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INTRODUCTION

ABSTRACT

Effusion cooling technique is a highly efficient cooling method used to reduce the thermal
stresses of combustion chamber liners in a gas turbine engine. The present study focuses on
enhancing the adiabatic effectiveness of effusion cooling. The computational investigations
are carried out using COMSOL Multiphysics 5.4 with the standard k- € turbulence model.
Detailed computations for 20 rows of effusion holes on the flat plate are
examined for blowing ratios 0.25, 0.5, 1.0, 3.2, and 5.0 for each set of injection angles
30° and 60°. To enhance the effusion cooling performance, an upstream ramp (ramp
angles 14°, 24> and 34°) is introduced before the upstream of effusion holes. The results
show that the adiabatic effectiveness increases with an increase of blowing ratio and
ramp angles. By placing an upstream ramp, the low blowing ratios can greatly
increase the adiabatic effectiveness by 29%, 31%, and 35% for ramp angles of 14°, 24°, and
34° respectively. For high blowing ratios, an increase in the angles of the ramp shows less
impact on adiabatic effectiveness throughout the effusion surface. However, adiabatic
effectiveness has increased by 26% compared to the baseline model. It is also observed that
injection angle of 30° provides more effectiveness than 60°. This study concludes that
placing an upstream ramp increases the effusion cooling performance in the combustion
chamber liners of a gas turbine engine.

Cite this article as: Kumar Y, Qayoum A, Saleem S, Qayoum Mir F. Combined effect of
upstream ramp and effusion cooling in combustion chamber liners of gas turbine. |
Ther Eng 2023;9(2):297-312.

In gas turbine and aero-engines, attempts have been
made for many decades to achieve optimum thermal effi-
ciency and power output [1-4]. To enhance the overall effi-
ciency of a gas turbine, extremely high inlet temperatures
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and pressure ratios are needed, which raises the tempera-
ture and pressure in the combustion chambers of gas tur-
bine engines. As a result, a combustion chamber may be
subjected to temperature in the range of 1200°C to 1500°C.
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On account of this high temperature, combustion lin-
ers have to act as a protective layer between the hot gases
within the combustion chamber and the exterior casing
of the combustion chamber. This has led to new research
studies in the combustion chamber design for increased
performance of the gas turbine system. One such study
involves cooling of the combustion chamber liners in order
to reduce thermal cracks, structure failures and increasing
the reliability of the overall system.

Different cooling strategies are used to reduce the sur-
face temperatures of hot components inside the gas turbine
mainly: film cooling, effusion cooling, transpiration, and
impingement cooling. Effusion cooling is well suited for
combustion chamber liners. A secondary fluid/ cold gas is
injected through a large number of small, inclined holes by
forming a coolant film on the surface, which protects as a
thermal shield between the hot gas flow and wall [1]. The
performance of an effective effusion cooling is determined
by geometrical parameters like hole diameter (d), hole
injection angle (a), spacing of holes in both streamwise (S )
and spanwise (S ) directions, length to diameter ratio (L/d),
etc., flow parameters like momentum flux (I), blowing ratio
(BR), velocity ratio (VR), density ratio (DR), and Reynolds
number (Re) etc.., and thermal conductivity of base mate-
rial [5,6]. Research is being carried out related to effusion
cooling performance experimentally and numerically since
the last few decades. Because of the high manufacturing
costs and technical challenges, the experimental investiga-
tions are carried out on flat plates with simple geometry in
small-scaled wind tunnels, like real combustion chambers.
As it is difficult to conduct experimental investigations
on an actual combustion chamber sector, computational
simulations, using advanced computational fluid dynamics
(CFD) methods, with a combination of heat transfer tools
to optimize the overall performance of effusion cooling, is a
promising alternative.

