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Abstract

There is a significant need for thrust augmentation in aircraft for several specific
operations, such as combat or take-off from short runways. The additional thrust requirement
is achieved by burning extra fuel in the afterburner, which further raises the temperature to
2200K. In order to increase thermal efficiency and power output, the turbine entry temperature
of modern gas turbine engines has to be increased considerably. Furthermore, the exposed
components in the pathway of the exhaust stream experience a very high temperature.
Therefore, to maintain the permissible metal temperature for safe operation, the component
under such high thermal loads requires a sophisticated cooling technique. “Film cooling” is
one of the most adopted to protect the component that is subjected to hot flue gases. In the last
few decades, this technique has been used for protecting critical components such as the
afterburner of aero engines, gas turbine blades, and vanes from the hot flue gases.

The main objective of the present work is to design an efficient film cooling
configuration for aero-engine afterburner applications, with a primary focus on corrugated
surfaces. Corrugated surfaces are the most adopted surface configuration for afterburners of
aero-engine liners, due to its effectiveness in terms of coolant attachment, high stiffness, and
structural rigidity. The scope of the work involves the following: (a) film cooling assessment
of cylindrical and laidback fan-shaped holes with reverse injection; (b) study of effect of
various injection locations on film cooling performance of a corrugated surface; (c) study of
the effect of double-row slot injection locations on film cooling performance of a corrugated
surface; (d) study of the effect of reverse injection on film cooling and thermal stress of a
corrugated surface. The methodological approach involves experimental study as well as
numerical. A due focus has been given to the design of components of the experimental test
facility along with calibration techniques. Experiments were mainly performed for corrugated
surfaces with different injection locations and cooling hole configurations. Experimental
investigations have been carried out for a limited temperature range and used to validate the
numerical models. However, a sophisticated numerical model is employed for the reverse
injection study on flat surfaces.

To develop an effective injection configuration, as an initial step the numerical studies
on a flat plate are conducted using forward and reverse configurations. In the case of
reverse/backward injection, the secondary flow is injected in such a way that its axial velocity
component is in the direction opposite to the mainstream flow. The study is carried out for a

blowing ratio (M =1), density ratio (DR =2.42), and injection angle (a. =35°). The formation of
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a counter-rotating vortex pair (CRVP) is one of the major issues in film cooling. This study
revealed that the CRVP found in the case of the forward cylindrical hole which promotes
coolant jet “lift-off” is completely mitigated in the case of the reverse-shaped hole. The coolant
coverage for reverse cylindrical and reverse-shaped holes is uniform and higher. The reverse-
shaped hole shows promising results among investigated configurations. The lateral averaged
film cooling effectiveness of the reverse-shaped hole is 1.16-1.42 times higher as compared to
the forward-shaped holes. The improvement in the lateral averaged film cooling effectiveness
of reverse cylindrical hole (RCH) injection over forward cylindrical hole (FCH) injection is
1.33-2 times. After developing the numerical model for flat plates using reverse configurations,
the focus has been given to the corrugated surface. The numerical studies have been to identify
the suitable injection locations and amplitude to wavelength ratio for film cooling performance
on corrugation. First of all, the effort has been done by using single injection locations, on a
corrugated liner to identify suitable injection locations. The effects of various operating
parameters such as blowing ratio, density ratio, and operating pressure on film cooling
effectiveness are reported. Experimental studies are conducted on the corrugated surface to
validate the computational methodology. The present study reveals that the film cooling on the
corrugated surface is strongly influenced by the secondary stream injection locations and
corrugation amplitude to wave-length ratio. This study also shows that the film cooling
behaviour on a corrugated surface is inherently different from that of a flat surface; the
effectiveness plots show improvements even at a higher blowing ratio. Thereafter, focus has
been given to double-row secondary injection locations on a corrugated surface. Various
double-row injection location combinations have been used. Based on the parametric studies
15 to 19% improvements have been reported in film cooling performance. Moreover, the
increase of amplitude to wavelength ratio is reported to be a detrimental effect and decreases
the film cooling effectiveness. After identifying the suitable injection location, experimental
and numerical studies have been conducted using forward and reverse injection configurations
on a corrugated surface. This study includes three rows of cylindrical holes per wavelength at
45°, and the outcome of the parametric study demonstrates that reverse holes are more effective
as compared to the forward hole. Apart from that coolant coverage is also uniform for reverse
injection, as compared to forward injection. Moreover, thermal stress is also reduced in the
case of reverse injection. A maximum improvement of 21% in maximum Von-mises stress has

been reported for reverse injection case.
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CHAPTER1

1.1 Background and Motivation

Over the past few decades, the aviation and power generation industry has endeavoured
to improve the performance of gas turbines. The modern gas turbine engine's turbine entry
temperature (TET) has significantly increased over the years to improve thermal efficiency and
power output. The components of gas turbine aero-engine in the pathways of hot gases are
exposed to very high temperatures. Apart from that, the requirement of additional thrust for
specific situations like combat or take-off from small runways is fulfilled by burning additional
fuel in the after-burner section. Afterburner is an additional component in the fighter planes
situated downstream of the turbine exit. The hot flue gases enter this section after expending
in the turbine. Because of the burning of additional fuel inside the afterburner chamber, the
temperature of this section increases further to 2200K. Despite the advancement in material
science, no material can withstand such a high temperature to date. Therefore, to maintain the
permissible metal temperature for safe operation, the component under such high thermal loads
requires a sophisticated cooling technique. “Film cooling” is one of the most adopted to protect
the component which is subjected to hot flue gases. In the last few decades, this technigue has
been used for protecting critical components such as the afterburner of aero engines, gas turbine
blades, and vanes from the hot flue gases.

