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Abstract — Higher allowable gas turbine inlet temperatures are limited by the maximum allowable temperature the turbine blade
material can handle. In gas turbines using a cooling technique is crucial to allow higher gas turbine inlet temperature and to enhance the
durability of the gas turbine blade. A higher gas turbine inlet temperature allows boosting gas turbine efficiency which reduces fuel
consumption. Film cooling where a relatively low temperature air is used to form a protective layer of cool air around the blade to
shield it from high temperature gases. Many complex interrelated geometry and flow parameters affect the effectiveness of the film
cooling. The complex interrelations between these parameters are considered the main challenge in properly understanding the effect of
these parameters on film cooling. Numerical techniques are viable analysis techniques that are used to improve film cooling techniques.
In this study, a simplified 2D film cooling jet blown from a slot jet is used to understand the interconnected relation between blowing
ratio and injection angle. The effect of injection angles on adiabatic film effectiveness was found to be negligible at very low blowing
ratios. However, as the blowing ratio increases the effect of angle becomes pronounced. In general, for wide range of blowing ratio
M=0.1-1.0, decreasing blowing angle causes an increase in adiabatic film efficiency which mean film attachment is dominating the
turbine blade shielding. But at high blowing ratio such as M=2, the cool film thickness dominates the heat transfer hence high angle
mean thicker cooling film. Increasing blowing angle to obtain thicker film eventually cause detachment of cooling film and deteriorate
the adiabatic film effectiveness.
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Nomenclature

2D two-dimensional
o J
Cp Specific heat, [kg7]
D slot diameter, [m]
EWF enhanced wall function
K turbulence kinetic energy, [m?/s?]
k; thermal conductivity, [%]
M blowing ratio
P pressure, [kPa]
RNG Reynolds normalization group
T temperature [K]
\Y velocity [m/s]
VR velocity ratio of coolant to mainstream gas
Greek symbols
a injection angle
€ turbulence dissipation rate
n film cooling effectiveness
U Dynamic viscosity, [%]
p density
) turbulence specific dissipation rate
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Subscripts

ad adiabatic

c coolant

h mainstream
w wall

1. Introduction

A Gas turbine uses a high temperature mixture of air and fuel to spin turbine blades. The higher the inlet temperature
at the turbine blade, the higher is the thermal efficiency of the gas turbine. However, working at higher temperatures
affects the durability of a gas turbine [1]. To allow higher inlet temperature researchers to have done enormous work in the
field of material science and cooling techniques. Different cooling techniques such as internal jet impingement [2-6] and
film cooling [7-16] are used to maintain blade temperature below the material design constraint. In film cooling technique
a relatively low temperature air is taken from the compressor is to flow through small holes over the turbine blade surface
forming a protective layer on the turbine blade separating it from the hot mainstream gas [7]. This protective film layers
reduces the heat transfer significantly between the hot mainstream gas and the turbine blade surface which allows higher
mainstream gas to enter the turbine without negatively affecting the turbine durability [8].

The film cooling performance is reported using adiabatic film effectiveness which is defined as follow.

Tc - Twall
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Parameters affecting adiabatic film cooling effectiveness are interrelated. The main parameters are blowing ratio (M),
injection angle (o)) and density ratio (DR). Experimental and numerical work have showed that blowing ratio and injection
angle are much interconnected. Blowing ratio is flux ratio between the coolant and the hot mainstream flow and can be
expressed by combining the density and velocity of both coolant and hot mainstream as seen in equation (2)

y = Pele @
P Vn

Researchers have also tried to determine the optimum injection angle that gives the highest effectiveness under
different conditions. Jia et al. [9] carried out a very wide experimental and numerical work for angles ranging between 16
and 90 and a wide range of blowing ratio ranging between 0.5 and 9. They concluded that at the different values of
blowing ratios, an injection angle of 30 achieved the highest film cooling effectiveness. Yuen et al. [10] experimentally
investigated the interconnected relation between blowing ratio and angle ratio and found that for every angle there is an
optimum blowing ratio. This result was proven numerically by the Nijo et al. [11].

