuracy, the uncertainty in the cooling 

effectiveness is calculated at the mainstream temperature of 30C and coolant 

temperature of -42C for two levels of cooling effectiveness 0.6 and 0.3.  The error in 

the estimated cooling effectiveness amounts to + 3.85% at  = 0.6 and + 7.79% at  = 

0.3. Pictorial representation of error band of adiabatic film cooling effectiveness for 

effusion cooling holes at a blowing ratio 2.0 is shown in Fig. 3.23. The long dash lines 

show the upper and lower limit of the error band and the continuous line is the actual 

cooling effectiveness. The repeatability of data is also verified by two different test runs 

for the same conditions, and the results show that the cooling effectiveness is identical 

for both the test runs. 



51 

 

 

Fig. 3.23 Pictorial representation of error band for adiabatic film cooling effectiveness 

of effusion cooling holes 

Pressure net scanner is having an accuracy of ± 0.05% of measured pressure. 

An uncertainty analysis performed based on the pressure and temperature readings 

indicates that the uncertainty in the calculated blowing ratio is + 0.4% for BR=2.5 and 

+ 1.9% for BR=0.5. Error in the heat transfer coefficient is estimated for two values of 

lower and higher heat transfer coefficients. The uncertainty is +11.48% for 87 W/m2K 

and +8.74% for 120 W/m2K. Detailed uncertainty calculation and procedure for the 

parameters are attached in Appendix-II. 
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4 COMPUTATIONAL METHODOLOGY 

4.1 Modeling 

The numerical analysis is done using ANSYS workbench. The test plate is 

modeled in solid works design software, and the domain is created using the design 

modeler of ANSYS. It consists of the solid plate, flow domain inside the holes and the 

mainstream domain above the plate. For adiabatic cooling effectiveness and convective 

heat transfer coefficient measurements, computations are performed only to find out 

the effect of convection heat transfer on the top plate surface. The conduction heat 

transfer within the solid plate is not considered, and hence solid plate is subtracted from 

the computation domain using ‘Boolean’ operation.  

The mainstream domain has the dimensions of 901mm×180mm×350mm. These 

dimensions are taken from the actual test section dimensions used in the experiments. 

For adiabatic cooling effectiveness and convective heat transfer coefficient 

measurements, the presence of coolant chamber domain does not make any difference 

in the final results. Hence to simplify CFD analysis coolant flow injection was directly 

given into the test plate cooling holes.  

 

Fig. 4.1 Modeling of machined ring 1 

The cut section of the domain along with the test geometry for the adiabatic 

models of machined ring 1, machined ring 2, effusion cooling, effusion with machined 

ring 1 and effusion with machined ring 2 are shown in Fig. 4.1 to Fig. 4.5.  
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Fig. 4.2 Modeling of machined ring 2 

 

Fig. 4.3 Modeling of effusion cooling holes 

 

Fig. 4.4 Modeling of effusion holes with machined ring 1 
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Fig. 4.5 Modeling of effusion holes with machined ring 2 

 

Fig. 4.6 Computational domain for conjugate analysis of effusion cooling with 

boundary conditions 

The conjugate analysis is carried out to find out the overall cooling effectiveness 

measurements on the effusion test plate. For this conjugate analysis, the mainstream 

domain has dimensions of 750 mm * 175 mm * 390 mm. In order to capture the 

convective heat transfer at the coolant entry side to the test plate, coolant chamber is 

provided at the back of the test plate which is having the dimensions of 150 mm * 150 
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mm * 100 mm. Conduction within the effusion test plate thickness is considered. 

Computation domain for conjugate analysis of effusion cooling along with the 

boundary conditions is shown in Fig. 4.6. 

4.2 Mesh Generation 

The whole domain is then meshed using ANSYS workbench meshing tool to 

generate an unstructured mesh of relevance zero. Fine meshing is made in the hole 

regions in such a way that each coolant holes are having at least 5 layers of meshing. 

In order to get the accurate resolution of the coolant and mainstream flow mixing near 

the test plate wall, local refinement in terms of inflation layers are created. Final average 

orthogonal quality of mesh is 0.80, and the average skewness is 0.3. The meshing of 

the adiabatic models is shown in Fig. 4.7 to Fig. 4.9. 

 

Fig. 4.7 Meshing details for machined ring 1  

  

Fig. 4.8 Meshing details for effusion cooling 
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Fig. 4.9 Meshing details for effusion cooling with machined ring 1 

4.3 Boundary Conditions 

The boundary conditions for CFD are mentioned in Table 4.1. Mainstream inlet 

side is given a velocity inlet as the boundary condition, with the mainstream outlet as 

pressure outlet. The coolant inlet was given as a pressure inlet condition, for which the 

different coolant pressures at different blowing ratios are established. For all the test 

cases the mainstream velocity is given as 20 m/s. Table 4.2 gives the test matrix for the 

heat transfer coefficient and adiabatic film cooling effectiveness measurements. 

Table 4.1 CFD boundary conditions 

Named selection Type of condition 

Mainstream Inlet Velocity Inlet 

Mainstream Outlet Pressure Outlet 

Coolant Inlet Pressure Inlet 

Duct Surface Wall 
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Table 4.2 Test matrix for heat transfer coefficient and adiabatic film cooling 

effectiveness measurements 

 

For heat transfer coefficients, experimental values of heat flux are given to the 

test plate surface and the coolant, mainstream temperatures are given as 300 K. For the 

adiabatic film cooling effectiveness, coolant and mainstream pressure, temperature 

conditions are maintained at the values given in the test matrix. 

4.4 Turbulence Model Selection 

CFD analysis is carried out on Fluent and steady state pressure based solver is 

used for the analysis. Turbulence model k-ε realizable with standard wall functions 

chosen to perform the simulation. This is considered based on the previous research 

work done by Harrison and Bogard (2008) and Silieti et al. (2009), who have got 

convincing results using k- ε realizable model. For this analysis, residuals for the energy 

equation in the order 10-8 and for continuity, momentum equation residuals in the order 

of 10-3 are considered. Second order upwind scheme is used for discretization, and 

coupled scheme of algorithm is used for the analysis. 

BR Temp Density Velocity Temp Density Velocity

Const Kelvin Kg/m3 m/sec N/m2 mm of H2O Kelvin Kg/m3 m/sec N/m2 mm of H2O

0.50 300 1.172 20 234.4 23.90 300 1.172 10.00 58.60 5.98

1.00 300 1.172 20 234.4 23.90 300 1.172 20.00 234.40 23.90

1.50 300 1.172 20 234.4 23.90 300 1.172 30.00 527.40 53.78

2.00 300 1.172 20 234.4 23.90 300 1.172 40.00 937.60 95.61

2.50 300 1.172 20 234.4 23.90 300 1.172 50.00 1465.00 149.39

DR 1.3

BR Temp Density velocity Temp Density Velocity

const kelvin Kg/m3 m/sec N/m2 mm of H2O Kelvin Kg/m3 m/sec N/m2 mm of H2O

0.50 300 1.172 20 234.4 23.90 231 1.522 7.67 44.77 4.57

1.00 300 1.172 20 234.4 23.90 231 1.522 15.34 179.08 18.26

1.50 300 1.172 20 234.4 23.90 231 1.522 23.01 402.94 41.09

2.00 300 1.172 20 234.4 23.90 231 1.522 30.68 716.33 73.05

2.50 300 1.172 20 234.4 23.90 231 1.522 38.35 1119.27 114.13

Heat Transfer Coefficient
Main Stream Conditions (27 deg) Coolant conditions (27 deg)

M S ( Del P) Chamber Pressure

Note: Density of Air at 27Deg C = 1.172 Kg/m3 and at -42 Deg C = 1.522 Kg/m3

Adiabatic Film Cooling Effectiveness

Main Stream Conditions (27 deg) Coolant Conditions (-42 deg)

M S ( Del P ) Chamber Pressure
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4.5 Grid Independence Study 

The grid independence study was performed for different mesh sizes on all the 

geometries, and the optimum grid size is chosen for further analysis. The grid 

independence study for the conjugate effusion cooling test plate which has 7.2D pitch 

is explained as follows. The mesh sizes of 0.43, 0.85 and 1.15 million elements were 

generated with ANSYS meshing tool as shown in Fig. 4.10. The numerical simulation 

is performed for all the three different mesh sizes of the domain, and the effectiveness 

results are plotted in Fig. 4.11. The middle line effectiveness results of CFD for all 

mesh sizes are matching with the experimental middle line effectiveness. To reduce the 

computational time, the domain with the least mesh size is chosen for further analysis 

of all the test run conditions. Hence domain with a grid size of 0.43 million elements is 

considered as the optimum grid size in this particular conjugate analysis.  

 

Fig. 4.10 Different mesh sizes for grid independence study 
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Fig. 4.11 CFD overall film cooling effectiveness results at different mesh sizes in 

comparison with the experimental result 
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5 RESULTS AND DISCUSSION 

5.1 Machined Ring 1 

5.1.1 Adiabatic Film Cooling Effectiveness 

For adiabatic film cooling effectiveness measurement, the secondary air and the 

mainstream air are maintained at different temperatures. The recorded thermographic 

image of the test plate by IR camera during a machined ring test run is shown in Fig. 

5.1. This image clearly shows the markers for identifying the thermocouple locations. 

There are 14 thermocouples fixed to the test plate. Seven are at the top, and the 

remaining seven are at the bottom. The region in-between the top and bottom 

thermocouples are identified, and those pixels values are averaged in the spanwise 

direction, and the average effectiveness values are calculated. The legend bar shows the 

raw radiation values which are converted into temperature values by using the 

calibration equations as mentioned earlier. 

Fig. 5.2 shows the experimental adiabatic film cooling effectiveness distribution 

in streamwise direction for machined ring 1. Blowing ratio is varied from 0.5 to 2.5. 

Results show that the adiabatic effectiveness is increased with increase in blowing ratio. 

These results are averaged over a two-pitch region of holes in the spanwise direction. 

More cooling effectiveness is found near the machined ring cooling holes and decreases 

as the distance increases due to the mixing of coolant with the hot mainstream. 

Immediate downstream of holes 0.6 effectiveness values are found, and it gradually 

reduces as the X/D increases. The gradual reduction also depends upon the blowing 

ratio, i.e., the velocity of the coolant jet coming out of these holes. 

Fig. 5.3 shows the CFD adiabatic film cooling effectiveness distribution in 

streamwise direction for machined ring 1. Blowing ratio is varied from 0.5 to 2.5. 

Results show that the adiabatic effectiveness is increased with increase in blowing ratio. 

More cooling effectiveness is found near the machined ring cooling holes and decreases 

as the distance increases due to the mixing of coolant with the hot mainstream.  
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Fig. 5.1 Thermographic image of test plate during a machined ring test run 

 

 

Fig. 5.2 Experimental adiabatic film cooling effectiveness distribution for machined 

ring 1 
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Fig. 5.3 CFD adiabatic film cooling effectiveness distribution for machined ring 1  

Fig. 5.4 shows the CFD adiabatic test plate temperature contours for machined 

ring 1 at different blowing ratios. From the contours, it is seen that as the blowing ratio 

increases the film formation or coverage increases along the length of the test plate in 

the streamwise direction. Due to this, the effectiveness increases as the blowing ratio 

increases. For each and every blowing ratio at the exit of the machined ring holes, the 

temperature is less, and it increases along the length of the test plate in the streamwise 

direction. In Fig. 5.5, the flow field temperature contours shows the mixing behavior of 

mainstream and the coolant ejecting out of the machined ring holes. Near the machined 

ring holes, the film temperature is less and as the X/D increases film temperature 

gradually increases due to the mixing between the coolant and the mainstream. 

Fig. 5.6 shows the experimental and CFD comparison results for the machined 

ring 1 geometry at different blowing ratios. The CFD cooling effectiveness results are 

matching with the experimental results after X/D of 20 for lower blowing ratios. 

However, near the film cooling holes upto X/D of 20, CFD is not capturing the mixing 

behavior of coolant and mainstream, and thus effectiveness variation of ± 10% is found. 