1.2 Cooling Techniques

The gas turbine blades, afterburner, and combustor liners are essential components of
modern aero engines and are placed in the exhaust stream of hot flue gases. Therefore, the heat
transfer to the components also increases with an increase in turbine inlet temperature. The
increase in thermal load leads to excessive thermal stress and causes the failure of the
components. Thus, the cooling of such components is essential for safe operation

The “film cooling” technique has been used for the last 70 years for protecting critical
components such as the afterburner of aero engines, gas turbine blades, and vanes from the hot
flue gases [1]. For the cooling of such critical parts, a secondary stream of coolant relatively at
a lower temperature is injected from the slot/hole made over the surface of the component that
must be cooled, which forms a thin film over the surface as shown in Fig. 1.1. Figure 1.1, it is
evident that coolant is allowed to pass through the slot/hole to the externally exposed surface.
Since the secondary stream is at a lower temperature than hot flue gas, it acts as a blanket and

thus heat transfer into the component reduces [2,3]. The efficient applications of film cooling
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can reduce the temperature of the blade up to 1000 K, which is under the permissible
temperature limit for safe operations. As the compressed air is extracted from the compressor
is ejected through the hole for cooling so for better power output film cooling effectiveness
needs to be optimized. Although film cooling technology has been used over the decades it
needs advancement. The application of film cooling is justified when the proximate fluid (hot

flue gas) temperature is very high or it chemically reacts with the material of the component.

Film of
secondary fluid

e
-—n wm s ="
-
. w—

Hot flue gas

Recirculation Zone

Surface to be
protected

Secondary stream Turbulent Mixing

Fig.1.1: Schematics of film cooling over the flat surface.
1.3 Applications of Film Cooling

Film cooling is one of the most used techniques, to protect the components from
overheating and excessive thermal stresses. This technique is effectively used in many
applications such as gas turbine blades, afterburner afterburners, aero-engine liners, and rocket
nozzles. Figure 1.2 shows the cooling of gas turbine blades, where the secondary stream cold
air is discharged through discrete holes in the inner and outer end walls (platforms) of blade
passage [4]. After leaving the surface holes, the coolant air forms a protective layer between

the hot mainstream gas and the surface that is to be protected.
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Flame holder
Afterburner

Fuel spray bars

Adiustable nozzle

(b)

(@)
Fi.1.2: Film cooling of (a) gas Turbine blade [4]; (b) afterburner.
Regenerative and Film
Cooling _Section

Injector Head

H2 Inlet
Helical Cooling
Channel
. Dump Cooled Nozzle
Section

Radiation and Film
Cooling Section

Film Cooling

Fig.1.3: Cooling design of combustion chamber and rocket nozzle; (a) exhaust flow from
vulcain engine; (b) coolant flow configuration, [5].

The enormous temperature difference between the hot combustion gases and the

chamber walls leads to excessive heat flux and thermal load in the combustion chamber and

rocket nozzles. The most common cooling methods for rocket nozzle and combustion liner are

regenerative cooling, radiation cooling, and film cooling, Suslov et al. [5].
In scramjet combustors and rocket nozzles, the mainstream flow, and often the film

coolant stream cooling itself, are supersonic [6,7]. Because of its simple design and ability to
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lower skin friction, supersonic film cooling in scramjet combustors is considered one of the
most effective supplementary cooling techniques for regenerative cooling [8,9]. However, for
hypersonic scramjet engines, the air's total temperature is too high to be used as the coolant, so
the fuel becomes the only available coolant source. For the thermal protection of such
components in the way of supersonic high enthalpy gases, film cooling is generally used in
association with radiation or regenerative cooling techniques, as shown in Fig.1.3. The Liquid
film cooling is accomplished by interposing a thin layer of liquid film between the surface to
be protected and the hot gas. The liquid is introduced directly into the thrust chamber through
slots or surface holes and directed along the walls (Fig. 1.3). The coolant liquid fuel forms thin

layers and mix-up and fires with hot combustion gases.
1.4 Recent Trends in Film Cooling

Air Film cooling is a mature technology for the cooling of turbine blades. Before 1950
uncooled turbine blades were used. With the increase in the demand for high specific thrust
and highly efficient gas turbine blades, (Fig. 1.4) the convection cooling technique was
replaced by air film cooling in the decades of 1960, [1]. Many researchers such as Goldstein et
al. [10]; Bogard and Thole [11] Sen [12] have given their significant contribution both
experimentally and numerically to explore the film cooling technique. At the initial stage of
film cooling development, the focus was the geometry of the slot and cylindrical hole. The
development of shape holes viz. fan shape laidback fan-shape and branch holes was one of the
major developments. The film cooling study with the slot hole reveals that the flow can be
modeled analytically. Due to the lack of computational facilities in the 1960s most of the work
was focused on slot holes. Although slot holes were found to be less effective for cooling
because of the reduction in mechanical strength of gas turbine vanes in the trailing edge.
Because of decreases in mechanical strength, cylindrical holes were investigated as the
alternative to the slot hole. They investigated the cylindrical hole for injection angle, and
blowing ratio for the film cooling performance. The cylindrical hole is an example of a cross-
flow jet hence the flow physics of the cross-flow will be utilized to explain the kidney vortices.
The counter-rotating vortex pair (CRVP) well known as the kidney vortex is the most common
phenomenon of mixing in the cross-flow region. Immediately after entering the cross-flow
region the sides of the jet experience intense lateral shear stress directed towards the outer
region. In the case of flow with a low-velocity ratio (example: film cooling) the potential core
of the jet experiences the combined effect of pressure and shear stress that changes the shape

of the circular jet into a counter-rotating vortex (CRVP). The phenomenon of counter-rotating

