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Abstract. Computational analysis on film cooling effectiveness over a flat plate using different coolant
injection hole geometries are reported. The designed computational setup and flow physics are suitably validated
against the existing experimental results for an injection angle of 30°. The present study reports and compares
the degree of film cooling effectiveness obtained by the different orientations of the coolant injection holes and
their geometry, hole arrangements in the rows and number of rows. The computational domain was designed
using Ansys Fluent. The blowing ratio is systematically ranged between 0.67 and 1.67. The performance of a
given film cooling scheme is reported in terms of centreline (y#cl) and spatially averaged (7,,) adiabatic
effectiveness. It is observed that for single hole configuration, the semi-elliptic geometry increases the 7cl by
~66.67% up to x/D(ratio of downstream distance from hole to diameter of hole) = 50 at lower blowing ratios
(0.67 and 1.00) and by ~50% up to x/D=100 at higher blowing ratios (1.33 and 1.67). For gsa, an increment of
~200% and ~60% is achieved for all blowing ratios using the triangular and semi-elliptic geometries,
respectively. For the multiple row arrangements, the two staggered rows delivered an increment in #cl of ~77%
up to x/D=50 and ~ 54% up to x/D=100. The two staggered configurations at 0° gave the highest effectiveness
increment of ~177% up to x/D=50 while it was ~ 100% for up to x/D=100. Results indicate that the triangular
geometry shows the highest values of the film cooling effectiveness, and a semi- elliptic geometry utilizes
~50% of the coolant mass flow than other coolant injection hole geometries while delivering higher effec-

tiveness values.

Keywords.

1. Introduction

The film cooling (FC) phenomena of any cooling
scheme can be quantitatively expressed by measuring its
film cooling effectiveness (1), also called adiabatic film
cooling effectiveness. Film cooling studies over an adia-
batic flat plate typically involves an uninterrupted injection
of a thin stream of coolant over the plate surface to provide
insulation from the flowing high- temperature fluids [1].
The main advantages of using this FC technique in the
combustion chamber of a liquid rocket engine are that it can
lead to designing comparatively light-weight nozzle
assemblies and is comparatively simpler to fabricate and
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operate. Mathematically, 74 can be expressed as presented
in equation 1 [2].

T — Ty

e =T T (1)

The 7y depends on the geometry of the coolant injection
hole (CIH), CIH layout and arrangement, and the injection
angle [3]. Researchers have extensively conducted com-
putational and experimental studies on various FC tech-
niques. Bunker [4], in his comprehensive review on FC
from different CIHs geometries, concluded that no single
geometry of CIHs delivers optimal performance over ver-
satile application parameters. He also concluded that the
CIH’s geometry is a key parameter that governs the
intensity of mixing, coolant film coverage and the vicinity
of cooling jets to the surface. Goldstein et al [5] presented
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the effectiveness of a single cylindrical CIH and a row of
cylindrical coolant injection holes. They reported achieving
maximum 7z at a blowing ratio (M) of 0.5 and a coolant to
free-stream density ratio of 1.0.

