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Abstract—The cooling effectiveness of combustor transition 
pieces increases significantly in accordance with turbine 
temperature. In this issue, we create a scenario in which 
using three-dimensional computational to predict the per-
formance of film cooling model with three rows holes and 
double chambers on the flat surface that the model could 
simulate the TP’s structure and performance. Fluent, a 
commercial CFD software, is extensively used in the current 
work for numerical simulations. A comprehensive study is 
performed on the effect of coolant injection angles on film 
cooling. The the temperature distribution in the inner wall, 
cooling effectiveness, and the velocity distribution of coolant 
flow with different cases is compared. Analysis on flow in-
jection orientations is beneficial to enhance the turbine inlet 
temperature and improve gas turbine efficiency. 

Index Terms—film cooling, flat surface, cooling effective-
ness, coolant flow orientation 

I. INTRODUCTION 
A major challenge associated with gas turbine design is 

developing methods to cool combustor components so 
that higher gas temperatures and thus better performance 
can be achieved. Film cooling becomes increasingly im-
portant in aerospace industry in the cooling of hot compo-
nents. Here we must consider the efficiency of cooling 
technology which plays significant role in the whole pro-
cess that the more efficiency it applied; the higher temper-
ature of combustor could exit and the efficiency of gas 
turbine cycle could reach. Many experimental and compu-
tational studied have been conducted in order to study the 
cooling process of gas turbine blades [1], understand this 
complex flow and heat process, and devise the best possi-
ble cooling schemes. This operating temperature is far 
above the permissible temperature of currently available 
thermal-resistive materials. Therefore, a cooling technique 
has to be established to prevent the thermal degradation of 
turbine components. 

There are numerous parameters affecting the cooling 
performance, such as the film hole internal fluid dynam-
ics, the turbulence and vortices production, the approach-
ing flows prior to hole entry, the hole shaping, the hole 
inclination and orientation, the hole spacing and length-to-
diameter ratio, the density ratio, the blowing ratio, the 
momentum flux ratio and the mainstream turbulence in-
tensity, the mainstream acceleration, the external surface 
curvature and external surface roughness. The thermal-
flow structures, the effectiveness of the adiabatic film 
cooling, and the heat transfer rate for various discrete-hole 
geometries with flat-plate or constant-curvature models 

have been documented [2-6]. This trend of active research 
is continuing, striving for new techniques to improving 
film cooling performance so that it can be an ideal tangen-
tial slot injection [7]. Majority of the literature has been 
covered in the book by Han et al. [8]. There have been 
several studies about shower head film cooling in the past; 
however most of these studies concentrate on blade show-
er head film cooling, my essay shall be starting from the 
transform piece and the model illustrate is double cham-
bers film cooling. 

While a large amount of coolant provides better surface 
coverage downstream of the jets, using too much coolant, 
on the other hand, can incur a severe efficiency penalty. In 
this issue, the double chamber model with the flat surface 
is simulating the structure of transition piece, which has 
rarely mentioned in most studies. The main objective of 
this thesis is to elucidate the film-cooling effectiveness by 
changing coolant injection angular with three staggered 
rows of simple round holes in the double chamber model, 
as determined by using the CFD technique. Accordingly, 
the main characteristics of this investigation are as fol-
lows: (1) Realistic, discrete-hole film-cooling flat surface 
with three rows of staggered injection coolant intercala-
tion are studied. (2) The coolant injection angle on film 
cooling effectiveness over the flat surface are investigated. 
(3) The temperature of inner wall, distributions of coolant 
velocity, and film-cooling effectiveness contours in differ-
ent conditions are compared. 

II. NUMERICAL METHOD 
The present film cooling study involves flow which is 

steadied, Newtonian, three-dimensional, incompressible 
and turbulent. Such flow behaves according to three fun-
damental laws, namely the laws of continuity, conserva-
tion of momentum, and conservation of energy [9]. 

The realizable k !"  model proposed by Shih et al. [10] 
was intended to address these deficiencies of standard 
k !"  models by adopting the following: (1) contains a 
new formulation for the turbulent viscosity; and (2) a new 
transport equation for the dissipation rate, , is derived 
from an exact equation for the transport of the mean 
square vorticity fluctuation. The modeled transport equa-
tions for k and in the realizable k !"  model are: 
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In these equations, kG  and bG represent the generation 
of turbulent kinetic energy due to the mean velocity gradi-
ents and buoyancy, respectively. MY  is the contribution of 
the fluctuating dilatation in compressible turbulence to the 
overall dissipation rate, 1C !  and 2C  are constants. kS  and 
S!  are user-defined source terms. The turbulent (or eddy) 
viscosity tµ  is computed by combining k and !  as fol-
lows: 

 2
t C kµµ ! "=  (4) 

A benefit of the realizable k !"  model is that it better 
predicts the spreading rate of both planar and round jets. It 
is also stated that it has superior performance for flows 
involving rotation, separation, recirculation and boundary 
layers under adverse pressure gradients. 