5
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vortex pair tries to uplift the jet by mutual induction which reduces the jet spreading in the

lateral directions. The computational fluid dynamics (CFD) approaches are latest and

extensively used approach to predict the flow mechanism. In case of film cooling the flow is

identified as cross flow and turbulent. The governing equations of flow, heat transfer based on

boundary conditions and discretization and modeling of eddies. These are Direct Numerical

Simulation (DNS), Large Eddy Simulations (LES) and Reynolds Average Navier Stokes

(RANS) turbulent models. The choice of a particular modeling approach depends on the flow

pattern, accuracy required and availability of resources.
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Fig.1.4: Advancement in turbine inlet temperature in recent years, [1].

1.5 Background Definitions

Film cooling is an essential technique to protect the competent from excessive

temperature and thermal stresses by injecting a secondary jet of coolant over the surface. The

heat flux (qo) for a surface directly exposed to hot flue gases can be expressed as:

qo = ho(Trns — Tyy)
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where ho is the heat transfer coefficient, Tms is the hot mainstream temperature, Tw is the wall
temperature in the absence of film cooling. Apart from that heat flux (qgr) for the surface

protected from the thin layer film cooling can be expressed as:
qr = hf(Tad - Ty) (1.2)

where, hr is the heat transfer coefficient with film cooling, Taq is the adiabatic wall temperature
(wall temperature when there is no heat transfer from the wall).

The ultimate aim of using film cooling is to reduce thermal stress and improve the life
span of components. Thus, the heat flux with the application of film cooling is expected to be
lower than without film cooling. Hence the heat flux ratio of the two heat fluxes with and
without film cooling should be lower than 1.

The film cooling phenomena deal with three different temperature fields such as mainstream
temperatures (Tms), Secondary stream temperature (Tsec), and Tw is wall temperature. This
three-temperature field phenomenon can be well understood with single non-dimensional

temperature (6) which can be expressed as:

g, = -ms—Tw (1.3)

Tims—Tsec

The continuous mixing of the coolant jet in the downstream direction of the flow
increases the temperature of the coolant jet and simultaneously the cooling of the surface
reduces. Thus, the perfectly insulated surface performance of film cooling is expressed in terms
of adiabatic film cooling effectiveness ( 1,4) as:

Naq = i—lud (1.4)

Tims—Tsec

The adiabatic effectiveness is a quantitative measure of film cooling performance and
the higher the value of film cooling effectiveness better the film cooling. It can be understood
well understood as the limiting case of non-dimensional temperature (6w) when the surface is

perfectly insulated.

The ratio of two heat fluxes with and without film cooling can be expressed in terms

of the non-dimensional temperature and adiabatic effectiveness as:

q_f — hf(Tad_Tw) _ ﬂ 1 _ Tms_Tad _ ﬁ 1 _ M 1 5
do ho (Tms—Tw) ho ( Tims—Tw ) ho ( gw) ( . )
7
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Mainstream outlet

Secondary Stream

Fig.1.5: Schematic diagram of film cooling over the corrugated surface.
1.6 Factors Affecting the Performance of Film Cooling

Although film cooling is a complex phenomenon however certain parameters are
identified that mainly govern the film cooling characteristics. Those parameters are broadly
classified as:

(1). Factor related to the geometry of the cooling hole:

1) The shape of the injection hole.
2) Injection angle of the hole.
3) Length to diameter ratio of cooling hole (L/D).

4) The angle of the orientation of the hole.

(11). Factor related to operating parameters:

1) Blowing ratio (M),2secYsec

PmsUms

2) Density ratio (DR), f)—
3) Turbulence intensity ().

4) Reynolds number based on the mainstream (Re,s = 2 Uims).

(1). Factor related to Surface Configurations:

1) Flat surface.
2) Curved and Aerofoils surfaces.

3) Corrugated surface.
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Film cooling has been investigated both experimentally and numerically since 1950 for
various geometric and operating parameters. In the 1960s of film cooling development, film
cooling was mainly investigated for the flow attachment and stability under the influence of
highly turbulent hot gas flow. All such initial investigations of film cooling asserted that stable
film depends on hole geometry, velocity, and density of the secondary stream. There is
abundant literature is available on the film hole geometry, angle of injection, and other
operating parameters. The expansion of the hole exit is found to decrease the momentum flux
ratio and hence decrease the penetration of the secondary fluid into the mainstream. Because
of this, jet lift-off and formation of kidney vortices are controlled up to some extent. Moreover,
anti-kidney vortices are formed in the expanded holes which minimizes the effect of kidney
vortices. However, manufacturing shaped holes in the very thin liners of the combustion
chamber or afterburner section is not a feasible solution. The present study is organized in the
order of hole geometry, and surface configuration operating parameters.