Yuen and Martinez [6, 7] studied the heat transfer and film
cooling effectiveness using a cylindrical CIH at injection
angles of 30°, 60°, and 90°. They considered a CIH length-to-
diameter (I/D) ratio of 4, the free-stream Reynolds number
of 8563, and they systematically varied M from 0.33 to 2.0.
They reported that the maximum 7. increased up to M=0.5,
then decreased with increasing M for a single 30° CIH. They
attributed this behaviour to the occurrence of jet penetration
into the free stream. Chen [8] studied the 7. and heat transfer
coefficients for rows of circular CIHs with different injection
angles. Wang and Li [9] studied the film cooling performance
by introducing a small quantity of water into the cooling air
using Ansys Fluent. They conducted their investigations at a
pressure and temperature of 15 atm and 1561 K, respectively.
Their findings showed that a 5-10% increment in the cooling
effectiveness can be achieved by using 10-20% of mist along
with an added reduction of 30- 68 K adiabatic wall temper-
ature. The influence of different CIH geometries on FC with
CO2 was investigated by Guangchao et al [10]. Dellimore
[11] reported the disparities in the literature about the influ-
ence of compressibility in film cooling effectiveness by
providing its significant contribution of enhancing film
cooling with a condition of high convective Mach numbers
with low temperature ratio. Their results showed improve-
ment in film cooling with decreasing total temperature ratio
and increasing convective Mach number. Wright et al [12]
experimentally investigated a 35° injection angle, with the
M varying from 0.25 to 2.0. They varied the density ratio
from 1.0 to 1.4, and their investigation revealed that #
values are directly proportional to the density ratio while
inversely proportional to the blowing ratio. Baheri et al [13]
reported the effect of I/D ratio with the trenched and cylin-
drical CIHs at M= 0.6 and 1.25, and an injection angle of 35°.
Their study concluded that the averaged #y increased in
direct proportion to the L/D ratio.

The available literature suggests that 77, mainly depends
on injection angle, blowing ratio, L/D ratio, and compound
angle/orientation of the CIHs. Therefore, the current
investigation aspires to study the effects of various CIH
geometries and their different lateral orientations on the
flow arrangement for a flat plate using the k-¢ turbulence
model. Available literature suggests that the k-¢ turbulence
model is best suited to study the mean flow over a flat plate
[5, 9, 12, 13]. The novelty of this work includes the
enhancement of cooling effectiveness with multiple hole
shapes having constant inlet area, row arrangements at
various blowing ratios and their evaluation with the state-
of-the-art. Multiple computations are conducted for differ-
ent CIH geometries, different numbers of rows with aligned
and staggered CIHs configurations at different blowing
ratios ranging from 0.67 to 1.67. The compound injection
angles of the CIHs are also varied from 0° to 90°.
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2. Methodology

2.1 Mathematical model

The steady-state heat transfer which is occurring in the flow
on the geometrical surface are governed by the basic laws
of physics and thermodynamics. The conservation laws of
energy, mass, and momentum are well established in var-
ious open literatures. The related mathematical formula-
tions can be found in this section later. The continuity
(eq. 2), momentum (eq. 3-4), and energy (eq. 5) equations
for the present case of steady-state, incompressible, segre-
gated 3D solver, and standard k—¢ (without viscous heating)
turbulence model. Equation 6 represents the turbulent
kinetic energy equation while eq. 7 presents the rate of
dissipation of turbulent kinetic energy.
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2.1.1 Physical model The computational domain was
designed, and the mesh was generated using Ansys Fluent
14.1. The hot gases are simulated to pass over the flat plate
surface, and the coolant is injected to generate a film
between the surface and the high-temperature fluid.
Figure 1 shows the schematic of the designed
computational model. The coolant injection angle is 90°,
and the compound angle is varied between 0° to 90°. The
designed model is validated by comparing the obtained
results for the performance of the cylindrical CIH with that
of the results of the experimental investigations by Yuen
et al [6]. The geometrical conditions are duplicated as
reported in the literature to achieve a closer simulation.
Investigations are also carried out on three other geometries
of CIHs, i.e., semi-elliptic, and triangular, semi-cylindrical.
The cross- sectional area of all the CIH geometries used in
the present study is kept constant.

Figure 2 shows the schematic and modelled view of
different CIH geometries and their orientations.
Figure 2(a) shows a cross-sectional view of the geometrical
model, while figure 2(b) shows the top as well as the



Sadhana (2024) 49:158

wall

Page 3 of 11 158

Ilainstream
Inlet (Velocity) —

— " Cutlet
=3

Lol A

360 mm

Coolant
Inlet. (Velocity)

Adiabatic Test Surface

Not to scale

Figure 1. Cross-sectional view of designed computational model.

isometric view of the test plate with different CIH
geometries. Figure 2(c) presents the model of two inline
rows of CIHs, which have a row spacing of 100 mm. A
streamwise distance of 100 mm was kept between two
staggered rows of CIHs. The lateral distance between two
consecutive CIHs from different rows and between CIHs of
the individual row is kept as 50 mm and 35 mm, respec-
tively. Figure 2(d) presents the models studied with
different orientation angles (ff) and the orientation angle is
varied from 0° to 90°. Compound angles are made for each
type of CIHs and their arrangement in the cases of rows.