For higher blowing ratios of 2.0 and 2.5, both the results are more or less the same.  
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.4 CFD adiabatic test plate temperature contours for machined ring 1 at 

different blowing ratios 
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.5 CFD flow field temperature contours for machined ring 1 at different 

blowing ratios 
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.6 Comparison of experimental and CFD adiabatic film cooling effectiveness 

for machined ring 1 at different blowing ratios 
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5.1.2 Heat Transfer Coefficients 

For the heat transfer coefficient measurements, the mainstream and the coolant 

air is set at the same temperature. The required blowing ratio is set, and subsequently, 

the electrical power was supplied to the stainless steel sheet. The surface temperatures 

were monitored in a data logger. The power was adjusted in such a way that the 

maximum surface temperature measured did not exceed more than 55°C. Sufficient 

time was allowed to reach steady condition, and the temperatures, current supplied to 

the sheet were recorded in the data logger over a period of 30 seconds, and the average 

value was taken for calculation of heat transfer coefficient. At the same time, two 

thermal images were recorded by using the IR camera. The pressure readings were 

noted down. The local heat transfer coefficient was calculated by dividing the net heat 

flux supplied to the stainless steel sheet to the difference between the measured wall 

and free stream temperature. 

Initially, to find out the heat transfer coefficient for the zero blowing ratio case, 

the coolant supply through the machined ring cooling holes are blocked, and the thin 

SS sheet is heated by means of electrical power. Only mainstream flow is allowed to 

flow over the SS sheet at the particular flow velocity, and the mainstream heat transfer 

coefficient is calculated. Fig. 5.7 shows the mainstream heat transfer coefficient 

distribution over the test surface. Due to the presence of wedge upto the height of the 

machined ring, the mainstream flow smoothly flows over the machined ring and 

touches the test plate surface after X/D of 20. So the mainstream heat transfer 

coefficient is constant after X/D of 20 and is 86 W/m2K for that particular Reynolds 

number of the mainstream. But before X/D of 20, there is no flow of mainstream, and 

the heat transfer coefficient gradually increases. 

Fig. 5.8 shows the film heat transfer coefficient in the streamwise direction for 

machined ring 1 at different blowing ratios. The results show that the heat transfer 

coefficient increases with an increase in blowing ratio upto X/D of 20. Near the holes 

the heat transfer variation is significant, and above X/D of 20, there is not much 

variation with respect to blowing ratio. 
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Fig. 5.7 Mainstream heat transfer coefficient in the streamwise direction 

 

 

Fig. 5.8 Experimental film heat transfer coefficient for machined ring 1 
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 Fig. 5.9 shows the heat transfer coefficient ratio in streamwise direction for 

machined ring 1. Heat transfer coefficient ratio is the ratio between the film heat transfer 

coefficient and the heat transfer coefficient without film. The results show that the heat 

transfer coefficient ratio increases with an increase in blowing ratio upto X/D of 20. 

There is not much variation with respect to blowing ratio above X/D of 20 and it shows 

more or less the values equal to the mainstream heat transfer coefficient only. 

Fig. 5.10 shows the CFD film heat transfer coefficient in streamwise direction 

for machined ring 1. The results show that the heat transfer coefficient increases with 

an increase in blowing ratio upto X/D of 25. Afterward, it decreases as the blowing 

ratio increases, but the variation in heat transfer values are minimum. BR=0.5 shows 

nearly equal values as of mainstream heat transfer coefficient, i.e., without the coolant 

film. For other blowing ratios the film heat transfer coefficient increases upto X/D of 

25, then it decreases less than the mainstream heat transfer coefficient.  

Fig. 5.11 shows the comparison between experimental and CFD film heat 

transfer coefficient for all the blowing ratios. The spanwise averaged CFD values and 

their trends are almost matching with experimental values. But the CFD values are little 

bit above the experimental values at all the blowing ratios. 
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Fig. 5.9 Experimental heat transfer coefficient ratio for machined ring 1 

 

Fig. 5.10 CFD film heat transfer coefficient for machined ring 1 
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.11 Comparison of experimental and CFD film heat transfer coefficient for 

machined ring 1 at different blowing ratios 
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5.1.3 Net Heat Flux Reduction 

Net Heat Flux Reduction (NHFR) is a commonly used parameter to evaluate 

the reduction of heat flux across a cooled surface. It tells how much reduction in the 

heat flux happens due to the film cooling. NHFR values are calculated based on the 

equation 1.8 explained in chapter 1. But the θ value in equation 1.9 is assumed based 

on the following literature papers. Sen et al. (1996) described that the calculation of 

NHFR requires a value for θ which is to be assumed since the actual value of θ is 

dependent on the real turbine blade conditions. Hence they used a value of θ = 1.6, 

which is typical of film cooled turbine blade operation, for these calculations. 

Christophel et al. (2005) explained that, in the equation of NHFR, all variables had been 

measured experimentally except θ. So, a constant value of θ=1.6, which corresponds to 

the cooling effectiveness of 62.5% was used for their calculation. Also, they explained 

that the NHFR could become negative when high heat transfer augmentation is not 

accompanied by high film cooling. The negative values of NHFR show that the cooling 

mechanism is causing an increased heat load to the surface. The negative NHFR is due 

to the localized high heat transfer with low effectiveness. Dittmar et al. (2004) used a θ 

value of 1.5 in their calculations to find out the NHFR values downstream of shaped 

film cooling holes on the turbine vane. Similarly, Abdala and Elwekeel (2016) did CFD 

simulations of film cooling effectiveness, heat transfer for annular film hole and found 

the NHFR values. They applied a typical θ value of 1.5 which is generally used for gas 

turbine blade applications for the NHFR values calculations. The literature shows two 

values of θ (1.5 and 1.6) were used in the calculation of NHFR. But, in this report θ 

value of 1.6 is used in the calculation of NHFR which corresponds to cooling 

effectiveness of 62.6% (inverse of 1.6). 

Fig. 5.12 shows the effect of blowing ratio on NHFR distribution for machined 

ring 1. The results show that the NHFR increases with an increase in blowing ratio. 

Higher NHFR values are found immediately downstream of machined ring holes and 

as the X/D increases the values gradually reduces upto X/D of 35. Thereafter the values 

are constant for the particular blowing ratio. The negative values of NHFR for low 

blowing ratio cases shows that the localized high heat transfer with low effectiveness 

in those particular regions. 
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Fig. 5.12 Effect of blowing ratio on NHFR distribution for machined ring 1  

5.2 Machined Ring 2 

5.2.1 Adiabatic Film Cooling Effectiveness 

Fig. 5.13 shows the experimental adiabatic film cooling effectiveness 

distribution in streamwise direction for machined ring 2. Blowing ratio is varied from 

0.5 to 2.5. Results show that the adiabatic effectiveness is increased with increase in 

blowing ratio. Similar to the machined ring geometry 1, in this case also more cooling 

effectiveness is found near the machined ring cooling holes and decreases as the 

distance increases due to the mixing of coolant with the hot mainstream. The highest 

effectiveness value of 0.85 to 0.9 is seen near the hole region at higher blowing ratios. 

Fig. 5.14 shows the CFD adiabatic film cooling effectiveness distribution in 

streamwise direction for machined ring 2. Blowing ratio is varied from 0.5 to 2.5. As 

seen in the experimental results, the CFD results also show that the adiabatic 

effectiveness is increased with increase in blowing ratio. More cooling effectiveness is 

found near the machined ring cooling holes and decreases as the distance increases due 

to the mixing of coolant with the hot mainstream.  
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Fig. 5.13 Experimental adiabatic film cooling effectiveness distribution for machined 

ring 2  

 

Fig. 5.14 CFD adiabatic film cooling effectiveness distribution for machined ring 2 
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Fig. 5.15 shows the CFD adiabatic test plate temperature contours for machined 

ring 2 at different blowing ratios. From the contours, it is seen that as the blowing ratio 

increases the film formation or coverage increases along the length of the test plate in 

the streamwise direction. Due to this, the effectiveness increases as the blowing ratio 

increases. But the film formation is more when compared to the MR1 due to the more 

number of holes in MR2. The coolant mass flow is higher than the MR1. For each and 

every blowing ratio at the exit of the machined ring holes, the temperature is less, and 

it increases along the length of the test plate in the streamwise direction. 

Fig. 5.16 shows the experimental and CFD comparison results for the machined 

ring 2 geometry at different blowing ratios. The CFD cooling effectiveness results are 

matching with the experimental results all the blowing ratios after X/D of 20. However, 

near the film cooling holes upto X/D of 20, CFD is not capturing the mixing behavior 

of coolant and mainstream, and thus effectiveness variation of ± 10% is found.  
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.15 CFD adiabatic test plate temperature contours for machined ring 2 at 

different blowing ratios 
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BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.16 Comparison of experimental and CFD adiabatic film cooling 

effectiveness for machined ring 2 at different blowing ratios 
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5.2.2 Heat Transfer Coefficients 

Fig. 5.17 shows the film heat transfer coefficient in streamwise direction for 

machined ring 2. The results show that the heat transfer coefficient increases with an 

increase in blowing ratio upto X/D of 20.  Except for BR=0.5, for other blowing ratios 

the heat transfer coefficient increases and attains peak value at X/D of 5 and decreases 

continuously upto X/D of 20. There is not much variation with respect to blowing ratio 

above X/D of 20. 

 

Fig. 5.17 Experimental film heat transfer coefficient for machined ring 2 

Fig. 5.18 shows the heat transfer coefficient ratio in streamwise direction for 

machined ring 2. The results show that the heat transfer coefficient ratio increases with 

an increase in blowing ratio upto X/D of 20. There is not much variation with respect 

to blowing ratio above X/D of 20 and it shows the mainstream heat transfer coefficient 

only. Fig. 5.19 shows the CFD film heat transfer coefficient in streamwise direction for 

machined ring 2. The results show that the heat transfer coefficient increases with an 

increase in blowing ratio upto X/D of 25. For all the blowing ratios the heat transfer 

coefficient trends are matching with experimental results, but the values are little bit 

above than the experimental values. This comparison is shown in Fig. 5.20. After X/D 
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of 40 and above, the heat transfer coefficients show equal values as of heat transfer 

coefficient without film. This shows that the effect of heat transfer coefficient variation 

due to the coolant film is only upto X/D of 40. 

 

Fig. 5.18 Experimental heat transfer coefficient ratio for machined ring 2 

 

Fig. 5.19 CFD film heat transfer coefficient for machined ring 2 
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.20 Comparison of experimental and CFD film heat transfer coefficients for 

machined ring 2 at different blowing ratios 
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5.2.3 Net Heat Flux Reduction 

Fig. 5.21 shows the effect of blowing ratio on NHFR distribution for machined 

ring 2. The results show that the NHFR increases with an increase in blowing ratio. 

Higher NHFR values are found immediately downstream of machined ring holes and 

as the X/D increases the values gradually reduces upto X/D of 55. Thereafter the values 

are constant for the particular blowing ratio. The negative values of NHFR for blowing 

ratio 0.5 shows that the localized high heat transfer with low effectiveness in those 

particular regions. 

 

Fig. 5.21 Effect of blowing ratio on NHFR distribution for machined ring 2  
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5.3 Comparison Between Two Machined Ring Geometries 

Fig. 5.22 shows the comparison of adiabatic cooling effectiveness experimental 

results for the two machined ring geometries at different blowing ratios. The results 

show that the cooling effectiveness is higher for machined ring 2 than machined ring 1 

at all the blowing ratios. This is because, machined ring 2 has more cooling holes with 

two rows of holes arranged in a staggered manner, whereas the machined ring 1 is 

having one row of holes. In addition, more coolant mass flow is flowing through the 

cooling holes for machined ring 2 and the film formed has more coverage in the 

downstream distance. 

Fig. 5.23 shows the comparison of the heat transfer coefficient experimental 

results for the two machined ring geometries at different blowing ratios. The results 

show that the heat transfer coefficient is higher for machined ring 2 than machined ring 

1 upto X/D of 40 at blowing ratio of 2.5 and upto X/D of 20 at blowing ratio ranging 

from 2.0 to 1.0. At BR=0.5 there is no variation in the heat transfer coefficient 

distribution. 