Numerical work on film cooling technique is mostly focused on selecting the best turbulence model to effectively
estimate film cooling performance. Most of the published work employs Reynolds-Averaged Navier-Stokes equations in
predicting film-cooling performance. Flat-plate configuration is a very efficient approximation to investigate the effect of
different flow and geometrical parameters on film cooling performance. A very challenging task is to successfully be able
to model film cooling boundary layer to be able to have a consistent and accurate approximation of the heat transfer close
to the wall and to be able to predict film cooling efficiency. Ferguson et al. [12] Investigated the Standard k-¢ and Reynold
stress models with standard wall formulation, non-equilibrium wall modelling and two-layer wall treatment and RNG k-¢
with standard wall function. They reported that the Standard k-¢ with the two-layer wall treatment have showed the most
accurate approximation of film cooling performance in comparison to the other combinations. Later work by York et al.
[13] showed that RNG k-¢ with two layers wall treatment have successfully predicated the production of turbulent kinetic
energy which leads to a good agreement between experimental and numerical reported film cooling efficiency. RNG k-¢
with the two layers wall treatment was proven to show a good agreement with experimental data under different conditions
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and geometries by many researchers. [14] [15] [16]. In this study an analysis on film cooling performance on a flat plate
surface under different blowing ratios and injection angles are investigated using ANSYS Fluent.

2. Numerical Modeling

s7D

Main flow

35D

(a) (b)

Fig. 1: Computational domain.

The schematic of the problem is show in Fig. 1, where the two inlets are referred two as main flow hot stream and jet
coolant steam. The slot width is D, 40 mm. The boundary layer length is 2D, the coolant channel length is 3.5D and the
length of the computational domain is 57D. The outlet is the far end of the mainstream flow direction. The dimensions
follow the experimental work of O’Malley [17]. All the walls are nonslip and adiabatic. Enhanced wall treatment (EWF) is
used in near-wall modelling for all K-e turbulence models. The outlet boundary is treated as pressure outlet with zero-
gauge pressure. The turbulent models standard k- €, RNG k- ¢, standard k-®, SST k-® and SST models are used in this
study.

Air is the working fluid for the mainstream and coolant jet. Air is treated as an incompressible ideal gas. Air density is
calculated using the ideal gas equation were the air specific heat, thermal conductivity and dynamic viscosity are obtained
from Eqgs. 3-5 using the data given by Turns respectively where T is the temperature in kelvins.

Specific heat, C,, (J/kg.K):

Cp =9.0813 + 1071T* — 48066 * 1077T> 4 8.0735 * 107*T? — 0.32136T + 1.045 * 103 (3)
Thermal conductivity, k (W/m.k):

ke = 7.995 % 10712T3 — 2.4013 * 1078T? + 8.3047 x 107>T + 2.8822 x 1073 @)
. . - kg
Dynamic viscosity, | [R]:

iw=1.7020 x 107 *T3 — 4.0405 * 10711T? + 6.8539 « 107 8T + 1.0616 * 107° (5)

A non-uniform structured mesh is generated using the commercial software pointwise. Since cells close to the wall are
required to have a y* of 1.0 by the EWF treatment, cells close to the wall were given special treatment such that the height
of the first cell closest to the wall was calculated to be 0.000170D. This was enough to have a y* value less than unity. Fig.
1 shows the generated mesh.

2.1. Equations
The governed equations to the steady 2-D flow are continuity conservation of momentum and conservation of energy:
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Where u; is the mean velocity, T is the temperature and P is the pressure. The acute represent the fluctuations in the
flow variable. The time averaged component in the momentum and energy equations are modelled using the Boussinesq
hypothesis and the simple eddy diffusivity model as shown in the following equations respectively:

— aui au] 2

Plnly = e\ Gy * 3, ) 3P ©
— e (0T
ot =53 ¢

Where ., is the turbulent viscosity, k is the turbulent kinetic energy and Pr; is the turbulent Prandtl number. To solve
equations 12 and 13 the difference turbulence models are used to estimate the different turbulent parameters that appears in
equations 14 and 15.

In this work the governing equations were discretized using the second-order upwind scheme and the pressure-velocity
coupling was resolved using the semi implicit method for pressure linked equations corrected (SIMPLEC). Solution
convergent is determined when the energy residual was lower than 10~° and the other equations lower than 107°.

Table 1: Parameters used in the numerical model.

Run a \A Vins M T. (K) Thns (K)
Validation 90 2.3 23 0.13 300 373
Case#l 30, 60, 90 2.5 30 0.1 300 360
Case#t2 30, 60, 90 25 30 1 300 360
Case#3 30, 60, 90 50 30 2 300 360

2.2. Validation and Mesh Independence

This work was validated using the numerical work of Bayraktar [14]. In his work the adiabatic film effectivenss was
reported for a combination of flow parameters for slot film cooling. Same flow parameters were used as mentioned in
Table 1 to validate the model.
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Fig. 2: Numerical validation of the model using adiabatic film effectivenss .

The numerical validation against Bayraktar [14] numerical analysis using the flow parameters in Table 1 is shown in
Fig. 2. The figure shows a good agreement of the numerical results against the published work. The error was calculated to
be less than 1%.
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Fig. 3: Mesh independence study and turbulence model selection.