2.2 Boundary conditions

The designed computational model, consisting of a cylin-
drical CIH, inclined at an angle of 30° streamwise with a
diameter of 10 mm, is validated against the available
experimental results. Table 1 reports the various boundary
conditions of the designed simulation. Reynolds number, as
governed by the free-stream velocity and CIH diameter, is
10364 and the L/D ratio of the CIH is kept as 7. The
blowing ratio ranges from 0.67 to 1.67, corresponding to
the coolant inlet velocities are presented in table 2.

2.3 Solver

A 3D segregated; steady-state solver is used for the present
investigations. An implicit method is used for the lin-
earization of governing equations. The k-¢ model with
standard wall functions for the plate cross-section area is
used for the turbulence modelling. Enhanced wall treatment

was avoided by designing the mesh fine enough to have the
wall Y* values in the range of 0-5. The second-order
upwind discretization scheme is used for turbulence kinetic
energy, momentum, turbulence dissipation rate and energy,
whereas a standard discretization scheme is used for the
pressure [14]. Ansys Fluent 14.1 is used to obtain the
solution of governing equations. Pressure—velocity cou-
pling was done using a SIMPLE algorithm developed by
Spalding and Patankar is used. The discretization
scheme used was second-order upwind interpolation.
Solution is continued till the residuals reached the con-
vergence of 107 for energy, 10 for velocities, 107 for
turbulence quantities. A user-defined function is used for
plotting the ncl values in all the cases.

2.4 Grid independence test

For the grid independence test, the cylindrical CIH at a
blowing ratio of 1.0 is selected. Various grid sizes for
different designed meshes are reported in table 3.
Figure 3(a) represents the mesh independence for centerline
film cooling effectiveness (ycl). Figure 3(a) shows almost
identical effectiveness values for different blowing ratios
for different grid sizes. This is because these graphs are
plotted only for a small number of points (21) extracted
from a larger dataset. So, these are averaged values signi-
fying the nature of curves rather than exact values.
Figure 3(a) also shows that the results obtained from the
medium and fine meshes are almost equivalent. However,
the medium mesh is used for the investigation to obtain
simulation results within a lesser computational time.
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Figure 2. Schematic and modelled view of different CIH geometries and their orientations.

Table 1. Boundary conditions. Table 2. Coolant inlet velocities with blowing ratios.

Boundary conditions Values  S. No. Blowing ratio (M) Coolant inlet velocity (m/s)
Free-stream inlet velocity 15 m/s 1 0.67 10

Free-stream inlet temperature 600 K 2. 1.00 15

Density ratio ~1.0 3. 1.33 20

Coolant inlet temperature 300 K 4 1.67 25
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Table 3. Various grid sizes for different meshes.

Grid Cells Faces Nodes
Coarse 328161 1012327 347496

Medium 1218503 3722717 1265081
Fine 3818611 11548111 3911868

3. Results and discussion

3.1 Validation of the computational model

The computational results obtained for a single cylindrical
CIH are evaluated with the experimental results reported by
Yuen et al [6] to validate the designed simulation model.
The performance of different CIH geometries (semi-cylin-
drical, triangular and semi-elliptic) for nfc is measured in

1.0 1.0

¢ 4
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0.6 - i 0.6 4 *
044 } 0.4 .