A. Thermodynamic equation 
The adiabatic cooling effectiveness (! ) is used to ex-

amine the performance of film cooling. The definition of 
!  is 
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where mT  is the mainstream hot gas inlet temperature, 
which is a fixed value for calculation the adiabatic cooling 
effectiveness of any location, cT  is the temperature of the 
coolant, which is assigned as a constant of 300K in this 
issue. awT  is the adiabatic wall temperature. 

III. PROBLEM DEFINITION 

A. CFD model  
The new transition piece features a rounded body shape 

that balances the heat transfer loading both internally and 
externally and eliminates resonant frequency concerns. It 
has an upstream aperture for the gas flow (which is cylin-
drical) and it is used to receive the gas flow directly from 
the corresponding combustion liners with a high level of 
enthalpy, they are conjured in a longitudinal direction so 
that their downstream ends comprise arched segments to 
form a ring-type configuration which opens toward the 
first stage of the gas turbine (stator) [11]. This study 
builds a model, double chamber flat plate, which could 
simulate the TP’s structure and performance, to discuss 
the effect of the type of the coolant injection angle on the 
film-cooling effectiveness over a flat surface. 

A schematic of the flow domain along with boundary 
conditions and dimensions is given in figure 1. As shown 
in figure, the model has two chambers with length of 1000 
mm and width of 180 mm. The uperside chamber in the 
pic is called coolant chamber as the side is closed. Contra-
rily, the inner chamber goes by the name of mainstream 
chamber as the gas could through it from one side to an-
other. And the mainstream and coolant chamber height is 
37 mm and 84 mm, respectively. There is a total of 9 
holes uniformed distribution in three rows on the surface 
of the outer wall, and the distance between the two rows 
of the holes is 50 mm. The size of all the holes is about 
10.26 mm. 

B. Boundary conditions 
Boundary conditions were applied to specific faces 

within the domain to specify the flow and thermal varia-
bles that dictate conditions within the model. They are a 
critical constituent to the simulation, and it is important 
that they are specified appropriately. Boundary conditions 
are first applied in Gambit, before exporting the mesh film 
to Fluent. Figure 2 shows the boundary conditions used 
for the modeling. Respectively, the cooling air and gas is 
coursing along the cooling chamber and the mainstream 
chamber with the the opposite direction. In the cooling 
chamber, the simulation is performed using air as the 
cooling fluid, velocity and temperature contours are set on 
the jet holes, pressure on the exit mouth. In another cham-
ber, assume that the mainstream is a mixture of O2, H2O, 
CO2, N2, as well as some rare gas, and their ingredients 
are installed with 9%, 8%, 13%, 69%, 1%, respectively. 
Gas velocity and temperature contours are set on the sur-
face of the sector section, pressure on the exit mouth and 
natural convection on the outside wall of the model are 
considered as boundary condition [12]. 

 
Figure 1.  Computational domain showing boundary conditions 

TABLE I.   
BOUNDARY CONDITIONS 

Component Boundary conditions Magnitude 

Mainstream inlet 

Mass flux rate 31.46 (kg/s) 
Gas temperature  1600 (K) 

Turbulent intensity 5 (%) 
Hydraulic diameter 0.324 (m) 

Mainstream outlet 

Pressure  1.512 (MPa) 
Turbulent intensity 5 (%) 
Hydraulic diameter  0.324 (m) 

Convection coefficient 10 (W/m2K) 

Coolant chamber 

Air temperature 300 [K) 
Pressure  1.4552 (MPa) 

Pressure recovery coefficient 0.95 
Turbulent intensity 5 (%) 
Hydraulic diameter  0.01026 (m) 
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In this paper, seven injection orientations, 90º, 75º, 60º, 
45º, 30º, 15º and 0º, were used in the model. As stated 
earlier, the mainstream temperature is set at 1300K for 
mainstream and 300K for coolant flow. Tables 1 shows a 
summary of the boundary conditions in the quarter torus 
and thermal properties of the fluid, respectively. 

C. Meshing and Simulation Procedures 
The computational domain incorporates the model, the 

tetrahedral mesh in the software, ICEM/CFD, used to 
generate the structured multi-block and the body-fitted 
grid system. In this study, the grid system associated with 
the parts of the mainstream and the coolant supply plenum 
is a tetrahedral structure. Figure 2 shows the grids of the 
computational domain. The total number of the cells for 
the 3D domain is 467, 000. 

This study uses a commercial CFD code based on the 
control-volume method, ANSYS 12.0.16. All runs were 
made on a PC cluster with four Pentium-4 2.8 GHz per-
sonal computers. The convergence criteria of the steady-
state solution are judged by the reduction in the mass re-
sidual by a factor of 6, typically, in 2000 iterations. 