Fig. 5.24 shows the comparison of net heat flux reduction for the two machined 

ring geometries at different blowing ratios. The results show that the NHFR is higher 

for machined ring 2 than machined ring 1 at all the blowing ratios. This is because of 

the machined ring 2 which has more cooling holes than machined ring 1. The coolant 

flow through machined ring 2 holes produces more film coverage than machined ring 

1 and thus reduces the heat flux from the hot mainstream to the wall surface. Higher 

values of NHFR shows higher adiabatic cooling effectiveness and lower heat transfer 

from the hot mainstream gases. 
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BR=0.5 

Fig. 5.22 Comparison of adiabatic film cooling effectiveness for machined ring 1 

& 2 at different blowing ratios 
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BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.23 Comparison of film heat transfer coefficient for machined ring 1 & 2 at 

different blowing ratios 



84 

 

  

BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.24 Comparison of net heat flux reduction for machined ring 1 & 2 at 

different blowing ratios 
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5.4 Effusion Cooling 

5.4.1 Adiabatic Film Cooling Effectiveness 

For adiabatic film cooling effectiveness measurement, the secondary air is set 

to the required pressure in the coolant plenum through a pressure regulator and cooled 

to -42C while passing through the liquid nitrogen heat exchanger and the mainstream 

air is kept at room temperature. The temperature of the film cooling air is measured 

inside the plenum at two locations. Thermographic image of effusion cooled test plate 

during the test run of 2.5 blowing ratio is shown in Fig. 5.25. 

 

Fig. 5.25 Thermographic image of effusion cooled test plate at 2.5 blowing ratio 

Fig. 5.26 shows the experimental adiabatic film cooling effectiveness 

distribution in streamwise direction for effusion cooling holes. Blowing ratio is varied 

from 0.5 to 2.5. Results show that the adiabatic effectiveness is increased with increase 

in blowing ratio. For a particular blowing ratio, cooling effectiveness continuously 

increases from the starting of the holes to the end region of holes. The cooling 

effectiveness decreases after the end region of holes.  
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Fig. 5.26 Experimental adiabatic film cooling effectiveness distribution for effusion 

cooling holes 

The CFD adiabatic film cooling effectiveness in streamwise direction for 

effusion cooling holes is shown in Fig. 5.27 for blowing ratios of 0.5 to 2.5. For two 

pitch region of holes, spanwise averaged values are taken. From this result, it is 

observed that the adiabatic effectiveness is increased with increase in blowing ratio at 

the end of the effusion holes. Effusion cooling holes are starting at an X/D of 10 and 

ends at X/D of around 70. For a specific blowing ratio, cooling effectiveness 

continuously increases from the starting of the holes upto the end of holes. This 

phenomenon is due to the additive nature of film formed by the coolant flow coming 

out from the consecutive holes in the row. This occurrence was found at all blowing 

ratios. 

The CFD temperature contours in streamwise direction for effusion cooling 

holes is shown in Fig. 5.28 for blowing ratios of 0.5 to 2.5. The mainstream and coolant 

flow is from left to right. From the contours, it is seen that the starting region of the test 

plate shows the mainstream temperature (red colour) prior to the effusion holes. The 

film is formed due to the coolant flow through the effusion holes, and it is gradually 
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spreading due to the additive nature of film formation from the consecutive holes. Thus 

the temperature of the test plate is reduced as the X/D increases. Also, it is observed 

that at low blowing ratios, the coolant is attached to the surface from the starting of 

holes onwards. At higher blowing ratios of 2.5, the coolant jet lift-off takes place, and 

it attaches after some distance, then the coolant flow merges with other rows of effusion 

cooling holes. 

 

Fig. 5.27 CFD adiabatic film cooling effectiveness distribution for effusion cooling 

holes 

The CFD flow field contours in streamwise direction for effusion cooling holes 

is shown in Fig. 5.29 for blowing ratios of 0.5 to 2.5. The film boundary layer formed 

is shown in this contours. Red colour shows the mainstream temperature, and the blue 

refers to the coolant temperature. For blowing ratio of 0.5, the coolant boundary layer 

is having less thickness and attached to the surface from the starting of holes onwards. 

As the blowing ratio increases, the boundary layer thickness increases due to the coolant 

jet lift-off. 

The experimental and CFD comparison of adiabatic film cooling effectiveness 

in streamwise direction is shown in Fig. 5.30 for all the blowing ratios. From this result, 
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it is observed that the CFD adiabatic effectiveness trends are matching with the 

experimental results. But CFD is showing less effectiveness values for BR=2.5, 2.0 and 

1.5 than experimental results. At BR=1.0 it is matching, and at BR=0.5 it is higher than 

experimental results. 

  

BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.28 CFD temperature contours for adiabatic effusion cooling holes 
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.29 CFD flow field contours for adiabatic effusion cooling holes 
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BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.30 Comparison of experimental and CFD adiabatic film cooling 

effectiveness for effusion cooling holes 
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5.4.2 Heat Transfer Coefficients 

Fig. 5.31 shows the experimental film heat transfer coefficient in streamwise 

direction for effusion cooling holes. The results show that the heat transfer coefficient 

increases with an increase in blowing ratio. The peaks show the location of holes, but 

the heat transfer coefficient has a constant value from the start to the end of the effusion 

holes for each and every blowing ratio. 

 

Fig. 5.31 Experimental film heat transfer coefficient for effusion cooling holes 

Fig. 5.32 shows the heat transfer coefficient ratio in streamwise direction for 

effusion cooling holes. The experimental heat transfer coefficient results obtained for 

each blowing ratio is divided by the baseline (BR=0) heat transfer coefficient for 

effusion holes. The results show that the heat transfer coefficient ratio increases with 

an increase in blowing ratio. Fig. 5.33 shows the CFD film heat transfer coefficient in 

streamwise direction for effusion cooling holes. The results show that the film heat 

transfer coefficient increases with an increase in blowing ratio. Due to the film coverage 

is more at higher blowing ratios, the heat is taken away from the surface by the coolant 

film. But in the actual engine case, the coolant film reduces the heat transfer from the 

hot combustion gases to the liner surface. The peaks show the location of holes, but the 
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heat transfer coefficient has a constant value from the start to the end of the effusion 

holes for each and every blowing ratio.  

 

Fig. 5.32 Heat transfer coefficient ratio for effusion cooling holes 

 

 

Fig. 5.33 CFD film heat transfer coefficient for effusion cooling holes  
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The comparison of the film heat transfer coefficient for experimental and CFD 

are shown in Fig. 5.34 for all the blowing ratios. From this result, both the CFD and 

experimental trends have a closer agreement, but the CFD values are little above the 

experimental values. In the hole locations, heat transfer coefficient values are higher 

and decrease after the holes. The experimental results show less heat transfer coefficient 

values at the start and end of the test plate than the CFD values. This is because at the 

edges, uniform heat flux cannot be obtained during experiments. Similarly, at the hole 

locations also, there would be non-uniform heat flux near the edges of each and every 

hole. That’s the reason the values are less than CFD in the effusion hole region. 
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BR=0.5 

Fig. 5.34 Comparison of experimental and CFD film heat transfer coefficient for 

effusion cooling holes 
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5.4.3 Net Heat Flux Reduction 

Fig. 5.35 shows the effect of blowing ratio on NHFR distribution for effusion 

cooling holes. The results show that the NHFR increases with an increase in blowing 

ratio. For blowing ratio 1.0 and above, NHFR values continuously increase from the 

starting of the effusion holes to till the end of holes due to a continuous increase in 

effectiveness values. Thereafter it suddenly decreases. For blowing ratio of 0.5, the 

values of NHFR are low in the middle region of holes, and negative values are seen at 

the end of the hole region. 

 

Fig. 5.35 Effect of blowing ratio on NHFR distribution for effusion cooling holes 

5.5 Effusion Cooling with MR1 

5.5.1 Adiabatic Film Cooling Effectiveness 

Fig. 5.36 shows the thermographic image of effusion cooled test plate with 

machined ring geometry 1 during the test run of 2.5 blowing ratio. The blue colour in 

the starting region of the test plate prior to the effusion holes indicates the flow of 

coolant through the machined ring holes. The label shows the radiation values captured 

by the IR camera during the test run. 
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Fig. 5.36 Typical thermographic image of effusion cooling with MR1 at BR 2.5 

Fig. 5.37 and Fig. 5.38 shows the experimental and CFD adiabatic film cooling 

effectiveness distribution in streamwise direction for effusion cooling holes with 

machined ring geometry 1. Blowing ratio is varied from 0.5 to 2.5. Results show that 

the adiabatic effectiveness is increased with increase in blowing ratio. Effusion cooling 

holes are starting at an X/D of 10 and ends at X/D of around 70. For all the blowing 

ratios, cooling effectiveness before the effusion holes are more due to the cooling 

provided by the machined ring geometry holes. The machined ring effect was seen upto 

X/D of 20. From the starting region to mid-region of the effusion holes, the cumulative 

cooling effect of both the machined ring and effusion holes are observed. At the end 

region of effusion holes, the cooling effectiveness produced only by effusion cooling 

holes is seen. From this figure for blowing ratios 2 and 2.5, it is observed that the 

cooling effectiveness is higher at the start of the test plate and maintained the same 

effect upto the end of the test plate due to the combined effect of both the machined 

ring and effusion holes. 
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Fig. 5.37 Experimental adiabatic film cooling effectiveness distribution for effusion 

cooling holes with machined ring geometry 1 

 

Fig. 5.38 CFD adiabatic film cooling effectiveness for effusion cooling holes with 

machined ring geometry 1 
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The experimental and CFD comparison of adiabatic film cooling effectiveness 

in streamwise direction for effusion with machined ring 1 is shown in Fig. 5.39 for all 

the blowing ratios. From this result, it is observed that the CFD adiabatic effectiveness 

trends are matching with the experimental results. But for higher blowing ratios, little 

deviation of effectiveness values is seen because CFD is not predicting the mixing 

phenomenon of mainstream and coolant properly. For lower blowing ratios of 0.5 and 

1.0, the deviation is more. 
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BR=0.5 

Fig. 5.39 Comparison of experimental and CFD film cooling effectiveness for 

effusion cooling holes with machined ring geometry 1 



100 

 

5.5.2 Heat Transfer Coefficients 

Fig. 5.40 and Fig. 5.41 shows the experimental and CFD film heat transfer 

coefficient in streamwise direction for effusion cooling holes with machined ring 1 

respectively. The results show that the heat transfer coefficient increases with an 

increase in blowing ratio. Due to machined ring 1 geometry, there is an increase in heat 

transfer coefficient prior to the effusion holes for all the blowing ratios. 

Fig. 5.42 shows the heat transfer coefficient ratio in streamwise direction for 

effusion cooling holes with machined ring geometry 1. The experimental heat transfer 

coefficient results obtained for each blowing ratio is divided by the baseline (BR=0) 

heat transfer coefficient for effusion holes with machined ring geometry. The results 

show that the heat transfer coefficient ratio increases with an increase in blowing ratio. 

 

Fig. 5.40 Experimental film heat transfer coefficient for effusion cooling holes with 

machined ring geometry 1 
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Fig. 5.41 CFD film heat transfer coefficient for effusion cooling holes with machined 

ring geometry 1 

 

Fig. 5.42 Heat transfer coefficient ratio for effusion cooling holes with machined ring 

geometry 1 
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The experimental and CFD comparison of film heat transfer coefficient in 

streamwise direction for effusion with machined ring 1 is shown in Fig. 5.43 for all the 

blowing ratios. From this result, it is observed that the CFD film heat transfer 

coefficient trends are matching with the experimental results. But little deviation of 

effectiveness values is seen at the mixing region (X/D<20) of the machined ring, 

effusion, and mainstream flow because CFD is not predicting the mixing phenomenon 

of mainstream and coolant properly. After X/D>20 both the results are matching 

together. 
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Fig. 5.43 Comparison of experimental and CFD film heat transfer coefficient for 

effusion cooling holes with machined ring geometry 1 
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5.5.3 Net Heat Flux Reduction 

Fig. 5.44 shows the effect of blowing ratio on NHFR distribution for effusion 

cooling with machined ring 1 holes. The results show that the NHFR increases with an 

increase in blowing ratio. For blowing ratio 2.5 and 2.0, NHFR values are constant from 

the downstream of machined ring holes to till the end of effusion cooling holes due to 

constant effectiveness values. But for blowing ratio 1.5 and 1.0, NHFR values are 

higher in the downstream of machined ring holes, and it shows constant values in the 

effusion cooling hole region. For blowing ratio of 0.5, the values of NHFR continuously 

decreases till the mid-region of effusion holes and thereafter it is constant up to the end 

of the effusion hole region. 