Py by
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the centerline (yc/) and spatially averaged adiabatic (ysa)
film cooling effectiveness. For all the cases, the non-di-
mensional temperature profiles are also plotted. Fig-
ure 3(b) represents the comparison and validation of the
obtained computational results with the reported experi-
mental results. Figure 3(b) presents the validation only at
M=1.00; however, the validation is done at all the blowing
ratios. As presented in figure 3(b), the ncl values agree well
with the experimental results. A small disparity can be
observed in a small near-CIH region (x/D <5.0). The
overall deviation of the obtained effectiveness values from
the experimental data is 5.7% approximately. This observed
difference can be attributed to the fact that in a computa-
tional simulation model, coolant jet height is not considered
which leads to improved lateral dispersal of the coolant and
consequently higher film 7fc values in the near CIH-region
(/D <5.0).
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Figure 3. (a) Grid Independence Test over all the Blowing ratios M = 0.67, 1.0 and 1.67). (b) Validation with the experimental work

[6].
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Figure 4. The 5cl for different CIH geometries with varying blowing ratios, (a) M = 0.67 (b) M = 1.0 (¢c) M = 1.33 (d) M = 1.67.
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3.2 Different geometry CIHs (Single)

Figure 4 depicts the ncl values for semi-cylindrical, trian-
gular, and semi-elliptic CIHs compared with cylindrical
CIH. In all the cases, the triangular CIH delivered the best
results for nfc, however, both the semi-geometries per-
formed well than the cylindrical CIHs in terms of coolant’s
mass flow rate. At low M values (0.67, 1.00), a higher #cl
values are obtained for triangular and semi-elliptic CIHs
rather than the other two geometries (figure 4(a) and 4(b)).

The semi-cylindrical CIH has almost the same effec-
tiveness values as a cylindrical coolant injection hole. At
higher M values, i.e., 1.33 and 1.67 (figure 4(c) and 4(d)),
slightly higher #ncl values are obtained in the near-CIH
region of triangular and both semi-geometries CIHs than
that in a cylindrical one. This behaviour can be attributed to
better lateral dispersal of the coolant from the straight edges
of the geometry. Although the triangular CIH gives better
effectiveness values in all the cases, the semi-elliptic CIH

tends to utilize ~50% of the coolant mass flow rate per unit
area as the triangular coolant injection hole.

Spatially averaged film cooling effectiveness for various
CIH geometries are presented in figure 5(a) to represent the
effect of M values and the CIHs geometry. For cylindrical
and semi-cylindrical CIHs, the nsa values decrease up to a
blowing ratio of 1.00, whereas the value keeps on
decreasing until M=1.33 for the other two geometries [15].
Among all the geometries, the highest values of #nsa are
deliver by the triangular CIH. However, the semi- elliptic
CIH performs better than the semi-cylindrical and cylin-
drical CIH geometries when it comes
consumption.

Non-dimensional temperature profiles are plotted to
explain the concept of coolant jet heights. A fewer coolant
jet heights are desirable for achieving higher effectiveness
values [16]. As shown in figure 5(b), both the semi-ge-
ometries have fewer coolant jet heights and consequently
deliver higher effectiveness values. Only one case

to coolant
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(M=1.00) is reported in the present study, as other cases
exhibit a similar nature of the curve.

In figure 5(b), 6=0.0 implies free-stream temperature
(600 K) while 0=1.0 implies coolant temperature (300 K)
without mixing with the free-stream. Figure 5(b) suggests
that the semi- elliptic CIHs have the minimum while the
cylindrical CIHs have maximum coolant jet mean height.
The coolant jet height is observed to increase with
increasing blowing ratios. No coolant was observed above
the y/D (the ratio of lateral distance from the hole center to
hole diameter) value of 2.5 stating the ineffectiveness of the
colling scheme at that distance.

3.3 Arrangement of CIHs/rows

The semi-geometries have been favored over the triangular
CIH for injecting coolant from numerous rows of coolant
injection holes since they perform equivalent at almost
~50% of the coolant mass flow rate. The comparative
results of a single row of cylindrical CIHs with two stag-
gered rows of semi-elliptic and two aligned rows of semi-
elliptic CIHs have been presented in figure 6. Both semi-
geometric CIHs exhibit superior values of #cl at all x/D
values for all M values (1.0 - 1.67) as like a scheme with
single CIH.