Gaustafsson [7] explained the effect of velocity ratio and
temperature ratio on effusion cooling performance over a
flat plate surface at injection angle of 30° and blowing ratio
of 0.89. The author concluded that change in the blowing
ratio had little effect on the effusion surface temperature
for plates with sparse hole spacing, but a significant effect
for dense spacings of holes and the same coolant mass flow
rate. Martin and Thorpe [8] conducted studies on an effu-
sion test plate with an inclined holes array with a staggered
pattern, adjusting the blowing ratios within the range of 0.3
to 1.5, under conditions of very high freestream turbulence
up to 25%. Due to the spanwise lateral spreading of cool-
ant and the turbulent transport of coolant back towards
the effusion plate surface, they discovered that increasing
freestream turbulence could increase spatially averaged
efficacy by as much as 85 % at blowing ratio (BR) of 1.4. Lin
et al. [9] studied the effusion cooling performance with dif-
ferent cooling patterns. They found that the most important
parameters affecting the overall efficiency is hole injection

angle and spacing of holes. Also studied the impact of blow-
ing ratio on forward and reverse injection holes. Andreini
et al. [10] conducted the experimental investigation on
seven perforated flat plates with different design aspects
such as hole diameter and spacing of holes at different flow
parametric conditions, blowing ratio ranging 0.5-5, den-
sity ratio 1 and 1.15 and turbulence levels 1.5% and 17%.
Baldauf et al. [11] measured the local adiabatic effective-
ness and heat transfer coeflicient on a flat plate by varying
geometrical parameters and flow conditions. If large blow-
ing ratios are used, a small pitch between the adjacent holes
cannot be attained, steeper blowing angles provide a bet-
ter heat flux reduction than shallow angle ejection. A high
blowing ratio can impart additional heat stresses to the sur-
face. Martiny et al. [12] calculated adiabatic effectiveness
over the effusion surface with low injection angle of 17° by
varying blowing ratios. They have observed different flow
patterns at different blowing ratios. Lamyaa and Deborah
[13] studied error values by comparing the standard k- tur-
bulence model with the Yang-Shih turbulence model using
experimental data from a cross-flow with varying angled
impact jet holes. Silieti et al [14] used five turbulence mod-
els to explore film cooling over a flat surface: the standard
k-e model, the realizable k- model, the RNG k-& model, the
standard k-w model, and the SST k-w model. In the down-
stream zone, it was found that the standard k-e turbulence
model predicted close conformance to experimental results
for the center line adiabatic effectiveness.

The present study involves enhancing the adiabatic cool-
ing effectiveness of effusion cooling by varying the geomet-
ric and flow parameters, based on the gaps in the literature.
It has been seen from the research that use of cylindrical/
other shaped holes having injection angles in the range of
30°-60° at different flow conditions form a thick film layer
protecting the surface. A proper thermal shield protection
is possible only when the coolant remains close to the sur-
face without penetrating the mainstream flow. Such ideal
situation/condition never occurs even in the most efficient
cooling system on account of the vortices (usually the shape
of a kidney) generated when coolant is injected through
the holes into the mainstream. To circumvent such issues,
research on changing geometrical parameters or involv-
ing reduction in the kidney-shaped vortex or combination
of both, is being pursued. Gritsch et al. [15] reported that
the improvement of adiabatic effectiveness and increase
of lateral spread of coolant flow over the surface can be
obtained by providing an expanded exit at the hole. Zaman
and Foss [16] placed a tab near the hole’s exit to weaken the
kidney vortices by reducing the penetration of coolant jet
into the mainstream flow and increasing the lateral spread
of coolant over the surface. Qayoum et al [17-19] carried
out experimental investigation of synthetic jet in cross flow
interaction with laminar/turbulent boundary layer. A maxi-
mum enhancement of 44%, of heat transfer coefficient, was
achieved on account of the ring vortex content in the jet