1.7 Literature Review
1.7.1 Injection Through Slot

The Wieghardt was considered the pioneer to start slot for injection in 1946 for the De-
icing of aircraft [13]. In this work, the secondary jet of heated air is injected tangentially into
the aircraft wings.

A similar study on the tangential slot was carried out by Seban et al. [14]. Fig.1.6 (a)
shows the injection configuration where the slot height is varied from 0.063 inches to 0.25
inches and the results suggest that the effectiveness shows power law dependence over the ratio
of distance to the slot height.

The experimental investigations of Hartnett et al. [15] are focused on the slot injection
configuration shown in Fig.1.6(b). This study provides a clear picture of velocity and

temperature profiles for tangential injection through a single slot.

— gy

—t Py

x' ///.

3

-

<

zg

§g ‘a' — - 30

@ @ | ~a = \

— B § TTuA

= — Y Py

o e

T w - -
’ & 4 —~ 8 » 0,123" £ 0.002
/A \ a » 20°

" "
0.020" L ).:i«- 20063 t0 0.250
BRASS PLATE —~/ .

(a) (b)
Fig.1.6: Slot injection film cooling (a) tangential slot, Seban et al.[14]; (b) tangential injection,
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Papell [16] experimentally investigated the slot jet for various injection angles viz. 45°
and 90°.The results show that an increase in angle injection angle promotes the mixing with
mainstream and hence a significant drop in the effectiveness can be observed.

Burns and Stollery [17] experimentally studied foreign gas or fuel injection through the
tangential slot, as shown in Fig. 1.7. The study heightened the influence of density in the range
of (0.14 to 4.17). The authors concluded that at a low-density ratio (DR<1) foreign gas injection

has more significance over the effectiveness.
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Fig.1.7: Slot injection configurations (a) Burns and Stollery [17]; (b) Sivasegaram and
Whitelaw [18].

Sivasegaram and Whitelaw [18] carried out an experimental study in order to find out
the influence of geometrical parameters on the effectiveness. The experiments are performed
for the various non-dimensional slot heights (25, 50, and 100) injection angle viz. 0°, 30°, 60°
and 90°.They reported that the increases in the flow rate improve the effectiveness. However,

an increase in injection angle and slot height reduces the film cooling effectiveness.

The theoretical model of Fitt et al. [19] clearly shows the flow physics of slot jets into
the cross-flow region. The proposed model suggested that the slot jet injected into free
incompressible flow detached at the rare end of the slot, which further reattached in the
downstream (as shown in Fig.1.8), and due to the instability in shear layers in the downstream,
the flow became turbulent.

The previous study by Fitt et al. [19] reveals that the increase in the mass flow requires
a significant increase in slot size, however, Fitt and Wilmott [20] model overcomes such

limitations. In this model, the slot stepped and additional micro rump is provided.

10
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Fig.1.8: Schematic diagram of slot jet interactions in cross flow, Fitt et al. [19].

Hyams and Leylek [21] carried out a numerical assessment of the effect of slot shape.
For the closure of the momentum equation, the typical k- turbulence model with generalized
wall functions was employed. Four different slot geometries an inclined slot, an inclined slot
with inlet shaping, an inclined slot with exit shaping, and an inclined slot with inlet and exit
shaping were studied. Additionally, they noted the significant influence of entrance and exit
shaping on film cooling. The exit shaping shows better performances compared to the inlet for
reducing the turbulence effects.

Jia et al. [22] Conducted an experimental and numerical investigation on the film
cooling performance of slot injection. The numerical study is carried out with three different
turbulence models Three viz. SST- k-o, Reynolds stress transport model (RSTM), and v2-f
model, for a fixed density ratio of 1.26, blowing ratios ranging from 0.5 to 9.22, and injection
16° to 90°. The study reveals that the SST- k- model accurately predicts the results, however,

the other two models show similar trends.

11
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Table.1.1: Summary of literature related to injection through slot.

Sr. : Injection Secondary _
Author(s) Year | Exp./Num. | Slot height ] Operating Parameters
No. Angle Fluid
1. Wieghardt [13] 1946 | Exp. 0.123 inches Tangential Air | e
0.063 t0 0.25 ) )
2. Seban [14] 1960 | Exp. _ Tangential Air M=0.6-0.9; DR=1.14.
inches
3. Hartnett et al. [15] | 1961 | Exp. 0.123 inches Tangential Air M =0-0.28
4. Papell [16] 2009 | Exp. 0.25 inches 45°,80, 90° Air VR=0.49-21.83, Ma =0.2-0.7
Helium,
Burns and Stollery ) )
5. [17] 1969 | Exp. .0625 inches Tangential Arcton-12 DR=0.14t04.17, VR = 0.53-4
with Air
Sivasegaram and 0.074, 0.132, 0.25 )
6. ) 1969 | Exp. . 30°,60° 90° | Air DR=1,M=255
Whitelaw [18] and 0.50 inches
Hyams and Leylek Slot length to |
7. 1996 | Num. g 35° Air DR=15-2,M=1-2
[21] width, 3to 4.5
8. Jiaetal. [22] 2005 | Exp./Num. | 4mm 16°, to 90° Air DR =1.26, M =0.5,9.22

TH-3231_186103109
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1.7.2 Injection Through Cylindrical Hole

Although injection through slot is an effective arrangement for many applications viz.
film cooling, combustion chamber, and afterburner, however, the applications of the slot are
limited due to significant reduction in the mechanical strength of the component.