 

Fig. 5.44 Effect of blowing ratio on NHFR distribution for effusion cooling holes with 

machined ring geometry 1 
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5.6 Effusion Cooling with MR2 

5.6.1 Adiabatic Film Cooling Effectiveness 

Fig. 5.45 and Fig. 5.46 shows the experimental and CFD adiabatic film cooling 

effectiveness distribution in streamwise direction for effusion cooling holes with 

machined ring geometry 2 respectively. Blowing ratio is varied from 0.5 to 2.5. Results 

show that the adiabatic effectiveness is increased with increase in blowing ratio. For all 

the blowing ratios, cooling effectiveness before the effusion holes are more due to the 

cooling provided by the machined ring geometry holes. From the start of the test plate 

to the end, cooling effectiveness is constant for a blowing ratio of 2.5 and 2.0. For the 

remaining blowing ratios, starting region shows more cooling effect due to machined 

ring geometry and further downstream effusion holes cooling effect is observed.  

 

Fig. 5.45 Experimental adiabatic film cooling effectiveness distribution for effusion 

cooling holes with machined ring geometry 2 
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Fig. 5.46 CFD film cooling effectiveness for effusion cooling holes with machined 

ring geometry 2 

Fig. 5.47 shows the CFD temperature contour at a blowing ratio of 2.5 for 

effusion cooling holes with machined ring geometry 2. In the colour bar, blue colour 

(229.6 K) shows the coolant temperature, and the red colour (294.6) shows the 

mainstream temperature. From the contour, the mainstream and the coolant flow is from 

left to right. The coolant flow through the machined ring holes cools the starting region 

of the test plate, i.e., prior to the effusion holes which can be seen as blue colour.  At 

the first few effusion holes, the temperatures are less due to the effect of combined 

coolant flow from the machined ring and effusion holes. Afterward, the temperature 

slightly increased at the middle holes and then it decreased towards the end region of 

holes. 

Fig. 5.48 shows the CFD flow field contour at a blowing ratio of 2.5 for effusion 

cooling holes with machined ring geometry 2. It is clearly seen that the flow from the 

machined ring holes forms the coolant film at the starting of the test plate. Then at the 

first and second effusion holes both the coolant flow from the machined ring and 

effusion mix together and forms the film boundary layer. The boundary layer of the 
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film gradually increases throughout the length of the test plate in the streamwise 

direction. This film protects the heat transfer from the hot mainstream to the liner 

surface. 

 

Fig. 5.47 CFD temperature contour at blowing ratio of 2.5 for effusion cooling holes 

with machined ring geometry 2 

 

Fig. 5.48 CFD flow field contour at blowing ratio of 2.5 for effusion cooling holes 

with machined ring geometry 2  

Fig. 5.49 shows the comparison between experimental and CFD adiabatic film 

cooling effectiveness at all blowing ratios. Both the experimental and CFD adiabatic 

film cooling effectiveness trends are almost same, but CFD shows higher values than 

experimental. The region before effusion holes, CFD shows higher values for all the 

blowing ratios. But in the effusion hole region, the CFD and experimental values are 

almost the same for higher blowing ratios of 2.5 to 1.5. For lower blowing ratio cases 

of 1.0 and 0.5, the difference is significant.  
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.49 Comparison of experimental and CFD film cooling effectiveness for 

effusion cooling holes with machined ring geometry 2 
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5.6.2 Heat Transfer Coefficients 

Fig. 5.50 and Fig. 5.51 shows the experimental and CFD film heat transfer 

coefficient respectively in the streamwise direction for effusion cooling holes with 

machined ring 2. The results show that the heat transfer coefficient increases with an 

increase in blowing ratio. Due to machined ring 2 geometry, there is an increase in heat 

transfer coefficient prior to the effusion holes for all the blowing ratios. The increase in 

heat transfer coefficient is seen throughout the length of the test plate in the flow 

direction.  

Fig. 5.52 shows the heat transfer coefficient ratio in streamwise direction for 

effusion cooling holes with machined ring geometry 2. The experimental heat transfer 

coefficient results obtained for each blowing ratio is divided by the baseline (BR=0) 

heat transfer coefficient for effusion holes with machined ring geometry. The results 

show that the heat transfer coefficient ratio increases with an increase in blowing ratio. 

But at the starting due to the higher heat transfer coefficient of machined ring flow, 

higher heat transfer ratio is seen upto X/D of 10. From X/D 10 to around 35 both the 

combined effects of the machined ring and effusion flow is observed. 
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Fig. 5.50 Experimental film heat transfer coefficient for effusion cooling holes with 

machined ring geometry 2 

 

Fig. 5.51 CFD film heat transfer coefficient for effusion cooling holes with machined 

ring geometry 2 
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Fig. 5.52 Heat transfer coefficient ratio for effusion cooling holes with machined ring 

geometry 2 

Fig. 5.53 shows the comparison between experimental and CFD film heat 

transfer coefficients at all blowing ratios. Both the experimental and CFD values are 

matching in most of the region, but it only varies at the flow region where the machined 

ring flow, effusion flow, and the mainstream flow mixing all together. The reason 

behind this is that the CFD is not able to capture the mixing phenomenon accurately. 
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BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.53 Comparison of experimental and CFD film heat transfer coefficient for 

effusion cooling holes with machined ring geometry 2 
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5.6.3 Net Heat Flux Reduction 

Fig. 5.54 shows the effect of blowing ratio on NHFR distribution for effusion 

cooling with machined ring 2 holes. The results show that the NHFR increases with an 

increase in blowing ratio. For blowing ratio 2.5 and 2.0, NHFR values are constant from 

the downstream of machined ring holes to till the end of effusion cooling holes due to 

constant effectiveness values. But for blowing ratio 1.5 and 1.0, NHFR values are 

higher in the downstream of machined ring holes, and it shows constant values in the 

effusion cooling hole region. For blowing ratio of 0.5, the values of NHFR continuously 

decreases till the mid-region of effusion holes and thereafter it is constant up to the end 

of the effusion hole region. 

 

Fig. 5.54 Effect of blowing ratio on NHFR distribution for effusion cooling holes with 

machined ring geometry 2 
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5.7 Comparison Between Effusion Cooling with and Without Machined Ring 

Geometries 

Fig. 5.55 shows the comparison of adiabatic cooling effectiveness results for 

the effusion holes with and without machined ring geometries upstream at all the 

blowing ratios. The results show that the cooling effectiveness is higher for effusion 

holes with machined ring geometries. Machined ring geometries are giving higher 

effectiveness than effusion holes because the film formed from the machined ring 

cooling holes increases the effectiveness in the starting region prior to the effusion 

holes. The same phenomenon was seen in other blowing ratios also. In the effusion 

cooling case, the effectiveness increases gradually from the starting to end region of the 

holes. But in effusion cooling with machined ring geometries case, from X/D=0 

onwards shows higher effectiveness due to the coolant flow through the machined ring 

holes. For the blowing ratio of 2.5 and 2.0, the effectiveness tends to merge with 

effusion cooling effectiveness at X/D of 60. At blowing ratio of 1.5 and 1.0, it merges 

with effusion cooling effectiveness at X/D of 40. But in lower blowing ratio of 0.5, it 

merges even before at X/D of 30. 

Fig. 5.56 shows the comparison of heat transfer coefficient results for the 

effusion holes with and without machined ring geometries upstream at different 

blowing ratios. The results show that the heat transfer coefficient is higher for effusion 

holes with machined ring geometries at all the blowing ratios. At each blowing ratio 

case, effusion holes with machined ring geometry 1 & 2 give more film heat transfer 

coefficient compared to the effusion cooling holes alone. The machined ring flow 

combines with the flow through the effusion holes and gives higher film heat transfer 

coefficient upto the end of the test plate. At higher blowing ratios, the starting region, 

i.e., the region between the exit of the machined ring holes (X/D=0) to the start of the 

effusion holes (X/D=10.67) also shows higher heat transfer coefficient. Machined ring 

geometry 2 gives higher heat transfer coefficient than machined ring geometry 1 

because it has more cooling holes with less hole pitch than the machined ring 1. In 

addition, more coolant mass flow is flowing through the cooling holes for machined 

ring 2 and the film formed has more coverage in the downstream distance. 
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Fig. 5.57 shows the comparison of net heat flux reduction results for the effusion 

holes with and without machined ring geometries at different blowing ratios. The results 

show that the NHFR is higher for effusion holes with machined ring geometries at all 

the blowing ratios. At each blowing ratio case, effusion holes with machined ring 

geometry 1 & 2 give more NHFR compared to the effusion cooling holes alone. The 

machined ring flow combines with the flow through the effusion holes and gives higher 

NHFR upto the end of the test plate. At higher blowing ratios, the starting region, i.e., 

the region between the exit of the machined ring holes (X/D=0) to the start of the 

effusion holes (X/D=10.67) also shows higher NHFR. The effusion hole along with 

machined ring geometry 2 is giving higher NHFR than the other two cases. This is due 

to the more amount of coolant flow through the cooling holes for machined ring 2 and 

the film formed has more coverage in the downstream distance. 
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Fig. 5.55 Comparison of adiabatic film cooling effectiveness for effusion holes 

with and without machined ring geometries at different blowing ratios 
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Fig. 5.56 Comparison of film heat transfer coefficient for effusion holes with and 

without machined ring geometries at different blowing ratios 
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BR=0.5 

Fig. 5.57 Comparison of net heat flux reduction for effusion holes with and 

without machined ring geometries at different blowing ratios 
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5.8 Overall Cooling Effectiveness for Effusion Holes 

In the previous sections, the importance of net heat flux reduction is described. 

But the NHFR tells only the effect of heat flux reduction with and without film cooling. 

For the slot cooling or film cooling with larger pitch holes, NHFR values are sufficient 

to find out the metal liner surface temperatures. But in the case of effusion cooling, the 

effusion holes are closely packed together and the effect of heat transfer takes place 

inside the holes is significant when the coolant passes through the holes. This overall 

cooling effectiveness includes the combined effect of convective heat transfer 

coefficient from the hot mainstream to the effusion plate, the adiabatic film cooling 

effectiveness, the convective heat transfer coefficient of cold air when it flows through 

the cooling holes, conduction through the liner thickness and the convective heat 

transfer coefficient at the backside of the effusion plate to the coolant air in the coolant 

chamber. Thus the overall cooling effectiveness measurements through the metallic 

liner test plates is important for effusion holes which resemble the real engine 

conditions. 