There is a sudden decrease in 7fc in the near-CIH region
due to coolant jet lift-off. This jet lift- off is least for
staggered row cases in contrast to others since the decre-
ment of the nfc is minimum. The #cl values for aligned
semi-elliptic rows is superior at M= 1.0 and 1.33, up till
x/D<10. This increment can be attributed to the presence of
additional coolant from the upstream CIHs row [17]. Apart
from this, the staggered rows of CIHs exhibit much higher
ncl values at all other x/D values (>10). This phenomenon

occurs due to the lateral dispersal of the coolant on the flat
plate surface, and no room is left for the free-stream flow to
penetrate between CIHs of downstream staggered rows.
Also, the reattachment of the coolant jet to the flat surface
starts at around x/D=7 for the staggered case, in contrast to
others. This behaviour can be attributed to the arrangement
of the CIHs, as the lateral distance between the CIHs of
both the rows is dependent of each other.

Figure 7(a) shows the nsa for all CIH geometries at all
M values. The nsa values for single row of semi-cylindrical
and cylindrical CIHs are found to be almost similar. For
two rows of staggered semi-elliptic CIHs case, the effec-
tiveness values are nearly double to that of the single row of
cylindrical coolant injection holes. The values of 0 for all
CIH arrangements has been presented at all values of M.
The maximum 0 value at a particular location gives the
mean jet height of the coolant at that point [18]. All the
configurations show that the coolant jet height increases
with the increase of blowing ratio. Figure 7(b) presents the
various CIH arrangements for M=1.0 only. It is evident
from figure 7(b) that the amalgamation of coolant into the
free-stream flow is the minimum for the case of semi-ge-
ometry row as they have much inferior coolant jet heights
than the row of cylindrical coolant injection holes. The
minimum coolant jet heights were observed in the semi-
elliptic two staggered rows show, and hence for all the
cases, they have the maximum effectiveness values. As can
be seen from high 6 values for all semi-elliptic cases, the
presence of coolant is very high at low y/D values.

3.4 Compound angle orientations

Various hole arrangements for single and multiple rows
have been evaluated at fixed values of orientation angle (B),
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Figure 8. The #5cl values for Multiple Rows with various orientation angles (f3), (a) 0°, (b) 30°, (c¢) 45°, (d) 60°, (e) 90°.

which vary from 0° to 90°. One row of cylindrical CIHs has
been compared with the two staggered rows of semi-
cylindrical and semi-elliptic CIHs at a blowing ratio of
1.00. The pitch-to-diameter ratio (P/D) for cylindrical and

semi-geometric CIHs is 5. Much higher values of ncl have
been achieved at all the compound angles for staggered
rows of semi-geometric CIHs than the single row of
cylindrical coolant injection holes. While comparing
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between the staggered rows of semi-geometric CIHs, the
semi- elliptic CIHs deliver much higher effectiveness val-
ues than the other two configurations. As shown in
figure 8(a) for B = 0° there is a sharp increase in the
effectiveness just after the near-CIH region, which might
result from abrupt reattachment of coolant jet with the
surface. For =30°, as shown in figure 8(b), the ncl values
for the semi-elliptic case is much higher at 8< x/D< 25.

However, for both the semi-geometries, the ncl values
are higher than that of the cylindrical row of coolant
injection holes. On comparing the results of =0° and
p=30°, it is inferred that the difference in the #ncl values has
been reduced. For f=45°, the semi-cylindrical row of CIHs
shows higher effectiveness than the other two configura-
tions of the row of CIHs in the streamwise region of 15<x/
D<100 (figure 8(c)). However, from figure 8(d), for f=60°,
the staggered rows of semi geometries have almost the
same 7cl values but are far more effective than the cylin-
drical row of coolant injection holes. From figure 8(e), at
p=90°, the ncl values from each case of staggered rows of
semi-geometric CIHs is much higher than that of the
cylindrical CIHs after the streamwise region of 1<x/D< 5.
Again, the semi-elliptic CIH gives much higher ycl values
up to x/D=25, after which it becomes almost equal to the
values from the semi-cylindrical case.