Goldstein et al. [10] the study is considered the first organized study of shape holes.
The experiment is conducted for the flat plate film cooling and secondary steam is injected
from the circular hole, as shown in Fig. 1.9, at the angle of 35° and 90° from the mainstream
flow. The result is analyzed for various blowing ratios from 0.5 to 2. There are two important
parameters in this experimental study, one is the blowing ratio (M), and the other one is the
velocity of the mainstream and secondary streams. As the secondary stream enters the
mainstream flow region through the cylindrical hole it retards the mainstream in the upstream
location. The retardation of flow leads to the pressure difference which transfers the circular

jet in two counter-rotating flows.

Mainstream

Injection angle

Flat SurfaceN

Fig.1.9: Interaction of secondary fluid with mainstream flow, [10].

The jet in a cross-flow is very significant for the practical engineering applications of
film cooling, hence some studies have been done [23,24]. The mainstream and secondary

interactions in film cooling are analogous to the jet in cross-flow.
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Keffer and Baines [25] experimentally concluded that at a low-velocity ratio, the
defection of the potential core is obvious however, the secondary flow maintains natural
symmetry, and static pressure variations are very small. Due to this the width of the jet increases

continuously downstream.

The brief study of Fric and Roshko et al. [26] over the vertical structure for the cross,
flow is presented through a schematic diagram in Fig.1.10. They reported four types of vortices
near the flow field (i) Jet shear-layer vortices; (ii) Horseshoe vortices; (iii) Counter-rotating
vortex pair; and (iv) Wake vortices. The first two of these, the shear-layer vortices and the wake
vortices, are unsteady; the other two, i.e., the horseshoe vortices and the vortex pair, are steady.
The jet shear-layer vortices were found to be in the initial portion of the jet as instability of the
annular shear layer which is separating from the edge of the orifice. The horseshoe vortices are
wrapped in the wall near the jet base. The third and most important vortices are counter-rotating
vortex pair which is the result of the combined effect of shear and pressure difference. The

wake vortices are formed downstream in the wake region.

Counter-
rotating vortex

Jet shear-

C layer vortices
"OSsﬂow - ‘\ -

......

Fig.1.10: Schematic diagram of vortex field in cross flow [26].

The experimental study of Androploish [27] is illustrated in Fig.1.11 (a) and (b). Figure
1.11 clearly shows the flow characterizes of the jet in cross-flow. The cross-flow interactions
and developments are reported for low and high-velocity ratios, VR (0.5 and 2). The flow
development for the low-velocity ratio is completely different from the high-velocity ratio. The
figure shows that at a low-velocity ratio, the tube flow completely bends near the exit, however,

in the case of a high-velocity ratio the tube flow is weakly affected near the exit, and penetrates

14
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the flow before bending. The wake region the downstream of exit is a complex region where
the revere flow can be observed. The reverse flow moves in upstream and is lift-off by the jet

fluid and travels downstream.

Kelso et al. [28] conducted an experimental investigation over the jet in cross-flow in
order to study the vortex topology. The study is carried out for jet to free-stream velocity ratios,
VR (2.0to 6.0), and Reynolds numbers based on the jet diameter and free-stream velocity, Rems
(440 to 6200). Figure 1.11 (a) and (b) observed that the vortex rolling characteristic in the wake
region is strongly influenced by the velocity ratio. Apart from that the unsteady vortex

evolution mechanism in the wake region changes with the Reynolds number.

(b)

Fig.1.11: Schematic diagram of secondary jet interactions in cross flow (a) low Reynolds
Number; (b) high Reynolds number [27].

15
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The majority of the cross-flow studies motivated for the film cooling are found to be
focused on the experimental and numerous visualization techniques. The recent advancement
in computational trends of DNS (Direct Numerical Simulations) and LES (Large Eddy

Simulations) are capable to resolve coherent structures, Acharya et al. [29].

Tyagi and Acharya [30] performed a large eddy simulation to quantify the vortex field
for the cylindrical holes. The parametric study was carried out for blowing ratio, M (0.5 and
1), and mainstream Reynolds number, Rems (11100 and 22200). They concluded that the
coherent structures evolved in the flow field are dominated by hairpin vortices, and it influences
the unsteady wall heat transfer, as shown in Fig. 1.12. Hairpin packets are generally formed in
a cluster and small clusters are surrounded by large hairpin. Hairpin vortices evolve and move
in further downstream to the wake region. Such vortical structures control the mixing

mechanism in the wake region and lead to a temperature hot spot over the cooling surface.
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Fig.1.12: Harpin vortices formation in the wake region of film cooling flow [30].
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Table. 1.2: Summery of literature related to injection through cylindrical hole.