J Ther Eng, Vol. 9, No. 2, pp. 297-312, March 2023

299

being deflected towards the wall while merging with the
main flow. Na and Shih [20] investigated numerically the
effect of placing an upstream ramp in front of the cooling
holes to study the boundary layer and coolant flow inter-
actions. The investigation was carried out by varying the
ramp angles, blowing ratios and the distance between the
backward face of ramp and cooling hole. Nisar et al. [21]
showed that placing tabs on the coolant hole’s upstream
and downstream edge increases the adiabatic effectiveness.
This reduces the jet lift-off and increases the lateral spread-
ing of jet. Haven and Kurosaka [22] introduced a pair of
vanes into the coolant jet hole, rather than the hole’s exit, to
weaken the kidney vortices by forming cancelling vortices
such that the coolant jet attaches to the surface. Barogozzi
et al. [23] investigated the effect of placing an upstream
ramp in front of cylindrical and fan-shaped holes. In case of
cylindrical holes for low blowing ratio, the upstream ramp
increases thermal protection by nearly 40%. Still, there is
a decrease of adiabatic effectiveness for all blowing ratios
for the fan-shaped holes. Chen et al. [24] studied the effect
of an upstream ramp by placing the ramp in front of cool-
ant holes by varying blowing ratios. They reported that the
film cooling effectiveness in the downstream region of cool-
ing holes is sensitive to the blowing ratio and height of the
backstep of the ramp.

Literature shows that exhaustive research has been
carried out for enhancement of cooling performance by
modifying geometrical and flow parameters through effu-
sion cooling involving interaction of jet with the main flow.
However efficient configuration for improvements of the
adiabatic effectiveness in the front rows of the holes for
effusion cooling is still lacking. This can be circumvented
by placing a ramp on the upstream of the effusion holes.
The objective of the present study involves the investigation
of the combined effect of the upstream ramp and blowing
ratio on the effusion cooling of the combustion liners.

MATERIAL AND METHOD

Governing Equations

The numerical analysis is carried out using Reynolds
averaged Navier-Stoke (RANS) equation involving stan-
dard k-¢ turbulence model for 3-dimensional, steady,
incompressible and turbulent flow. The equations involved
are:

Continuity Equation:

pV.(u) =0 (1)

Momentum Equation:

P =V.-pIl + (u+ )V + (Vi) - 2 pkI + F] (2)

where y, = pCME
€

Energy Equation:
rC, uVT=-V.(kVT) + Q (3)

where 1 is dynamic viscosity, y, is turbulent viscosity due to
velocity fluctuations, pJ is the fluid density, u is the veloc-
ity component in the computational domain, p is fluid pres-
sure field and F is volume force field.

To define the physical interface the standard k-¢ tur-
bulence model involves the following dependent variables
i.e. turbulent kinetic energy (k) and turbulent dissipation
rate (¢).,

Turbulent kinetic energy equation (k):

p(u- k= V|| o+ 2 |Vk|+ P, — pe 4)
Oy
Dissipation equation (¢):
2
pu-V)e=V-||p+ 2o |vel+ Ce, EPk —Cep= (5
o. k k
where,

2
Pk:,ut[Vu:(u—i—V,ut)]—i—gka-u
C,=009 0,=1 0. =13 Ce =144 Ce, =192

where C, 0, 0,, Ce, and Ce, are some adjustable k-&¢ model
constants.

Computational Details and Model

The computational investigation is carried out using
Commercial CFD software, COMSOL Multiphysics 5.5 to
solve 3-dimensional, steady, compressible, and turbulent
flow. The standard k-¢ turbulence model is used to simu-
late the flow field. Literature shows that the standard k-¢
turbulence model can accurately predict the surface tem-
perature distribution over the flat surface [3,4]. A typical
k-¢ turbulence model has been reported to effectively esti-
mate the centerline adiabatic effectiveness of film cooling
[13,14]. The standard wall function is applied in the near
wall region. The viscous clustering value y+ is maintained
at 7 near the solid walls. The symmetrical boundary condi-
tions are applied in the normal direction (Z) to reduce the
numerical efforts and computation time. The schematic of
computational model is shown in Figure 1.

The Figure 1 consists of mainstream flow, coolant flow
and effusion plate with 20 rows of inclined holes in stream-
wise direction. The circular holes are arranged in a staggered
pattern. The hole diameter (d) is 5.7 mm, and the coolant is
injected into the mainstream flow at injection angles a= 30°
and 60°. The thickness of effusion plate is 3mm. The stream-
wise and spanwise spacing between two adjacent holes is
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Figure 1. Schematic of computational model.

Centre Line

X

Figure 2. Arrangement of effusion holes in staggered pattern in XY plane (upstream ramp not included).