The nsa has been plotted for all the hole configurations at
all orientation angles, as shown in figure 9. The #sa
increases with an increase in f up to 60° for the cylindrical
and semi- cylindrical case while it decreases on further
increasing the angle. This is because the orientation is
reducing the lateral spreading of the coolant and hence
effectiveness values. For semi-elliptic CIHs, the #sa
decreases with an increase in f up to 30° and an insignif-
icant increase till f=45°, while it further increases with an
increase in the angle. At /=0°, the two staggered semi-
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elliptic CIHs show 400-600% increment than the other two
configurations. There is a significant increase of ~200%
overall in the nsa values from rows of semi-elliptic CIHs
than the row of cylindrical coolant injection holes.

4. Conclusion

Various geometries, i.e., cylindrical, triangular, semi-
cylindrical and semi-elliptic, for coolant injection holes
have been reported and compared to each other to obtain
better performance in terms of centerline and spatially
averaged film cooling effectiveness. Reduced coolant jet
height was observed for the triangular and semi-elliptic
coolant injection hole geometries, resulting in higher cen-
terline film cooling effectiveness. Also, the semi-elliptic
coolant injection hole is far more advantageous as the
coolant mass flow rate is only half that required by the
cylindrical coolant injection hole for the same blowing
ratio. Higher effectiveness values are obtained because of
the lowest coolant jet heights in this case. Further, adding
more rows of coolant injection holes gave better results. It
is concluded that for a single CIH configuration, the semi-
elliptic and triangular CIHs increased the 5cl by ~66.67%
up to x/D=50 and ~ 50% up to x/D=100 at lower M values
(0.67 and 1.00). At higher values of M (1.33 and 1.67), this
increment is ~100% up to x/D=50 and ~50% up to x/
D=100. For nsa, a significant increment of ~200% in tri-
angular CIH while ~60% for the semi-elliptic CIH is
observed for all blowing ratios. For the multiple row
arrangements, the two staggered row configuration showed
promising results with increment in ncl by ~77% up to x/
D=50 and ~ 54% up to x/D=100. In this case, the observed
value of nsa was ~ 150% more than the conventional cases.
For orientation of CIHs, results were analyzed over the
different rows arrangements, and it was found that the two
staggered row configuration at 0° delivered the highest
effectiveness values. An increment of ~177% was
observed up to x/D=50 while ~100% up to x/D=100. A
significant increase of about ~200% in the spatially
averaged effectiveness from rows of semi-elliptic CIHs
rather than the single row of cylindrical CIHs was
observed. It is suggested that the film cooling effectiveness
might be due to the early merging of coolant jets from the
adjacent CIHs and nearby rows (staggered configuration)
due to the spanwise diffusion of the cooling fluid increases
significantly for staggered row configuration. The results
show a substantial decrement in film cooling effectiveness
for very low blowing ratios because of high turbulence
levels. Low and high turbulence levels have similar effects
on film cooling effectiveness for higher blowing ratios. The
present study concludes that two staggered rows of semi-
elliptic CIHs can be used for film cooling with a compound
angle of 0° to achieve comparatively higher film cooling
effectiveness.
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5. List of Symbols

Tw Adiabatic wall temperature, K
Too Free stream temperature, K
Tc Coolant inlet temperature, 300 K
u=[u v] Steady-state velocity field

p Density

Cp Specific heat capacity

T Steady-state temperature

k Conductivity

Q Heat source

k Turbulent kinetic energy

€ Turbulence dissipation rate
T Turbulent viscosity
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