Sr. Yea Injection Secondary _
Author(s) Exp./Num. | Hole Arrangement ] Operating Parameters
No. r Angle Fluid
Goldstien etal. o /
1. [10] 1968 | Exp. Cylindrical 30°, 90° Air M=05t02
Keffer and Baines y )
2. 1963 | Exp. Cylindrical 90° Air VR =4, 6 and 8.
al. [25]
Faric and Roshko o )
3. 0261 1994 | Exp. Cylindrical 90° Air VR =2, and 10. Re =3800 to 11400
4. Andropolish [27] | 1985 | Exp. Cylindrical 90° Air VR=0.5, 1land 2
5. Kelso et al. [28] 1995 | Exp. Cylindrical Air VR =2, and 6. Re = 440 to 6200
Tyagi and —
6. 2003 | Exp. Cylindrical 30°,60°,90° Re =11000 to 22200, M =0.5t0 1
Acharya [30]
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1.7.3 Injection Through Shaped Hole

Goldstein et al. [31] are among the first to suggest the use of shaped holes for improved
film cooling performance. They reported that the use of an initially round cross-section which
diffused/widened to 10° on each side significantly improves the film cooling downstream of

the hole. Apart from that the coolant spread in the lateral direction also improved.

The coolant injection through a cylindrical hole forms a pair of vortices downstream of
the hole. These vortices have a specific sense of rotation and are often referred to as kidney
vortices that promote jet lift-off and thus the film cooling effectiveness degraded; Haven et al.
[6]. Haven et al. [32] carried out an experimental investigation in order to examine the impact
of hole geometry on the near-field flow characteristics. The cylindrical, rectangular, elliptical,
and square shapes of the same cross-sectional area are considered. Figure 1.13 reveals that the
formation of kidney, anti-kidney, and jet lift-off is strongly influenced by hole shape. For the
low aspect ratio holes, with reduced separation between the end wall vortices jet lift-off
tendency is higher while it is lower for high aspect ratio holes. However, in the rectangular and
elliptical holes, the kidney vortices are accompanied by an upper deck having an opposite sense

of rotation called anti-kidney pairs which counters the resultant effect of kidney vortices.

anti-kidney vortices reduced
mutual
induction

increased
lateral
separation

Fig.1.13: Schematic diagram of rectangular slot jet interactions in cross flow, [32].

The experimental study of Thole et al. [33] is focused on the flow measurement for
shaped holes. Three-hole shapes include the round, laterally expanded (Fan shaped), and
forward-lateral expanded hole (Laidback fan-shaped), as shown in Fig.1.14. The study reveals

that the flow field of both the expanded holes is similar in terms of velocity gradient, however,

18
TH-3231_186103109



the jet penetration and velocity are lower as compared to round holes. The reduced jet

penetration and velocity gradient at exit improve the film cooling performance.

Grisch et al. [34] experimentally investigated the heat transfer coefficient downstream
of three different hole configurations including standard cylindrical, two-shaped holes with
expanded exits ( i.e., Fan-shaped and Laidback fan-shaped). The test is conducted for blowing
ratio, M (0.25 to 1.75), density ratio, DR (1.85), and Mack number, Ma (0.6). They highlighted
that most of the previous studies on film cooling assumed that convection heat transfer
coefficients remain unchanged by coolant injection, however, this fact is valid in the region
downstream of the injection hole. The results show that the heat transfer coefficient for shaped
holes is lower as compared to cylindrical holes.
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Fig.1.14: Schematic diagram of slot jet interactions in cross flow (a) cylindrical; (b) fan-
shaped; (c) laidback fan-shaped, [33].

Saumweber et al. [35] Numerically investigated the impact of turbulence intensity on
film cooling performance. This study was conducted for the three-hole configurations
cylindrical, fan shape (expanded in spanwise) and laidback fan shape (expanded in both
spanwise and streamwise) as shown in Fig.1.14, at density ratio 0.59, blowing ratio (0.5-2.5)
and turbulence intensity (3.6-11%). The results reveal that at the lower blowing ratio, an
increase in turbulence intensity results in a significant change in the film cooling effectiveness.
The film cooling effectiveness is maximum for shape holes and minimum for cylindrical holes.
For the shape hole due to an increase in the turbulence intensity, the mixing of the secondary
jet intensified however it not result in an adverse effect in the streamwise direction even at a

high blowing ratio.
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Several numerical studies over the shaped holes revealed that coolant flow inside the
shaped holes is very complex and highly sensitive to the flow supply of the hole; Gilbert et al.
[36] and Kohli and Bogard [37].

The experimental study of Gritsch et al. [38] is focused on the discharge coefficient
measurement for the expanded exits shaped holes. The results demonstrate that the discharge
coefficient strongly depends on the flow configurations (both inside and outside the hole),
Mach number, and pressure ratio. For similar flow conditions, the discharge coefficients of
expanded exit-shaped holes are higher than the cylindrical holes.

Shaped holes and compound angle holes were studied by Bell et al. [39]. Five-hole
geometries were considered viz.(i) cylindrical round simple angle holes; (ii) laterally diffused
simple angle holes; (iii) forward diffused compound angle holes; (iv) forward diffused
compound angle holes (iv) laterally diffused compound angle holes. For simple hole geometry,
the holes are simply inclined with flow direction, however, compound angle holes were given
some inclination in the lateral direction also. In comparison to cylindrical holes, all shapes of
holes are found to distribute cooling film more effectively. Laterally diffused compound angle
holes and forward diffused compound angles are reported to have the best performance for film
cooling.

Another remarkable advancement in hole shaping is slot converging slot or console
[40]. The experimental and numerical study of Liu et al. [41] is focused on converging slot
holes, the converging slot holes show remarkable improvements in coolant coverage over the
conventional cylindrical holes. The console holes are generally used for the combustor liner to
protect from hot combustion gases. The experimental and numerical study of Sarigosan et al.
[42] is focused on the aerodynamic performance of console holes. The performance of the
console hole is compared with the typical cylindrical and fan-shaped holes. The comparative
study shows that with the promising performance of the console hole, there is a significant

improvement in thermal performance over the other holes.
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Table.1.3: Summery of literature related to injection through shaped hole.