The overall cooling effectiveness measurements are carried out with hot 

mainstream and the coolant at a lower temperature. The mainstream air velocity of 20 

m/s is set by measuring the static and total pressures in the mainstream duct. The 

Reynolds number at this velocity and based on the hydraulic diameter of the duct is 

3x105. After setting the flow, the heater coils are energized. Approximately 20 minutes 

is required to heat the mainstream air to reach the required temperature of 80oC. After 

establishing the steady-state condition of the mainstream air, the coolant flow is set 

using the coolant chamber total pressure for a particular blowing ratio. The temperature 

of the coolant air passing through the liquid nitrogen heat exchanger is continuously 

monitored, and the level of liquid nitrogen in the heat exchanger is adjusted in such a 

way that the coolant temperature maintains at 0oC. Thus, the density ratio between 

coolant to mainstream is maintained at 1.3 for overall cooling effectiveness. The 

reference thermocouples fixed to the test plate is connected to a temperature indicator, 

and the test plate temperature is continuously monitored. The test plate is assumed to 

attain steady condition when the change in measured temperature of the test plate over 
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a period of 1 minute is less than 1C and the thermogram of the test plate are recorded 

by the infrared camera. At the same time, the mainstream temperature (Tm) and coolant 

temperature (Tc) are also recorded. The approximate Biot numbers expected inside the 

cooling holes and on the gas side in actual engine conditions are maintained during the 

tests. Once the readings are recorded for a particular blowing ratio, then the coolant 

chamber pressure is adjusted for the next blowing ratio, and the same procedure is 

repeated.  

5.8.1 Test plate with 7.2D Pitch 

Overall film cooling effectiveness is calculated for the test plate having a hole 

diameter of 1 mm, 27o hole angle and a hole pitch of 7.2D in both streamwise and 

spanwise direction. Experimental and numerical analyses are carried out for the flow 

through effusion holes. The results from the numerical solution for a spanwise averaged 

two pitch region are extracted along the streamwise direction and compared with the 

experimental results for the same spanwise averaged two pitch region. The overall 

effectiveness distribution results of spanwise averaged two pitch region for density ratio 

of 1.3 at different blowing ratios obtained experimentally are plotted along streamwise 

direction X/D as shown in Fig. 5.58. The effusion holes start at 12.5 X/D from the 

starting edge of the plate and end at 79 X/D. The overall effectiveness is observed to 

increase with an increase in blowing ratio from 0.5 to 2.5, along with the downstream 

direction of the hole region. For all blowing ratios as the X/D increases the effectiveness 

increases upto the end of the holes due to the cumulative film effects from the previous 

holes. At the end of the hole region, the effectiveness drops.  
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Fig. 5.58 Effect of blowing ratio on experimental overall cooling effectiveness for 

7.2D pitch effusion holes  

The overall effectiveness results for the two pitch region from CFD are plotted 

for the density ratio of 1.3 as shown in Fig. 5.59. The results show that the effectiveness 

increases with increase in blowing ratio from 0.5 to 2.5. The maximum value of 

effectiveness in Fig. 5.59 is 0.72 at X/D of 62, for a blowing ratio of 2.5. The start and 

the end region of holes are also marked by separate lines on the graph. The effectiveness 

before the effusion hole region is purely due to convection cooling by the coolant 

present at the backside of the test plate. 
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Fig. 5.59 Effect of blowing ratio on CFD overall cooling effectiveness for 7.2D pitch 

effusion holes 

The comparison of overall effectiveness results from experiment and CFD are 

plotted for all blowing ratios in Fig. 5.60. From the results, it is observed that the 

experimental and CFD results are matching at the hole region. The CFD results are 

showing the coolant temperature which is coming out from the effusion holes, and thus 

the spanwise averaged two pitch region results shows some peaks in the effectiveness 

values. As mentioned earlier, there are 9 holes in a cooling row and the immediate next 

row is arranged in a staggered manner. Due to this, the spanwise averaged CFD results 

are showing eighteen peaks from the hole start to end region. But in the experiments, 

the test plate temperature is taken by the IR image, which is reading the surface 

temperature in each and every hole. Due to this, the experimental averaged results are 

not showing the peaks at the holes because the surface temperature is lower than the 

coolant temperature.  
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BR=0.5 

Fig. 5.60 Comparison of experimental and CFD overall film cooling effectiveness 

at different blowing ratios 
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The thermographic image obtained from an IR camera is compared with the 

temperature contours obtained from CFD simulation. The comparison of experimental 

and CFD temperature contours for a blowing ratio of 2.0 is shown in Fig. 5.61. The 

contours show the cumulative cooling effect from all the holes in the streamwise 

direction. The experimental IR image temperature legend bar shows the raw radiation 

values captured by the camera. But in CFD the legend bar shows the temperature in 

Kelvin. 

 

 

 Fig. 5.61 Experimental and CFD overall film cooling temperature contours for 7.2D 

pitch effusion holes at a blowing ratio of 2.0  
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Effectiveness contours are obtained by running the MATLAB program for each 

and every pixel locations of the thermographic image. The effectiveness contours of 

spanwise two pitch region at all blowing ratios are shown in Fig. 5.62 for experimental 

data and for CFD data, it is shown in Fig. 5.63. The contours show the increase in 

effectiveness from blowing ratios of 0.5 to 2.5, for both experimentally and CFD. The 

colour red in the legend bar represents the higher experimental effectiveness in the 

range of 0.7 to 0.75. From the start of holes to end of the holes, effectiveness increases 

in the streamwise direction. As the increase in blowing ratio, the contours show an 

increase in cooling effectiveness. 

 

Fig. 5.62 Experimental overall cooling effectiveness contours at different blowing 

ratios for 7.2D pitch effusion holes  

 

Fig. 5.63 CFD overall cooling effectiveness contours at different blowing ratios for 

7.2D pitch effusion holes 
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5.8.2 Test Plate with 5.4D Pitch 

Another test plate is prepared with the same geometrical parameters of the 

previous test plate, but only the pitch is varied as 5.4D in both the streamwise and 

spanwise directions. So the pitch between the holes is less compared to the previous 

test plate. Since the previous results show not much variation between the experimental 

and CFD results, only experimental overall film cooling effectiveness is generated for 

this test plate. The overall effectiveness distribution results of spanwise averaged two 

pitch region for density ratio of 1.3 at different blowing ratios obtained experimentally 

are plotted along streamwise direction X/D as shown in Fig. 5.64. The effusion holes 

start at 11.3 X/D from the starting edge of the plate and end at 52.6 X/D. The overall 

effectiveness is observed to increase with an increase in blowing ratio from 0.5 to 2.5, 

along with the downstream direction of the hole region. For all blowing ratios as the 

X/D increases the effectiveness increases upto the end of the holes due to the 

cumulative film effects from the previous holes. At the end of the hole region, the 

effectiveness drops. 

 

Fig. 5.64 Effect of blowing ratio on the experimental overall cooling effectiveness for 

5.4D pitch effusion holes  
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Fig. 5.65 shows a typical thermal image of 5.4D pitch effusion plate for a 

blowing ratio of 2.5. The thermographic image covers the upstream region before the 

start of cooling holes, the multiholed region, and the region downstream of the cooling 

holes. In the upstream region, heat transfer takes place by conduction through the plate 

and also by convection on both sides of the plate. In the multiholed region the heat 

transfer occurs by convection & conduction through holes, and by the film cooling 

effect. After the multiholed region, the film cooling effect is developed and achieved in 

the downstream region. In the actual liner, radiation effects will be considered on both 

sides of the liner. However, in the present experimental study, the effect due to radiation 

is minimum and hence neglected. 

 

Fig. 5.65 Typical thermal image of overall cooling effectiveness effusion plate at a 

blowing ratio of 2.5  

Fig. 5.66 shows the effectiveness contours at blowing ratios of 0.5 to 2.5 for 

effusion holes having a 5.4D pitch. The contours are plotted around spanwise two pitch 

region and from the start of the first hole in a row to end of the last hole. At all blowing 

ratios, the starting region of holes shows less effectiveness because the film formation 

just started from the first column of holes. As the X increases, the effectiveness 

increases due to the additive nature of film formed by the coolant flow coming out from 

the consecutive holes in the row.  At the end region of holes, effectiveness value 

decreases as there are no further holes downstream. But the film formed by the end 

region holes has cooling effect upto the end of the test plate as seen from the thermal 

image, Fig. 5.65. 
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Fig. 5.66 Experimental overall cooling effectiveness contours for 5.4D pitch effusion 

holes at different blowing ratios  

5.8.3 Effect of Pitch for effusion holes 

The test plates having 7.2D and the 5.4D pitch between effusion holes are 

compared, and the results are shown in Fig. 5.67. The number of holes per row is 

maintained at 9 holes for both the test plates. So, the holes are starts at 11.3 X/D from 

the starting edge of the test plate and end at 52.6 X/D for 5.4D pitch, and the effusion 

holes for 7.2D pitch test plate starts at 12.5 X/D from the starting edge of the plate and 

ends at 79 X/D. The holes start, and holes end are mentioned with the same data series 

line style at each and every comparison plots. The comparison results for all the blowing 

ratios show that the overall cooling effectiveness variation is not much as the pitch 

decreases. This is observed from the plots that the peak or highest effectiveness value 

at each blowing ratio for both the test plates are more or less the same. The increasing 

trend of effectiveness from the start of the holes and the decreasing trend of 

effectiveness at the end of holes are similar at each blowing ratios. From the results, the 

higher pitch of 7.2D will be useful because it covers more area for cooling with the 

same number of holes and with the same coolant mass flow. 
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Fig. 5.67 Comparison of overall film cooling effectiveness for 7.2D and 5.4D pitch 

effusion holes at different blowing ratios 



130 

 

5.9 Overall Cooling Effectiveness for Effusion Holes with Machined Ring 

Geometries 

Conjugate CFD analysis is carried out to find the overall cooling effectiveness 

for effusion holes with machined ring geometries. The effusion plate having a hole 

diameter of 1 mm, 27o hole angle and a hole pitch of 7.2D in both streamwise and 

spanwise direction is used for this analysis. Since the validation of CFD and 

experimental results are already carried out in the effusion cooling holes geometry, here 

experimental tests were not performed, and only conjugate CFD analysis was done. The 

geometrical parameters of both the machined ring geometries which are used in the 

adiabatic analysis are scaled down 3 times in this conjugate analysis. The geometries 

are modelled in the solid works design software, meshing and the analysis are carried 

out in Ansys workbench.  

The CFD overall effectiveness distribution results of spanwise averaged two 

pitch region for effusion holes with machined ring geometry 1 at different blowing 

ratios are plotted along streamwise direction X/D as shown in Fig. 5.68. The effusion 

holes start at 10.6 X/D from the starting edge of the plate and end at 77 X/D. The X/D 

between the exit of machined ring holes and the start of the effusion holes is maintained 

the same as in the adiabatic effusion model with the machined ring placed upstream.  

The overall effectiveness is observed to increase with an increase in blowing ratio from 

0.5 to 2.5. The increase in effectiveness due to the effect of machined ring flow is 

clearly seen upto X/D of 20. Afterward, for BR 1.5 to 2.5, the combined effect of 

machined ring 1 and effusion flow is not much varied. For all blowing ratios the 

effectiveness increases upto the X/D of 60 due to the cumulative film effects from the 

previous holes, and then it decreases. 
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Fig. 5.68 Effect of blowing ratio on the overall cooling effectiveness for effusion 

holes with machined ring geometry 1  

Fig. 5.69 shows the CFD conjugate test plate temperature contours for effusion 

with machined ring 1 at different blowing ratios. Mainstream temperature is set at 357 

K, and coolant temperature at 273 K. The test plate temperature legend bar shows that 

the test plate is cooled upto 292.8 K near the holes and the maximum temperature of 

338.9 K is achieved at the end of the test plate. For a blowing ratio of 0.5, the variation 

in the temperature distribution is maximum and is reduced as the blowing ratios 

increased. The temperature contour shows that the starting region of the test plate is 

cooled by the coolant flow through the machined ring holes. In the effusion hole region, 

the test plate is cooled not only by the combined film formation of a machined ring, 

effusion flow and also gets cooled when the coolant flows through each and every hole 

of effusion. In this conjugate analysis conduction also plays a vital role as the 

temperature at both sides of the test plate is different. 
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Fig. 5.69 CFD conjugate test plate temperature contours for effusion with machined 

ring 1 at different blowing ratios 
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The CFD overall effectiveness distribution results of spanwise averaged two 

pitch region for effusion holes with machined ring geometry 2 at different blowing 

ratios are plotted along streamwise direction X/D as shown in Fig. 5.70. The increase 

in effectiveness due to the effect of machined ring flow is clearly seen upto X/D of 20. 