IV. RESULTS AND DISCUSSION 

A. Inner wall temperature 
Figure 3 shows a comparison of temperature distribu-

tion on the inner wall with different coolant flow injection 
orientations, which is the conventional model in actual 
situations. This region will be the main region of concern 
in this study. In Figure 3 and Figure 4, temperature and 
film cooling effectiveness are plotted against the distance 
along the inner wall between 50 mm and 750 mm. 

The figure illustrates that the temperature at the starting 
point of the wall is high. It gradually decreases in the 
downstream. The starting point of the wall is cooled by 
the coolant holes at the X=450mm on the outer wall. 
Temperature is the same throughout the coolant holes. 
After the coolant strikes the inner wall, there are vortexes 
formed. The jet impingement and the vortex formed out of 
the coolant flow cools the surface of the inner wall. The 
delicate color region (orange, yellow and green region) is 
approximately the region where the coolant strikes the 
inner wall after being reflected by the coolant holes, 
which the inner wall is cooled purely by film cooling. The 
coldest part is at the center of the domain (X=500mm). 
Though almost all flow in the coolant chamber is coolant 
flow, the cooling depletes along the X axis, which is why 
there is a temperature rise in the region far from the im-
pingement spot. 

From the figure it is seen that three rows of jet can pro-
tect the inner wall from over-heating. With the cooling 
injection angle increase, the color of temperature distribu-
tion in the same region is lighter, and the surface has been 
better protected by the coolant flow. One important factor 
to be considered in the design of the inner wall is the in-
clination of coolant holes. They should be placed in such a 
way that the cooling flow coming out of the holes should 
from a uniform film that can cover a large area in the 
downstream. 

B. Cooling effectiveness 
Film cooling performance is measured by the dimen-

sion parameter "adiabatic wall effectiveness (! )" (equa-

tion (5)). Figure 4 presents the centerline and the laterally 
averaged film cooling effectiveness performance of the 
hybrid scheme at different coolant injection angular, re-
spectively. It is seen that the effectiveness is high at the 
start of the film and reduces gradually in the downstream. 
It is seen from the figure that the effectiveness is maxi-
mum between the X=480 mm and 620 mm of the inner 
wall, which part is under the film region of the outer wall. 
In the coolant chamber, the flow is predominantly coolant 
flow and recirculation flow from the vortex that is formed 
out of the coolant flow. These flows have a low tempera-
ture, and thus the effectiveness is high in this region. In 
the region far from the impingement spot, there is no new 
coolant injection for heat transfer between coolant and hot 
wall in the domain, which results in rise of the tempera-
ture of the inner wall. Thus, the effectiveness is reduced to 
below 0.02 in this region. Film cooling effectiveness in-
creases with injection angle, which is because more cool-
ing air is directly reached the inner wall surface and pro-
vides better cooling. The figure also shows that the color 
of coolant effectiveness distribution in the same region is 
deeper with the cooling injection angle increase, and the 
surface has been better protected by the coolant flow. 

 
Figure 2.  Meshes 

 
Figure 3.  Temperature contours at different coolant injection angles 

showing vortex induction towards the inner wall 

 
Figure 4.  Comparative analysis of cooling effectiveness in different 

injection angle cases 
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C. Characteristics of the coolant flow 
In order to better understand the mechanisms that lead 

to improved cooling effectiveness, a sequence of instanta-
neous images of the coolant flow velocity along the X axis 
at different locations with different injection angles are 
presented in figure 5. The figure illustrates that, as the 
angle increases, the coolant jet impinges the inner wall 
surface. This effect shifts the vortex that is formed be-
tween two rows into the downstream. This does not allow 
film cooling to form uniformly throughout the surface of 
the inner wall, and the coolant flow closer to the inner 
wall. Therefore, with the injection angles increases, the 
90º angle case has a best cooling performance in the 
downstream region compared to other cases. 

V. CONCLUSION 
This study explored film cooling effectiveness of a 

double chamber model with flat surface. Numerical simu-
lation is employed with seven injection angles, 90º, 75º, 
60º, 45º, 30º, 15º and 0º, were used in the flat model. The 
issue is used Fulent to research the cooling effects of film 
cooling and the temperature distribution in the inner wall, 
and the velocity distribution of coolant flow. During this 
investigation, enhanced injection orientation are the rea-
sons for the greater coolant of the transition piece struc-
ture. 

 
Figure 5.  Comparative analysis of coolant flow velocity in different 

injection angle cases 

NOMENCLATURE 
Nomenclature 
Da diameter of coolant chamber 
Dg diameter of coolant chamber 
L length of the model 
T absolute static temperature 

X, Y, Z non-dimensional coordinates in diameter, spanwise 
and mainstream directions 

Greek symbols 
! hole angle 
" Injection angle 
!  film cooling effectiveness 
Suffixes 
m mainstraim flow 
c coolant flow 
aw adiabatic wall 
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