Sr. Injectio | Secondary _
Author(s) Year | Exp./Num. | Hole Arrangement ] Operating Parameters
No. n Angle | Fluid
_ Cylindrical 10° expanded ]
1. Goldstein et al. [31] | 1974 | Exp. ) 35° Air M =0.53-2.02
on exit
Cylindrical, Fan-shaped )
2. Haven et al. [32] 1997 | Exp. ) 30° Air DR =1.1, Re = 1x10°
and Laidback fan-shaped
Cylindrical, Fan-shaped )
3. Thole et al. [33] 1961 | Exp. ) 30° Air M =1, DR =1, Re = 0.52x10°
and Laidback fan-shaped
_ Cylindrical, Fan-shaped : M = 0.25-1.75 DR=1.85, Tu = 2%,
4. Gristch et al. [34] 2003 | Exp. . 30° Air
and Laidback fan-shaped Re = 2.5x10°
Saumweber et al. Cylindrical, Fan-shaped ) M =0.5-2, DR =0.59 and Tu= 3.6-
5. 2003 | Exp. ) 30° Air
[35] and Laidback fan-shaped 11%
) Cylindrical, Fan-shaped d
6. Gilbert et al. [36] 1997 | Exp./ Num. ) 30° Air 1< DR <2, Ma = (0-6)
and Laidback fan-shaped
7. Liu et al. [41] 2015 | Num. Laidback fan-shaped 30° Air M =0.5,1,1.5and 2 Tu =0.9-13%
_ Console, Cylindrical, and )
8. Sargison et al. [42] | 2002 | Exp. 35° Air DR=1,1=11
Fan-shaped
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1.7.4 Effect of Injection Angle

Eriksen and Goldstein [43] studied the flat plate film cooling characteristics of a single
cylindrical hole at an injection angle of 35%nd 90°. They observed that the heat transfer
coefficient downstream for normal injection is higher as compared to the 35° injection The
large difference in heat transfer coefficient between 90° and 35°. The injection is mainly due
to the different flow patterns and jet interactions. For the normal injection, the streamwise
velocity component is zero, and the jet injection is at 35°, there is one stream-wise velocity.
Therefore, the normal interactions result in a higher turbulence level downstream and hence a
higher transfer coefficient compared to 35° injection.

Forster and Lampard [44] study is mainly focused on the injection angle, boundary
layer, and hole spacing. The study is carried out for 35°, 55 and 90° injection angles at blowing
ratios 0.5 and 1.4. It is observed that at a low blowing ratio, the small injection angles result in
higher lateral average effectiveness injection angles. However, at a high blowing ratio the
boundary layer thickness in the upstream increases with injection angles which offers greater
trajectory to the flow and results in higher lateral average effectiveness.

Kohli and Bogard [45] carried out an experimental study in order to compare the film
cooling characteristics of a row of discrete holes at injection, 55° and single round holes at 35°.
This study reveals that at a low momentum flux ratio, the reduction in film cooling
effectiveness with the injection is relatively lower, as compared to high momentum flux.

Yuen and Martinez-Botas [46] experimentally studied the impact of the angle of
inclination of the cylindrical hole on flat plate film cooling for different angles of inclination
30°, 60° and 90°. The Reynolds number based on the hole diameter is taken as 8563, and the
blowing ratio varies from (0.33 to 2). They reported the maximum film cooling effectiveness
for blowing ratio, and injection angle 30°, which is approximately 20% more than the other
angle of inclination.

Yuen and Martinez-Botas [47] Further extending their study for single and multiple
row of holes with similar parameters and techniques as previously [46]. They claimed that the
best injection angle for a single row of holes is 30°, for optimum performance.

Singh et al. [48] numerically investigated the 2D flat plate film cooling for the
cylindrical hole. The angle of inclination varies from 15° to 90°, for the wide range of operating
parameters like density ratio (1.1 to 5), mainstream Reynolds no (8104 and 15100), and three-
blowing ratios (1 to 3). The results of the numerical study show that the maximum value of
film cooling effectiveness was found at a lower injection angle which lies between (15° to 45°).

That maximum value is obtained at the combination of other operating parameters.

22
TH-3231_186103109



Table.1.4: Summary of literature related to the effect of inclination angle.

Sr. Injection Secondary )

Author(s) Year | Exp./Num. | Hole Arrangement ] Operating Parameters
No. Angle Fluid
1. Ericsion et al. [43] | 1997 | Exp. Cylindrical Air | e

Forster and A 35°,55° and
2. 1980 | Exp. Cylindrical Freon-12 M=05-25;DR =2

Lampard [44] 90°

Kohli and Bogard o Air (cryogenic

3. 1997 | Exp. Cylindrical 35°, and 55° M=0.35-1;DR=16

[45] cooled)

Yuen and

) . 30°,60%nd .