Afterward, for BR 1.5 to 2.5, the combined effect of machined ring 2 and effusion flow 

is not much varied. For BR=2.5, the maximum effectiveness achieved in the starting 

region of the machined ring flow is 0.8 which is high when compared to the machined 

ring 1 flow.  For all blowing ratios, the effectiveness increases upto the X/D of 60 due 

to the cumulative film effects from the previous holes, and then it decreases. 

 

Fig. 5.70 Effect of blowing ratio on the overall cooling effectiveness for machined 

ring geometry 2  

Fig. 5.71 shows the CFD flow field temperature contours for effusion with 

machined ring 2 at different blowing ratios. From these contours, the boundary layers 

created by the film formation due to the effusion, machined ring flows are clearly 

visible. The highest temperature in the legend bar shows the mainstream flow 

temperature, and the lowest shows the coolant temperature. The boundary layer of the 

film increases as the blowing ratio increases. As the thickness of the test plate is 2 mm, 
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and across the thickness the temperature variation is minimum. In the coolant chamber 

at the effusion hole region, the coolant temperature is equal to 273 K. But at the end of 

the test plate in the coolant chamber due to the conduction effects, the coolant gets 

heated up which is shown by these contours. 

Fig. 5.72 shows the CFD conjugate test plate temperature contours for effusion 

with machined ring 2 at different blowing ratios. Mainstream temperature is set at 357 

K, and coolant temperature at 273 K. The test plate temperature legend bar shows that 

the test plate is cooled upto 288.8 K near the holes and the maximum temperature of 

335.8 K is achieved at the end of the test plate. The difference between the maximum 

and minimum temperatures are less when compared to the effusion flow with machined 

ring 1 test plate, which shows that the test plate is cooled further due to coolant flow 

effect of machined ring 2. For a blowing ratio of 0.5, the variation in the test plate 

temperature distribution is maximum and is reduced as the blowing ratios increased. 

The temperature contour shows that the starting region of the test plate is cooled by the 

coolant flow through the machined ring holes. In the effusion hole region, the test plate 

is cooled not only by the combined film formation of a machined ring, effusion flow 

and also gets cooled when the coolant flows through each and every hole of effusion. 

In this conjugate analysis conduction also plays a vital role as the temperature at both 

sides of the test plate is different. 

Fig. 5.73 shows the comparison of overall film cooling effectiveness for 

effusion holes with and without machined ring geometries at different blowing ratios. 

The effusion with machined ring geometries shows higher effectiveness than the 

effusion flow alone. Both the machined rings give higher overall cooling effectiveness 

than the effusion flow alone. The effect is maximum at the starting region of the test 

plate. The combined machined ring and effusion flow effect are visible upto X/D of 60 

for higher blowing ratios. For BR=0.5, the effect is only upto X/D of 40.  
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Fig. 5.71 CFD conjugate streamwise temperature contours for effusion with 

machined ring 2 at different blowing ratios 
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Fig. 5.72 CFD conjugate test plate temperature contours for effusion with machined 

ring 2 at different blowing ratios 
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Fig. 5.73 Comparison of overall film cooling effectiveness for effusion holes with 

and without machined ring geometries at different blowing ratios 
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5.10 Overall Cooling Effectiveness for Effusion with Impingement Holes 

Another combination of cooling study, i.e., effusion cooling with impingement 

holes at backside is carried out. Fig. 5.74 shows the schematic of the effusion cooling 

test rig with the impingement test plate. The test plate which is having effusion holes 

of 5.4D pitch in spanwise and streamwise directions is used to find out the effect of 

impingement on effusion cooling. An impingement plate made out of 3 mm thick hylam 

sheet is kept backside of the effusion plate at a distance of 6 mm. The holes in the 

impingement plate are also arranged in a staggered manner such that each effusion hole 

is surrounded by four impingement holes. The impingement holes are of 0.9 mm 

diameter and normal to the plate surface. Fig. 5.75 shows the geometrical details of the 

impingement plate.  

 

Fig. 5.74 Schematic of the effusion cooling test rig with the impingement test plate 

 

Fig. 5.75 Geometrical details of the impingement plate  
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Fig. 5.76 shows a thermal image of the effusion plate at a blowing ratio of 2.5 

with flow through impingement holes at the backside. In comparison with Fig. 5.65, it 

is clearly visible that the impingement flow cools the inner side of the effusion plate 

and gives higher cooling from the starting region of the hole onwards. The impingement 

jet which is coming out from the impingement holes flows at a higher velocity and hit 

the targeted effusion test plate. This high jet velocity produces higher convective heat 

transfer coefficients at the cold side of the effusion plate and thus increases the overall 

cooling effectiveness. 

 

Fig. 5.76 Typical thermal image of effusion plate at a blowing ratio of 2.5 with 

impingement plate at the backside 

Fig. 5.77 shows the effectiveness contours at blowing ratios of 0.5 to 2.5 for 

effusion holes with impingement flow. The contours are plotted around spanwise two 

pitch region and from the start of the first hole in a row to end of the last hole. It is 

clearly seen from the contours, that the effectiveness values are higher from the first to 

last holes due to the effect of impingement flow which is covering the entire region of 

effusion holes.  

Fig. 5.78 shows the effect of overall film cooling effectiveness of effusion 

cooling holes with impingement holes at the backside. The cooling effectiveness is 

lower at a blowing ratio of 0.5 and gradually increases as the blowing ratio increases.  

The impingement flow hits and cools the inner side of the effusion plate and then comes 

out from the effusion holes and forms the film over the plate surface.  The increase in 

effectiveness from the starting to end region of holes is marginal, but it is higher when 

compared with coolant flow through effusion holes alone without impingement. 
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Fig. 5.77 Experimental overall cooling effectiveness contours of effusion holes with 

impingement flow at different blowing ratios 

 

Fig. 5.78 Effect of blowing ratio on the overall cooling effectiveness of effusion holes 

with impingement holes at the backside 
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The results for the effusion plate without impingement plate is already 

explained in Fig. 5.64. Now the experimental results for effusion plate with and without 

impingement plate are compared at all blowing ratios and plotted in Fig. 5.79. Except 

blowing ratio of 0.5, all other blowing ratios show higher effectiveness for the effusion 

plate with impingement holes at the backside. The impinging jets hit at a higher velocity 

at the inner side of the effusion plate and locally cools the inner surface first and then 

ejects out through the effusion cooling holes to form a protective film layer.  The 

starting region of the effusion holes are also covered by the impingement holes and thus 

shows higher effectiveness compared to the effusion plate without impingement. But, 

at a blowing ratio of 0.5, the impingement case shows less averaged effectiveness. This 

may be due to the flow phenomenon in-between the impingement plate and the effusion 

plate at lower velocity jets.  
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.79 Effect of impingement on effusion cooling at different blowing ratios 
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Fig. 5.80 shows the effect of impingement on cooling effectiveness at different 

X locations for a blowing ratio of 2.5. The x-axis shows the spanwise distance covering 

two pitch region of holes. The dashed lines in the figure indicate the effectiveness 

values of effusion holes with impingement holes at the backside and the continuous 

lines indicate the effectiveness values of effusion holes without impingement. The 

effusion hole region in the test plate starts at X=11.3 and ends at X=52.6. In the starting 

region of holes at X=11.3, there is a massive increase in effectiveness for impingement 

cum effusion flow. In the middle region of holes (X=31), there is not much variation 

between the impingement and without impingement case. But at the end region of holes, 

the effectiveness values drop for without impingement case. The impinging jets cover 

the entire region of the effusion holes and produce higher convective heat transfer 

coefficients at the cold side of the effusion plate which removes the heat from the 

effusion plate. The cold side convective heat transfer coefficient is higher than the hot 

side convective heat transfer coefficient for the impingement flow case. But for the 

effusion flow the hot side convective heat transfer coefficient gradually reduces and the 

effectiveness increases due to the film formation from the consecutive holes in the row. 

 

Fig. 5.80 Effect of impingement on overall cooling effectiveness at different x 

locations for a blowing ratio of 2.5 
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5.11 Comparison Between Effusion with Impingement and Effusion with 

Machined Ring Geometries 

The comparison is made between effusion with impingement and effusion with 

machined ring geometries and are shown in Fig. 5.81. This comparison is made in order 

to analyze which combination of geometry is giving better overall cooling 

effectiveness. From the results, it is seen that the effusion with machined ring 

geometries shows better cooling effectiveness than the effusion with impingement 

geometry at all the blowing ratios analyzed in this study. Throughout the test plate 

length across the streamwise direction, the effusion with machined ring geometries 

gives higher effectiveness. The effect is higher at the region before effusion holes and 

also at the downstream of effusion holes. The disadvantage of using an impingement 

plate with effusion cooling is, it adds extra weight to the combustor. So, it is 

recommended to put the effusion with machined ring cooling geometry in the real 

combustor at propulsion division of CSIR-NAL.   
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BR=2.5 BR=2.0 

  

BR=1.5 BR=1.0 

 

BR=0.5 

Fig. 5.81 Overall cooling effectiveness comparison between effusion with 

impingement and effusion with machined ring geometries at different blowing 

ratios 
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6 CONCLUSIONS 

 The machined ring geometries which resemble the slot cooling gives the following 

conclusions in the adiabatic film cooling effectiveness and heat transfer coefficient 

measurements. 

 Near the machined ring cooling holes, the adiabatic film cooling effectiveness 

is higher and attains a value of 0.84 and around 0.6 for MR2 and MR1 

respectively for BR ≥ 1.0. Afterwards it decreases continuously as the X/D 

increases in the streamwise direction due to the mixing of coolant with 

mainstream. 

 The adiabatic film cooling effectiveness and the heat transfer coefficient 

increases with respect to increasing in blowing ratio. Machined ring 2 gives 

20% higher cooling effectiveness than machined ring 1 at all blowing ratios 

upto X/D of 20 due to the more amount of coolant flow through the holes. After 

X/D of 20 and above, the percentage increase in cooling effectiveness reduces 

to 10% for lower blowing ratio cases. 

 The blowing ratio effect in heat transfer coefficient variation is seen upto X/D 

of 20 for both the machined ring geometries and then it is constant. At the exit 

of machined ring cooling holes, the heat transfer coefficient attains a higher 

value of 160 W/m2K and around 120 W/m2K for MR2 and MR1 respectively at 

BR of 2.5. This values decreases with decrease in blowing ratio. For BR of 0.5, 

the heat transfer coefficient values are almost equal for both MR1 and MR2. 

 

 The effusion cooling which is multiple rows of film cooling gives the following 

conclusions in the adiabatic film cooling effectiveness and heat transfer coefficient 

measurements. 

 The adiabatic cooling effectiveness continuously increases from the starting of 

the effusion holes and upto the end of holes. This phenomenon is due to the 

additive nature of film formed by the coolant flow coming out from the 

consecutive holes in the row. This occurrence was found at all blowing ratios. 

 The adiabatic film cooling effectiveness and the heat transfer coefficient 

increases with an increase in blowing ratio. At higher blowing ratio of 2.5, the 
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heat transfer coefficient reaches a value of around 100 W/m2K at the effusion 

cooling hole region. 

 For BR of 2.5, the adiabatic film cooling effectiveness continuously increases 

and attains a maximum value of 0.58 at the end of effusion holes. The 

effectiveness values for BR of 2.5 and 2.0 are almost equal, it is considered that 

BR=2.0 would be the optimum blowing ratio for this effusion cooling hole 

design. Further increase in blowing ratio leads to direct coolant jet mixing with 

the mainstream. 

 

 In order to increase the cooling effectiveness in the starting region of effusion 

cooling geometry, machined ring geometry was fixed ahead of effusion cooling 

holes. These machined ring geometries act as wall jet and reduce the hot side heat 

load by its film cooling performance. The combined effusion cooling and machined 

ring geometries gave the combined film cooling performance, and the following 

conclusions are made. 

 Spanwise averaged effectiveness shows increase in blowing ratio from 0.5 to 

2.5, adiabatic cooling effectiveness increases in the streamwise direction for 

effusion cooling and effusion cooling with machined ring geometries. 