S,/d= S /d=4.9. The height of the mainstream flow domain
in Z-direction is 50d, and the width in Y-direction is 20d.
The complete details of the effusion plate are shown in
Figure 2. To identify the effect of the upstream ramp on effu-
sion cooling scheme, investigations are carried out on a flat

plate with and without the upstream ramp at five different
blowing ratios BR= 0.25, 0.5 1, 3.2, and 5.0. The upstream
ramp is located at a distance of d from the first row of cool-
ing holes, with a length of 2d. Three ramp angles o, = 14°,
24> and 34° are used for an upstream ramp. The schematic
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Table.1 List of all possible combinations performed in the present study

Parameters Injection angle (@)  Upstream models with ramp angles (a,) Blowing ratios (BR)
S. No
1 30° Baseline case (without upstream ramp) 0.25
Upstream ramp with 14° 0.5
Upstream ramp with 24° 1.0
Upstream ramp with 34° 3.2
5.0
2 60° Baseline model (without upstream ramp) 0.25
Upstream ramp with 14° 0.5
Upstream ramp with 24° 1.0
Upstream ramp with 34° 3.2
5.0

d

Figure 3. Schematic diagram of an upstream ramp.

of the upstream ramp is shown in Figure 3. A complete list
of all the combination of the various parameters used in the
investigation are tabulated in Table 1.

Boundary Conditions

The mainstream and coolant flow inlets are specified
as velocity inlets, and the outlet is set as a pressure outlet.
The inlet velocity of mainstream flow is fixed at V_=50 m/s
and the coolant flow inlet velocity V_is calculated according
to blowing ratios (BR). The bottom of the effusion plate is
treated as a velocity inlet, and the coolant fluid is injected
through the effusion holes directly into the mainstream
duct. For all the cases, the inlet temperatures of mainstream
flow and coolant flow are T_= 350K and T = 300K resulting
in the unit density ratio (DR). The thermal conductivity (k)
of the effusion plate is set as 0.027 W/mK so that conduc-
tion and internal cooling contributions in effusion holes
can be negligible and, hence justifying adiabatic conditions.
The turbulence intensity at both inlets is specified as 5%. All

Effusion cooling holes

the domain walls are subjected to no-slip condition except
the interface between effusion plate and mainstream flow.
Because of the symmetry of the effusion hole structure on
the plate surface, only a small symmetric segment between
the two lines of rows (twice of spanwise distance S) is
selected for computation purposes, as shown in Figure 3.
The symmetry planes are applied in the normal direction
(Z) for the whole computation domain. The properties of
air such as dynamic viscosity, ratio of specific heats and heat
capacity at constant pressure are dependent on tempera-
ture. A complete list of the geometrical and flow parameters
used in the study is tabulated in Table 2.

The effusion cooling performance is measured by term
adiabatic effectiveness (1) and this non-dimensionless tem-
perature is defined as [5,6]

O (6)
Tao - TC
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Table 2. Geometrical and flow parameters used in the study.

Geometrical Parameters Flow parameters
d=57mm T_=350K

t=3 mm T = 300K

S/d=4.9 V_=50m/s

§/d=49 V_ = Varied according to the

blowing ratios

Thermal conductivity (k) of the
plate = 0.027 W/m.K

a = 30°and 60°
a, = 14°,24° and 34°

where T , T and T  represent the mainstream flow temper-
atures, the coolant flow and wall temperature on the effusion
plate, respectively. The higher value of nj indicates that wall
temperature on effusion plate surface is low and reduced to
a desirable objective. The low value of nj indicates improper
cooling. The adiabatic effectiveness is measured along the
centerline as shown in Figure 2. The parameters that influ-
ence the value of 1 includes blowing ratio (BR) and density
ratio (DR) as well as geometrical parameters d, a, S_and Sy.

The blowing ratio is the ratio of coolant mass flow rate
to mainstream flow rate [5].

BR:% %
pOO o0

The blowing ratios used in the present study are 0.25,
0.5, 1, 3.2 and 5.0. The values of 0.25, 0.5 are considered low
BR, value 1.0 as intermediate BR, and the values 3.2 and 5.0
are high BR.