The mesh independent study can be seen in Fig. 3-a using three different mesh sizes; 500k, 280k and 145k elements.
The figure shows that a noticeable error is seen when a 145k mesh element size is used (3%). Therefore, a 280k element
size were chosen to test the different turbulence models seen in Fig. 3-b. The different k- € turbulence models have shown
that they are best in predicting the adiabatic film effectiveness as where RNG k- ¢ turbulence model have shown the best
agreement with numerical work.
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3. Results

The adiabatic film effectiveness is used to report the performance of film cooling under different parameters. Equation
1 can be re-written into equation 11, where adiabatic condition is refereed to using a subscript, ad.

_ Thot = Taa-wau
Nad =

11

Thot - Tcold ( )
A high adiabatic film effectiveness is achieved when the coolant is effectively protecting the turbine blade from the

hot mainstream. While a low adiabatic film effectiveness is when the protective layer is not effectively protecting the
turbine blade. A low adiabatic film effectiveness means that the cool film is not effective in shielding the wall from the hot
mainstream flow. While a high adiabatic film effectiveness means that the cool film is effective in shielding the wall from
the hot mainstream flow. As the flow is moving the mainstream flow direction the wall temperature will rise due to heat

transfer to the wall causing the adiabatic film effectiveness to drop. This can be seen clearly in Fig. 4 (a,b and c).
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Fig. 4: Numerical results for all the cases in Table 1.
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Adiabatic film effectiveness depends on the size of the protection layer and how far this protective layer is attached to
the turbine blades. A small blowing ratio means a low chance of fluid detachment but also it means thin protective layer of
cool fluid. A high blowing anlage means a high chance of detachment but also it means a thick protective layer of cool
fluid. These contradicting effects depends of blowing ratio, makes the adiabatic film effectiveness sensitive to blowing
angle. Similarly, A small blowing angle means a low chance of fluid detachment but also it means thin protective layer of
cool fluid. A high blowing angle means a high chance of detachment but also it means a thick protective layer of cool fluid.
This very complex interrelated relation between theses parameters is show in Fig. 4-d. For the studied parameters the
highest achieved adiabatic film effectiveness is achieved using a blowing ratio M=0.1 and an injection angle of a =30.

As shown also in Fig. 4-a for blowing angle of 30 degree, the adiabatic film effectiveness has non-monotonic relation
with blowing ratio. While as shown Fig. 4-b and Fig. 4-c for blowing angle of 60 and 90 degree, a monotonic relation exists
between the adiabatic film effectiveness and the blowing ratio. The increase in film efficiency with blowing ratio is
expected since more fluid discharges from the film hole and bigger protective layer of cool air is formed between the hot
mainstream flow and the surface causing better surface shielding. However, this trend is not indefinite since as discharging
increases beyond M=1.0 (for blowing angel of 30 degree), the chance of film detachment from the surfaces increases
causing improper protection and less effectiveness of forming a cool film to shield the surface from the hot mainstream.
The decrease in adiabatic film effectiveness means that more heat is transferred to the turbine blade causing it is
temperature to rise.

4. Conclusion

The effect of blowing angle is negligible at low blowing ratio (~M=0.1) which mean the injected flow has little effect
to no-effect on forming the film blanket which will be mainly dominated by the mainstream flow boundary layer. A low
blowing ration means the flow has low momentum and energy to affect the mainstream flow which reduces the effect of
blowing angle. However once blowing ratio increases beyond M=0.1, the blowing angle become an important factor. The
effect of blowing ratio is complex since it relates quantitatively the effect of flow linear momentum of two streams without
counting the effect of direction of these quantities. Linear momentum is a vector parameter and its impact on the flow is
determine by the quantitative value and the flow vector direction. For blowing ratio equal 1 or less, as shown in Fig. 4, the
adiabatic film effectiveness increases as the blowing angel is decreases. The smaller the angle the higher the chance that
the flow remain in contact with the surface forming a cool blanket that shield the surface from the hot mainstream.
However once high blowing ratio is used the angle effect become less important and the previous relation fails. This
behaviour is explained that as blowing ratio increases, more mass of cool fluid become available to shield the surface from
the hot mainstream.

In general, for wide range of blowing ratio M=0.1-1.0, decreasing blowing angle causes an increase adiabatic film
efficiency which mean film attachment is dominating the turbine blade shielding. But at high blowing ratio such as M=2,
the cool film thickness dominates the heat transfer hence high angle mean thicker cooling film. Increasing blowing angle to
obtain thicker film eventually cause detachment of cooling film and deteriorate the adiabatic film effectiveness.
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