 Comparison result shows that the effusion cooling with machined ring 

geometries has higher cooling effectiveness than the effusion cooling geometry 

alone at all blowing ratios. The coolant coming out from the machined ring 

holes have significant cooling effect upto X/D of 20 for both the machined ring 

geometries at B.R 0.5 and upto X/D of 40 for other higher blowing ratios. 

 MR1 with effusion and MR2 with effusion shows an increase in effectiveness 

of 40% and 50% respectively than the effusion cooling alone at the starting 

region of the test plate.  

 For blowing ratios 2.0 and above the adiabatic cooling effectiveness is showing 

higher constant cooling effectiveness value of 0.6 from the start to the end of 

the test plate for the effusion with machined ring geometries compared to the 

effusion cooling geometry alone. 

 The convective heat transfer coefficient shows around 20% higher values of 

film heat transfer coefficient for effusion with machined ring geometries. 
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 The 2 mm thickness effusion test plate for overall cooling effectiveness 

measurements is made out of stainless steel consists of three regions: The upstream 

region before the start of cooling holes, the multiholed/effusion hole region, and the 

region downstream of the cooling holes. In the upstream region, heat transfer takes 

place by conduction through the plate and also by convection on both sides of the 

plate. In the multiholed region the heat transfer occurs by convection, conduction 

through holes, and by the film cooling effect. After the multiholed region, the film 

cooling effect is developed and achieved in the downstream region. In the actual 

combustor liner, radiation effects will be considered on both sides of the liner. 

However, in the present experimental studies, the effect due to radiation is 

minimum and neglected. The following conclusions are arrived based on the overall 

film cooling effectiveness measurements carried out on effusion cooling with and 

without machined ring geometries. 

 Spanwise averaged overall cooling effectiveness shows an increase in blowing 

ratio from 0.5 to 2.5, cooling effectiveness increases in the streamwise direction 

for effusion cooling and effusion cooling with machined ring geometries. 

 As seen in adiabatic film cooling effectiveness measurements, the comparison 

results of overall cooling effectiveness also show that the effusion cooling with 

machined ring geometries has 20 to 30% higher cooling effectiveness than the 

effusion cooling geometry alone at the starting region of the test plate. 

 The machined ring geometries cooling effect has seen upto X/D of 60, and then 

it merges with effusion cooling geometry effectiveness curve. 

 

 An experimental study is carried out to find out the effect of impingement flow 

behind a liner plate having effusion holes. The effects are presented for the overall 

film cooling effectiveness on an effusion plate with and without impingement holes 

for blowing ratios ranging from 0.5 to 2.5.  

   In the case of effusion cooling with impingement flow, the impinging jets hit 

the inner side of the effusion plate and then the flow is strongly attracted by the 
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surrounding effusion holes which increases the cold side convective heat 

transfer coefficients.  

  The comparison result shows that the effusion cooling with impingement flow 

has better cooling effectiveness than effusion cooling without impingement 

flow due to the increase in heat removal from the cold side of the effusion plate. 

 Before and after effusion cooling hole region, impingement cooling shows 10% 

higher cooling effectiveness. At the effusion hole region, the impingement 

cooling has less effect. 

 

 A comparison is made between effusion cooling with impingement and effusion 

cooling with machined ring geometries. This comparison is made in order to see 

which combination of geometry is giving better overall cooling effectiveness.  

 From the results, it is understood that the effusion with machined ring 

geometries shows around 12 to 20% better cooling effectiveness than the 

effusion with impingement geometry at all the blowing ratios analyzed in this 

study.  

 Throughout the test plate length across the streamwise direction, the effusion 

with machined ring geometries gives higher effectiveness. The effect is 20% 

higher at the region before effusion holes and also 12% higher at the 

downstream of effusion holes. 

 The disadvantage of using an impingement plate in effusion with impingement 

cooling is that it adds extra weight to the combustor. 
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6.1 Scope for Future Work 

 The distance between the machined ring and effusion cooling holes starting can 

be varied and studied. 

 Compound angle effusion cooling holes along with machined ring can be 

studied. 

 Any other variations in geometric and flow parameters can be tried to increase 

the cooling effectiveness. 
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APPENDIX I 

I MASS FLOW MEASUREMENTS 

In a gas turbine engine, the secondary flow for various cooling applications 

should be kept minimum. The aim is to achieve the maximum cooling of the hot section 

components with minimum coolant/secondary air flow. So it is important to measure 

the coolant mass flow through the film/effusion cooling holes. To measure the actual 

mass flow rate through the cooling holes, an orifice plate is fixed in the coolant line 

before the coolant chamber. The upstream and downstream static pressure ports on the 

orifice plate are made at Dp and Dp/2 locations as per the BS 1042 standards for the 

mass flow measurements.  

The theoretical mass flow (ṁtheo) is estimated based on the coolant density, 

coolant hole flow area and coolant flow velocity through the film cooling holes. The 

theoretical flow velocity through the cooling holes is calculated based on the pressure 

difference across the cooling holes using Bernoulli's equation. Using this theoretical 

velocity, the theoretical mass flow rate is calculated. The ratio of actual to theoretical 

coolant mass flow provides the coefficient of discharge (Cd) of the cooling hole. The 

coefficient of discharge is found using the relation: 

𝐶𝑑 =
ṁ𝑎𝑐𝑡

ṁ𝑡ℎ𝑒𝑜
 

The actual coolant mass flow is measured based on the upstream and 

downstream pressures of the orifice. The following equation is arrived based on the BIS 

standards reference. 

 Mass flow in Kg/hr,  ṁ𝑎𝑐𝑡 = 0.121198 ∗ √∆𝑃 ∗ (𝑃𝑢𝑝 +  680)  

Where,   ΔP = Differential Pressure across the orifice plate in mm of H2O 

  Pup = Orifice upstream pressure in mm of Hg 

Here, the coolant line orifice diameter is 20.13 mm, and the 2-inch diameter 

pipe is used for the coolant line flow. 
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I.1 Machined Ring Geometries 

Fig. I.1 shows the mass flow measurements through the cooling holes for 

machined ring geometries. As the coolant chamber pressure increases, the mass flow 

increases through the cooling holes. In other words, as the pressure ratio across the 

cooling hole increases the mass flow increases. The coefficient of discharge through 

the cooling hole is plotted against the coolant Reynolds number in Fig. I.2. The 

machined ring geometry holes are 2.5 mm in diameter, and the coefficient of discharge 

through these holes are in the order of 0.65. As both the machined ring geometry holes 

are 2.5 mm hole diameter, the coefficient of discharge through these holes are same. 

But the mass flow through the machined ring 2 is higher than machined ring 1 due to 

more number of holes. 

 

Fig. I.1 Mass flow through the cooling holes for machined ring 1 
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Fig. I.2 Coefficient of discharge through the cooling holes for machined ring 1 

I.2 Effusion Cooling – Adiabatic Test Plate 

The effusion cooling holes are 3 mm diameter for the adiabatic model. There 

are 117 holes arranged in a staggered manner. The mass flow through these holes is 

higher as shown in Fig. I.3. As the coolant chamber pressure increases the mass flow 

through the holes increases due to the increase in pressure difference across the coolant 

hole. The coefficient of discharge through the holes are shown in Fig. I.4 and found to 

be in the order of 0.50. 

I.3 Effusion Cooling – SS Test Plate 

The effusion cooling holes drilled in the stainless steel test plates are having 1.0 

mm diameter. Such type of hole diameter is used in the real combustor liner, and the 

mass flow through these holes are shown in Fig. I.5. The coefficient of discharge 

through the holes increases as the coolant Reynolds number increases as shown in Fig. 

I.6. 
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Fig. I.3 Mass flow through the effusion cooling holes for the adiabatic test plate 

 

Fig. I.4 Coefficient of discharge through the effusion cooling holes for the adiabatic 

test plate 
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Fig. I.5 Mass flow through the effusion cooling holes for SS test plate 

 

Fig. I.6 Coefficient of discharge through the effusion cooling holes for SS test plate 
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APPENDIX II 

II UNCERTAINTY ANALYSIS 

The list of instruments and its specifications used in the experiments for the data 

acquisition and monitoring of the parameters are shown in Table II.1. Before using 

these instruments for the experimental studies, the pressure scanner, temperature data 

acquisition system and the thermocouples are calibrated against standard primary 

calibrators. IR camera calibration procedure is already mentioned in Chapter 3. 

Table II.1 Specifications of the instruments 

Sl. 

No. 

Name of  

Instrument 

Specifications Accuracy 

1 K – Type 

Thermocouples 

Omega make, -200 to 1260 

°C 

Accuracy:  

± 0.25°C 

2 Fluke Temp. Data 

Acquisition System  

(Model: 2680 A) 

No. of Channels: 80 

 

Accuracy:  

± 0.75 °C  

3 

 

 

FLIR Make 

A325sc Infra-Red 

Camera 

Temperature range: -20 to 

120°C and 0 to 350°C 

Accuracy:  

± 1.5 °C 

4 Intelligent Pressure 

Scanner (Model: 

9116, Pressure 

System) 

Measurement Range: 10 

Inches of Water Column to 

10 PSID.  

No. of Channels: 16 

Operating temperature: 0 

to 50 °C 

Accuracy:  

± 0.05% of Full 

Scale 

 

 

The uncertainty values are estimated using the procedure mentioned by Holman 

J.P. (1994).  
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II.1 Blowing Ratio 

Blowing Ratio (BR) is defined as, 

𝐵𝑅 =
𝜌𝑐 . 𝑈𝑐

𝜌𝑚. 𝑈𝑚
 

For higher blowing ratio of 2.5, the following values are given as input for the 

calculation of uncertainty. 

Pt = mainstream total pressure, 101559.4 Pa 

Ps = mainstream static pressure, 101335 Pa 

Pc = coolant pressure, 102444.3 Pa 

Tc = coolant temperature, 231 K 

Tm = mainstream temperature, 300 K 

Thermocouples are calibrated and having an accuracy of 0.25oC. These 

thermocouples are connected to a Fluke data acquisition system which is having an 

accuracy of 0.75oC. So the total uncertainty of the measured thermocouple temperature 

is ±1oC. 

ωTm = uncertainty in mainstream temperature, ±1 K 

ωTc = uncertainty in coolant temperature, ±1 K 

ωPt  = uncertainty in mainstream total pressure, ±1 Pa 

ωPs = uncertainty in mainstream static pressure, ±1 Pa 

ωPc = uncertainty in coolant pressure, ±1 Pa 

𝐵𝑅 =  (√
𝑃𝑐 . 𝑇𝑚. (𝑃𝑐 − 𝑃𝑠)

𝑃𝑡. 𝑇𝑐(𝑃𝑡 − 𝑃𝑠)
) 

𝜕𝐵𝑅

𝜕𝑃𝑐
=  (√

𝑇𝑚. (2𝑃𝑐 − 𝑃𝑠)2

4(𝑃𝑐
2 − 𝑃𝑐 . 𝑃𝑠)(𝑃𝑡. 𝑇𝑐(𝑃𝑡 − 𝑃𝑠))

) 

𝜕𝐵𝑅

𝜕𝑇𝑚
= (√

𝑃𝑐(𝑃𝑐 − 𝑃𝑠)

4𝑇𝑚𝑃𝑡 . 𝑇𝑐(𝑃𝑡 − 𝑃𝑠)
)   

𝜕𝐵𝑅

𝜕𝑃𝑠
= √

𝑃𝑐 . 𝑇𝑚. (𝑃𝑐 − 𝑃𝑡)2

4. 𝑃𝑡. 𝑇𝑐(𝑃𝑡 − 𝑃𝑠)3. (𝑃𝑐 − 𝑃𝑠)
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𝜕𝐵𝑅

𝜕𝑃𝑡
=  √

𝑃𝑐 . 𝑇𝑚. (−2𝑃𝑡 + 𝑃𝑠)2. (𝑃𝑐 − 𝑃𝑠)

4. 𝑃𝑡
3. 𝑇𝑐(𝑃𝑡 − 𝑃𝑠)3

 