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

DR=1C (8)

Grid Distribution and Validation

In this section, a study of grid sensitivity is carried
out on a computational model to ensure that the results
obtained are independent of the mesh size. The accuracy
of the results depends upon grid size. User-controlled
mesh sequence is chosen in this study. The effusion plate
surface is modelled with free tetrahedral mesh, with fine
grid size, to get the high resolutions of the flow parame-
ters variations. The remaining geometry swept mesh, with
a fixed number of elements, is distributed on the domains
as shown in Figure 4. Grid independence has been investi-
gated for three different grid sizes with 2.2 million (coarse
mesh), 2.8 million (fine mesh), and 3.0 million (extremely
fine mesh) elements. It was observed that the variation in

() ©)

Figure 4. Computational Mesh (a) Entire geometry, (b)
Effusion plate surface, and (c) Effusion hole.
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Figure 5. Comparison of centerline adiabatic effectiveness
of Computational results with experimental results [25][26]
for BR = 5.0 and a = 30°.

centerline adiabatic effectiveness over the surface between
fine mesh and extremely fine is 7.2%. The present simula-
tion was run on a 2.8 million (fine mesh) to maintain sym-
metry between computing time economy and efficiency.
The number of grid cells varies according to the computa-
tional models (varies with ramp angles (a,) and injection
angles (a)). The convergence criteria for residual monitors
have been set at 10~

To validate the present simulation results, a few valida-
tion tests are carried out to measure the centreline adiabatic
effectiveness (1) for the effusion cooling scheme. The pres-
ent computational results are compared with experimental
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(a) baseline

(d) ay= 34°

Figure 6. Effusion surface temperature contours in XY plane for injection angle a= 30°, BR= 0.25 at (a) baseline model (b)

14° (c) 24° (d) 34-.

325
320
315
310
305
300

(d) a;= 34°

Figure 7. Effusion surface temperature contours in XY plane for injection angle a = 30°, BR = 1.0 at (a) baseline model,

(b) 14°, (c) 24°, (d) 34°.

results of Scrittore et al. [25] and Yang and Zang [26]. In
the study, the flow and geometrical parameters are strictly
followed [25]. The Figure 5 shows the comparison of cen-
treline adiabatic effectiveness with experimental results
[25][26] for BR= 5.0 and a= 30°. The results show good
agreement, except for the first few rows of holes (X/S_>
3) which may be due to error assuming on the adiabatic

approximation on the effusion flat plate. The slight varia-
tions between the experimental and computational results
arise on account of the fact that during experimentation,
perfectly adiabatic conditions are impossible to achieve.
The percent error between the experimental results [25]
and present computational results, is 5.3%, which is within
permissible limit.
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Figure 8. Effusion surface temperature contours in XY plane for injection angle a= 30°, BR = 5.0 at (a) baseline model (b)

14°, (c) 24°, (d) 34°.

RESULTS AND DISCUSSIONS

This section discusses effect of different blowing ratios,
geometrical parameters, ramp angles in terms of tem-
perature profiles and adiabatic effectiveness for the liners
of the combustion chamber. Adiabatic effectiveness is an
important parameter for the performance evaluation of the
cooling system. Figure 6, Figure 7, and Figure 8 show the
temperature contours T on the effusion plate on the hot-
side wall for blowing ratios 0.25, 1.0 and 5.0 for all differ-
ent ramp angle models. The temperature contours in the
three figures corresponds to low blowing ratio (BR = 0.25,
intermediate blowing ratio (BR= 1.0 and high blowing ratio
(BR= 5.0) at low injection angle (a)) = 30°.

The plots of temperature contours show significant vari-
ations for all the blowing ratios. As the coolant velocity is
low at low blowing ratios (BR= 0.25) the coolant jet remains
close to the wall surface without interfering with the main-
stream. This is exhibited by the presence of low tempera-
ture contours in the initial region (first rows) of the effusion
holes (see in Figure 6). With increase in the blowing ratios,
the coolant starts penetration into the mainstream. This
causes hot gases to reach the surface and is indicated by
the high temperature contours being visible in the initial
regions (see Figure 7 and Figure 8 corresponding to inter-
mediate and high blowing ratios). The downstream adia-
batic effectiveness increases due to accumulation of coolant
mass flow rate. Different ramp angles (a ) of 14°, 24° and 34°

are investigated. The effect of ramp is appreciable as is seen
by comparison with the baseline case (corresponding to a
case without ramp).

Mechanism for Effusion Cooling Improvement by An
Upstream Ramp

The flow behind a backward-facing step of the ramp
has been extensively studied with promising results in
majority of the circumstances in the heat transfer and fluid
dynamics involving combustion studies. Figure 9 shows the
schematic of the flow pattern behind the upstream ramp.
The fluid flow is clearly seen impacted by a high turbulent
shear layer separated from the ramp tip with a recirculat-
ing zone formed as shown in Figure 9. As separated shear
layer increases in the streamwise direction and attaches to
the surface, the recirculating region area behind the ramp
decreases. Under fully turbulent flow conditions, the reat-
tachment distance is 5-7 times the height of the backward-
facing step of the ramp. In the present geometry, the first
row of effusion holes is placed at a distance of 1d from the
ramp which makes the separated flow field to vary due to
ramp height and injection of coolant flow, particularly in
the recirculating region. With injection of coolant, the flow
in the region will no longer be two-dimensional because the
interaction between the coolant flow injection and recircu-
lating region flow generates additional shear layers with a
high level of turbulence. Under such conditions, the fluid
flow is expected to have more lateral spread over the surface.
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Figure 9. Schematic of flow pattern over an upstream ramp.
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FigurelO and Figure 11 show the adiabatic effective-
ness distribution on the centerline of the effusion plate
for various ramp angles (a,) at various blowing ratios.
As the coolant jet is injected over the surface and inter-
acts with the mainstream flow, the local oscillating peaks
occur in each curve. From Figure 10 (a) and 11 (a) for
the baseline case, the adiabatic effectiveness is high for
the initial (first few rows of holes) for low BR and then
decreases in the downward streamwise direction. Unlike
these, low values of adiabatic effectiveness are seen at high
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Figure 10. Comparison of Centerline adiabatic effectiveness for different ramp angles (a,) at injection angle of 30°.
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Figure 11. Comparison of Centerline adiabatic effectiveness for different ramp angles (a ) at injection angle of 60°.

BR = 5.0 for both the baseline cases. This is because for
low BR, the coolant jet velocity is very low compared to
the mainstream flow velocity which causes the pressure
force of approaching boundary layer of mainstream flow
to bend the coolant jet towards the effusion surface. As
a result, the coolant attaches to the surface in the initial
region (first few holes) and thereby causing an increase in
adiabatic effectiveness. On the downstream region a thin
film of coolant is formed at low BR allowing hot gases to
come in contact with the surface and thereby decreasing
adiabatic effectiveness by low coolant flow injection (see
in Figure 12 (b)). Similar trends are observed by placing
an upstream ramp. The adiabatic effectiveness increases as
the ramp angle (ramp height) increase and as seen in high
effectiveness in the first few rows of holes for every ramp
angle. The adiabatic efficiency in the streamwise direction

has improved for all blowing ratios due to the placing an
upstream ramp.

Figure 10 (b) and 11 (b) shows the comparison of adia-
batic effectiveness at ramp angles (a,) of 14° for two different
injection angles (a) of 30° and 60° respectively. The figures
show a rapid increase in adiabatic effectiveness in the region
X/S =0 to X/S =5 relative to the baseline case (of Figure
10(a) and Figure 11(a)). This may be due to the entrainment
of coolant jet downstream of ramp backward-facing step by
the recirculated flow in the separated shear zone. For low
BR the lateral spread of the coolant jet increases in this
region as the coolant jet does not have enough momentum
to penetrate and interact with the mainstream flow. Due to
high coolant velocity at high BR, the jet penetrates in the
mainstream flow allowing the hot gases to reach the surface
and results in decrease in effectiveness. But after the region
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Figure 12. Effusion surface temperature contours in XZ plane for injection angle a= 30° at ramp angles ( a,) of 14°, 24° and
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Figure 13. Comparison of Centerline adiabatic effectiveness " jifferent ramp angles at injection angle () = 60°, (a) BR
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Figure 15. Comparison of Centerline adiabatic effectiveness
for different injection angles at BR = 0.25.