𝜕𝐵𝑅

𝜕𝑇𝑐
= √

𝑃𝑐.𝑇𝑚(𝑃𝑐 − 𝑃𝑠)

𝑃𝑡. 𝑇𝑐
3(𝑃𝑡 − 𝑃𝑠)

 

𝜔𝐵𝑅 =  [(
𝜕𝐵𝑅

𝜕𝑇𝑐
𝜔𝑇𝑐)

2

+ (
𝜕𝐵𝑅

𝜕𝑝𝑡
𝜔𝑝𝑡)

2

+ (
𝜕𝐵𝑅

𝜕𝑃𝑠
𝜔𝑝𝑠)

2

(
𝜕𝐵𝑅

𝜕𝑇𝑚
𝜔𝑇𝑚)

2

+ (
𝜕𝐵𝑅

𝜕𝑝𝑐
𝜔𝑝𝑐)

2

]

1
2

 

𝜔𝐵𝑅

=  

[
 
 
 

(√
𝑃𝑐.𝑇𝑚(𝑃𝑐 − 𝑃𝑠)

𝑃𝑡. 𝑇𝑐
3(𝑃𝑡 − 𝑃𝑠)

. 𝜔𝑇𝑐)

2

+ ( √
𝑃𝑐 . 𝑇𝑚. (−2𝑃𝑡 + 𝑃𝑠)2. (𝑃𝑐 − 𝑃𝑠)

4. 𝑃𝑡
3. 𝑇𝑐(𝑃𝑡 − 𝑃𝑠)3

. 𝜔𝑝𝑡)

2

+ (√
𝑃𝑐 . 𝑇𝑚. (𝑃𝑐 − 𝑃𝑡)2

4. 𝑃𝑡. 𝑇𝑐(𝑃𝑡 − 𝑃𝑠)3. (𝑃𝑐 − 𝑃𝑠)
. 𝜔𝑝𝑠)

2

((√
𝑃𝑐(𝑃𝑐 − 𝑃𝑠)

4𝑇𝑚𝑃𝑡 . 𝑇𝑐(𝑃𝑡 − 𝑃𝑠)
)𝜔𝑇𝑚)

2

+ (√
𝑇𝑚. (2𝑃𝑐 − 𝑃𝑠)2

4(𝑃𝑐
2 − 𝑃𝑐 . 𝑃𝑠)(𝑃𝑡. 𝑇𝑐(𝑃𝑡 − 𝑃𝑠))

. 𝜔𝑝𝑐)

2

]
 
 
 

1
2

 

𝜔𝐵𝑅 = 0.010121 

𝐵𝑅 = 2.544788 

ω𝐵𝑅

𝐵𝑅
= 

0.010121

2.544788
 

  = 0.003977 

Thus, at the blowing ratio of 2.54, uncertainty is 0.4% i.e. 2.54 ± 0.01. 

Similarly, for the lower blowing ratio of 0.5, uncertainty is calculated based on the 

procedure explained above. 

𝜔𝐵𝑅 = 0.008586 

𝐵𝑅 = 0.448167 

ω𝐵𝑅

𝐵𝑅
=  

0.008586

0.448167
=  0.019159 

Thus, at the blowing ratio of 0.448, the uncertainty is 1.92% i.e 0.448 ± 0.009. 
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II.2 Adiabatic Cooling Effectiveness 

Adiabatic cooling effectiveness, 

𝜂 =
𝑇𝑚 − 𝑇𝑎𝑤

𝑇𝑚 − 𝑇𝑐
 

For adiabatic cooling effectiveness, η = 0.6, 

Tm = mainstream temperature, 303 K 

Taw = adiabatic wall temperature, 259.8 K 

Tc = coolant temperature, 231 K 

ωTm = uncertainty in mainstream temperature, ±1 K 

ωTc = uncertainty in coolant temperature, ±1 K 

ωTaw = uncertainty in adiabatic wall temperature, ±1.5 K 

𝜕𝜂

𝜕𝑇𝑚
=

𝑇𝑎𝑤 − 𝑇𝑐

(𝑇𝑚 − 𝑇𝑐)2
   

𝜕𝜂

𝜕𝑇𝑎𝑤
=  

−1

(𝑇𝑚 − 𝑇𝑐)
 

𝜕𝜂

𝜕𝑇𝑐
=

𝑇𝑚 − 𝑇𝑎𝑤

(𝑇𝑚 − 𝑇𝑐)2
 

ωη = {(
𝜕𝜂

𝜕𝑇𝑚
∗ 𝜔𝑇𝑚)

2

+ (
𝜕𝜂

𝜕𝑇𝑎𝑤
∗ 𝜔𝑇𝑎𝑤)

2

+ (
𝜕𝜂

𝜕𝑐
∗ 𝜔𝑇𝑐)

2

}

0.5

 

ωη = {(
𝑇𝑎𝑤 − 𝑇𝑐

(𝑇𝑚 − 𝑇𝑐)2
  ∗ 𝜔𝑇𝑚)

2

+ (
−1

(𝑇𝑚 − 𝑇𝑐)
∗ 𝜔𝑇𝑎𝑤)

2

+ (
𝑇𝑚 − 𝑇𝑎𝑤

(𝑇𝑚 − 𝑇𝑐)2
∗ 𝜔𝑇𝑐)

2

}

0.5

 

ωη=0.023116 

ωη

𝜂
=  

0.023116

0.6
 

  = 0.038526  

Uncertainty in adiabatic cooling effectiveness is 3.85% 

Error in Cooling Effectiveness, η at 0.6 = 0.6 ± 0.023 

Similarly, for η = 0.3, 

Tm = mainstream temperature, 303 K 
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Taw = wall temperature, 281.4 K 

Tc = coolant temperature, 231 K 

ωη=0.023365 

ωη

𝜂
=  

0.023365

0.3
 

  = 0.077882 

Uncertainty in cooling effectiveness is 7.79% 

Error in cooling effectiveness, η at 0.3 = 0.3 ± 0.023365 

 

II.3 Heat Transfer Coefficient 

Heat transfer coefficient, 

ℎ =
(𝐾1 ∗ 𝐼2 + 𝐾2 ∗ 𝐼)

𝐴(𝑇𝑤 − 𝑇𝑚)
 

Where, 

𝐾1, 𝐾2 are constants from the voltage vs current curve (0.0030285, 0.0615805) 

I is the current in Ampere, 176 A 

Taw is the surface temperature, 323 K 

Tm is the mainstream temperature, 302 K 

A is the area of the test surface, 0.041075 m2 

ωTm = uncertainty in mainstream temperature, ±1 K 

ωTaw = uncertainty in surface temperature, ±1.5 K 

ωI = ± 1.5 A 

ℎ =
(𝐾1 ∗ 𝐼2 + 𝐾2 ∗ 𝐼)

𝐴(𝑇𝑎𝑤 − 𝑇𝑚)
 

𝜕ℎ

𝜕𝐼
=  

(2𝐾1 ∗ 𝐼 + 𝐾2)

𝐴(𝑇𝑎𝑤 − 𝑇𝑚)
)  

𝜕ℎ

𝜕𝑇𝑎𝑤
=

(𝐾1 ∗ 𝐼2 + 𝐾2 ∗ 𝐼)

𝐴(𝑇𝑎𝑤 − 𝑇𝑚)2
 

𝜕ℎ

𝜕𝑇𝑚
=

(𝐾1 ∗ 𝐼2 + 𝐾2 ∗ 𝐼)

𝐴(𝑇𝑎𝑤 − 𝑇𝑚)2
 

𝜔ℎ =  [(
𝜕ℎ

𝜕I
𝜔I)

2

+ (
𝜕ℎ

𝜕𝑇𝑎𝑤
𝜔𝑇𝑎𝑤)

2

+ (
𝜕ℎ

𝜕𝑇𝑚
𝜔𝑇𝑚)

2

]

1
2
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𝜔ℎ =  [( 
(2𝐾1 ∗ 𝐼 + 𝐾2)

𝐴(𝑇𝑎𝑤 − 𝑇𝑚)
).𝜔I)

2

+ (
(𝐾1 ∗ 𝐼2 + 𝐾2 ∗ 𝐼)

𝐴(𝑇𝑎𝑤 − 𝑇𝑚)2
. 𝜔𝑇𝑎𝑤)

2

+ (
(𝐾1 ∗ 𝐼2 + 𝐾2 ∗ 𝐼)

𝐴(𝑇𝑎𝑤 − 𝑇𝑚)2
. 𝜔𝑇𝑚)

2

]

1
2

 

ωh=10.59802 

h = 121.3216 

ωh

ℎ
=  

10.59802

121.3216
 

  = 0.087355 

Uncertainty in heat transfer coefficient is 8.74% 

Error in heat transfer coefficient, h at 121.3216 = 121.32 ± 10.598 W/m2k 

 

II.4 Coolant Mass Flow Rate 

An orifice plate having a hole diameter of 20.13 mm is fixed in the coolant line to 

measure the coolant mass flow rate through the cooling holes. Orifice plate pressure 

tapings are made at the locations of Dp and Dp/2 at the upstream and downstream of 

the orifice respectively. Based on BS 1042 standards, mass flow calculations are carried 

out using the formulae mentioned and simplified to the below equation. 

 

𝑚̇ = 0.121198 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680) 

 

𝑃𝑢𝑝1 = upstream pressure in mm of H2O, 1635.4 mm of H2O 

𝑃𝑢𝑝2= upstream pressure in mm of Hg, 120.25 mm of Hg 

𝑃𝑑𝑜𝑤𝑛 = downstream pressure in mm of H2O, 1544.25 mm of H2O 

Uncertainty in pressure measurements are, 

ωPup1 = ±0.101972 mm of H2O 

ωPup2= ±0.007501 mm of Hg 

ωPdown = ±0.101972 mm of H2O 

At a coolant mass flow rate of 32.733 kg/hr, and for the above pressure values 

uncertainty is calculated and as follows. 
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𝑚̇ = 0.121198 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680) 

 

  
𝜕𝑚̇

𝜕𝑃𝑢𝑝1
= 

0.121198 ∗ (𝑃𝑢𝑝2 + 680)

2 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680)

 

 

𝜕𝑚̇

𝜕𝑃𝑑𝑜𝑤𝑛

= 
−0.121198 ∗ 𝑃𝑢𝑝2 + 680

2 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680)

 

𝜕𝑚̇

𝜕𝑃𝑢𝑝2

= 
0.121198 ∗ (𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛)

2 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680)

 

 

𝜔𝑚̇ =  [(
𝜕𝑚̇

𝜕𝑃𝑢𝑝1

∗ 𝜔𝑃𝑢𝑝1)

2

+ (
𝜕𝑚̇

𝜕𝑃𝑑𝑜𝑤𝑛

∗ 𝜔𝑃𝑑𝑜𝑤𝑛)
2

+ (
𝜕𝑚̇

𝜕𝑃𝑢𝑝2

∗ 𝜔𝑃𝑢𝑝2)

2

]

1
2

 

𝜔𝑚̇ =

[
 
 
 

(

0.121198 ∗ (𝑃𝑢𝑝2 + 680)

2 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680)

∗  𝜔𝑃𝑢𝑝1)

2

+

(

  
−0.121198 ∗ (𝑃𝑢𝑝2 + 680)

2 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680)

∗ 𝜔𝑃𝑑𝑜𝑤𝑛

)

 

2

+

(

 
0.121198 ∗ (𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛)

2 ∗ √(𝑃𝑢𝑝1−𝑃𝑑𝑜𝑤𝑛) ∗ (𝑃𝑢𝑝2 + 680)

∗  𝜔𝑃𝑢𝑝2

)

 

2

]
 
 
 

1
2

 

𝜔𝑚̇ =± 0.025894 kg/hr 

𝑚̇ = 32.733 kg/hr 

𝜔𝑚̇

𝑚̇
=  

 0.025894 

32.733
 

  = 0.000791 

So, at mass flow rate of 32.733 kg/hr, the uncertainty is 0.08% i.e. 32.733 ± 0.02589 
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