X/S =5 the adiabatic effectiveness increases for high BR, as
discussed earlier. An exponential rise in adiabatic efficiency
is observed from Figure 10 (c) (d) for ramp angles 24° and
34°. The reattachment zone increases as the ramp angles
(ramp height) expands as the separated shear layer expands.
The coolant’s lateral spreading is high for low BR in the
recirculating area and slightly reduces at high BR. Figure
12 shows surface temperature contours in the XZ-plane for
injection angle (a) = 30° at ramp angles (a,) of 14°, 24° and
34° for different BR of 0.25 and 5.0. With increase in BR,
the coolant jet lift-off increases, leading to a decrease in the
initial region (first few holes). In the downstream region,
due to the high coolant mass flow rate, a thick coolant layer
is formed, providing better thermal protection in this zone.

The variations in centerline adiabatic effectiveness for
blowing ratios of 0.25, 1 and 5.0 with upstream ramps and
baseline for injection angle (a)=30° are shown in Figure 13.
Figure 13(a) show large variations in effectiveness between
the baseline and upstream ramp cases at low BR. As the
ramp angle increases, the adiabatic effectiveness increases
throughout the effusion surface, and large variation in adia-
batic effectiveness with baseline is observed in the first few
rows of holes for BR 0.25 compared to small a variation for
the intermediate BR 1.0. However, minor variations are
seen due to the ramps and increase in ramp heights. The
adiabatic effectiveness in the front row holes is reduced
compared to low BR. For high BR 5.0, overall adiabatic
effectiveness increases in the downward direction for all the
ramp angles and exponential rise in adiabatic effectiveness
in the front holes vanishes due to interaction of mainstream
flow and coolant jets. The variance in adiabatic effective-
ness due to ramps is almost the same. The same behavior is
observed for injection angles (a) = 60° (see in Figure 14). It

is observed from the Figure 13 (a) for BR= 0.25 at injection
angle (a) = 30° in the region X/S =0 to X/S =5 the adia-
batic effectiveness shows an increase of 20%, 55% and 83%
for the ramp angles 14°, 24° and 34° respectively compared
to baseline model. For the downstream region for X/S =5
to X/S_=20 the effectiveness increases by 6%,10% and 15%
respectively for all ramp angles. This is a clear indication
that placement of ramp upstream increases the effective-
ness in the initial region. The corresponding increases in
the adiabatic effectiveness at high BR are 34%, 42% and
46% in the region X/S =0 to X/S =5 and 4%, 6% and 6%
in the region between X/S =5 to X/S_=20. The increase in
the effectiveness is relative to the baseline cases. Likewise,
Figure 14 shows comparison of centerline adiabatic effec-
tiveness for different ramp angles at injection angle (a) of
60°.

Effect of Injection Angle on Adiabatic Effectiveness

Figure 15 shows comparison of centerline adiabatic
effectiveness for different injection angle (a) of 30° and
60° for BR= 0.25. The figure shows that injection angle of
30° provides 19% more effectiveness than angle 60°. This
is because the shallower angles allow the coolant flow to
stay closer to the surface for more time. The hot gases do
not reach the surface as the coolant covers the surface.
For higher values of injection angle, the coolant jet pen-
etrates into mainstream flow by increasing the cross mix-
ing of coolant flow and mainstream flow. Hot gases reach
the surface for high injection angle thereby decreasing the
effectiveness.

Area-Averaged Adiabatic Effectiveness (1])

The Figurel6 shows the relation between the blow-
ing ratios and area-averaged adiabatic effectiveness (77)
measured on the centerline of the effusion plate for both
injection angles of (a) of 30°and 60°. Figure 16 (a) shows
that for the baseline case, the area-averaged adiabatic effec-
tiveness (1) eventually increases for all BRs, and the same
behavior is observed for an upstream ramp of (a,) = 14°.
Further increasing the ramp angle (ramp height) i.e., for 24°
and 34° the values of area-averaged adiabatic effectiveness
increase as the BR increases from 0.25 to 0.5. Area-averaged
effectiveness slightly decreases or is nearly constant with
increase in the BR from 0.25 to 0.5. At low BR = 0.25, the
area-averaged adiabatic effectiveness (#) is increased to
29%, 31%, and 35% by the upstream ramps at (a,) of 14°,
24° and 34° respectively as compared with baseline model
for injection angles 30°. For blowing ratio 1.0, the area-aver-
aged adiabatic effectiveness has increased by 26%, 27%, and
29% respectively for specified ramp angles and for high BR
5.0, the percentage of increase is 26% for all ramp angles.
However, it was observed that the maximum area-averaged
effectiveness obtained is 0.747 for BR=1.0, and ramp angle
is 34° at injection angle 30°. At a high blowing ratio 5.0
the placement of the upstream ramp has little impact on
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the area-averaged effectiveness of effusion cooling perfor-
mance. This is due to the fact that the coolant velocity at
high blowing ratios is substantially higher than the main-
stream velocity. The coolant jet penetrates into mainstream
flow, allowing hot gases to reach the surface due to rapid
interaction of coolant and boundary layer, the low-pressure
area generated in the recirculating zone downstream the
backward-facing of ramp completely vanishes, lowering
the possibility of lateral spreading of the coolant. At the
same time a large amount of coolant will be accumulated
downstream of the effusion holes, this superposition effect
increases the adiabatic effectiveness in the region between
X/S =5 to X/S =20.

Adiabatic effectiveness is influenced by the shape of the
holes. In future the effect of various shapes like conical/
fan-shaped holes, combined conical-fan-shaped, conical-
cylindrical etc. will be investigated. The corresponding
effects due to jet issuing for these shapes will be examined
in terms of strength of kidney shaped vortices and jet lat-
eral spreads.

CONCLUSIONS

Computational investigations are carried out on the
effusion cooling system to enhance the adiabatic effec-
tiveness by placing an upstream ramp in front of the first
row of holes. The adiabatic effectiveness is measured and
compared with the baseline model for three different ramp
angles 14°, 24°, and 34° at various blowing ratios 0.25, 0.5,
1.0, 3.2, and 5.0.

In general, adiabatic effectiveness increases with
increase in blowing ratios at all ramp angles. It has been
observed that placing an upstream ramp has appreciable
impact on the initial region (first few rows of holes, X/Sx
<5) compared to the downstream region (X/Sx >5). The
values of area-averaged adiabatic effectiveness are low
at low blowing ratio of 0.25 which gradually increases
up to moderate blowing ratio of 1.0. Increasing blowing
ratio beyond this value has insignificant effect on the cool-
ing performance. Ramp angles (ramp height) also influ-
ence the adiabatic effectiveness. Low blowing ratios are
found to have a strong effect in the initial region (first few
holes). The averaged adiabatic effectiveness increases by
29%, 31%, and 35% for low blowing ratio 0.25 and 26%
for high blowing ratios 5.0 at different ramp angles of 14°,
24°, and 34 respectively compared to the baseline model.
For high blowing ratios, the change in ramp angles has a
minor effect on adiabatic effectiveness. The injection angle
(shallower angles) 30° provides better effectiveness than
the injection angle (stepper angles) 60°.

NOMENCLATURE

d [mm] Diameter of effusion hole

t [mm)] Thickness of effusion plate

S [mm] Streamwise distance between hole-to-hole
in x-direction

Sy [mm] Spanwise distance between hole-to-hole
in y-direction

T [K] Temperature

V  [m/s] Flow velocity

X  [mm] Streamwise coordinate

Y [mm] spanwise coordinate

7Z  [mm] Normal coordinate

BR [- Blowing ratio

DR [-] Density ratio

VR [] Velocity ratio

I [-] Momentum flux ratio

Re [-] Reynolds number

K [W/mK] Thermal conductivity

CED [-] Computational Fluid dynamics

Greek letters

a [
a []
n [

Injection angle
ramp angle
Adiabatic effectiveness
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7 [ Area-averaged adiabatic effectiveness

p [kg/m’]  density

Subscripts

wt Wall temperature on adiabatic surface of
effusion plate

C Coolant flow

oo Mainstream flow
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