4. Martinez-Botas 2003 | Exp. Cylindrical oif Air M =0.33 - 2; Re =8563

[46]

Yuen and )

) Multiple Rows 30°,60%nd 4
5. Martinez-Botas 2005 | Exp. o Air M =0.33 - 2; Re =8563
Cylindrical 90°
[47]
) - ) DR =1.1-5, M = 1-3, Re = 8104-
6. Singh et al. [48] 2015 | Exp. Cylindrical 15°-90° Air
150000
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23




1.7.5 Reverse Injection Film Cooling

In reverse injection, the configuration is an emerging trend of film cooling in which the
secondary fluid is injected in such a way that the axial velocity component is in the direction
opposite to mainstream flow, as shown in Fig.1.15.

Shetty et al. [49] numerically investigated the backward injection film cooling on a
simplified aerofoil turbine model. The numerical simulations are carried out for blowing ratio,
density ratio, and injection angle of 1, 2.42, and 35°. They concluded that film cooling lateral
effectiveness for backward injection was significantly higher than for forward injection. It was
also reported that film cooling effectiveness obtained from backward injection decreases with

an increase in blowing ratio on the pressure side of the vane.
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Fig.1.15: Cooling hole arrangement (a) forward injection; (b) reverse injection.

Chen et al. [50] numerically studied the backward injection for three-hole configuration
viz. simple cylindrical, fan-shaped, and compound hole for the flat surface. The study was
conducted for the blowing ratio (0.3 to 3), turbulence intensity (0.5 to 6%), and density ratio
(1to 2). They reported improved laterally averaged effectiveness for the backward injection of
simple cylindrical and compound holes; however, reverse fan-shaped holes gave lower film

cooling effectiveness.

Singh et al. [51] experimentally and numerically investigated forward and reverse hole
film cooling over the flat plate. The blowing ratio was varied from 0.25 to 5 and the density
ratio was kept fixed at 0.91 for all angles of injection (30° to 60°). They found a remarkable

increase in film cooling effectiveness at all the blowing ratios. They also concluded that the
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kidney vortices observed in the case of the forward cooling hole were eliminated with the use

of the reverse hole and eventually significant gain in film cooling effectiveness was observed.

Li et al. [52] carried out an experimental and numerical study of the film cooling
performance of backward/reverse injection configuration. The study is focused on flat and
curved surfaces at an injection angle of 30° in both forward and reverse injection. The
numerical simulations are done with RANS turbulence modeling at the laboratory and the
actual operating conditions of the gas turbine. The laboratory condition investigates blowing
ratio 1.33, and density ratio 1.33, however, for the actual operating conditions the parameters
extended to blowing ratio 2, and density ratio 2.43. The backward injection shows improved
performance for flat surfaces at both laboratory and actual operating conditions of gas turbine.
The backward injection for aerofoil is effective on the pressure side to some extent.

Park et al. [53] experimentally investigated the backward injection film cooling. The
study is performed on a flat surface with two rows of cylindrical holes at an angle of 30° in
both forward and reverse injection. The results are compared for the blowing ratio in the range
of 0.5-2 and fixed density ratio 1. The results indicated that the film cooling effectiveness
improved with reverse injection. It can also be observed that lateral coolant spreading is much

more uniform and better for the reverse injection.
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Table.1.5: Summary of literature related to reverse injection.

Sr. Injection Secondary _
Author(s) Year | Exp./Num. | Hole Arrangement ] Operating Parameters
No. Angle Fluid
35° (Both M =0.5,0.75 and 1 (Pressure side)
1. | Shetty et al. [49] 2012 | Num. Cylindrical Forward and | Air and M =1, 1.5 and 2 (Suction side),
Reverse) DR=2.46
Cylindrical, Fan 30°, (Both .,
Air mixed
2. | Chenetal. [50] 2014 | Exp. Shaped and Forward and ) M =0.3-2; DR = 1-2.
with N2, CO2
Compound angle Reverse)
30°-60, (Both
DR = 0.25-3, DR=0.91 and Re =
3. | Singhetal. [51] 2016 | Exp., Num. | Cylindrical Forward and | Air
3.75x10°
Reverse)
30°, (Both
4. |Lietal [52] 2011 | Exp./Num. | Cylindrical Forward and | Air DR=243, M=2and 1.3
Reverse)
35° (Both
5. | Park etal. [53] 2016 | Exp. Cylindrical Forward and | Air DR=0.5-2,DR = 1.
Reverse)
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1.7.6 Effect of Density Ratio

The density ratio is one of the important operating parameters that govern the flow field,
jet interactions in cross-flow regions, and its associated heat transfer.

Goldstein and Eckert [31] presented the first open literature on the effect of density
ratio on film cooling. The study was carried out for cylindrical holes inclined at 35° to the
mainstream, and a mass transfer analogy was used for data recording. The experimental study
highlighted the mass transfer analogy in order to study the effect of density changes on film
cooling performance. The density ratio variations in the range of 0.75 to 4.17, are achieved by
mixing a suitable concentration of refrigerants or helium with air. They reported that film
cooling effectiveness through cylindrical holes strongly depends on the density ratio, however,
the effect is insignificant for porous strips.

The experimental study of Ekkad et al. [54] investigates the effect of variable density
ratio on the leading edge of a cylindrical model. This study uses liquid crystal thermography
to measure film cooling effectiveness and Nusselt number distribution. The study reveals that
higher-density coolant (CO>) provides lower Nusselt numbers than lower-density coolant (air),

at all blowing ratios.

Ammari et al. [55] carried out an experimental study on the effect of density ratio on
cylindrical hole film cooling. The study is performed for density ratio (1, 1.38, and 1.52), and
blowing ratio (0.5-2). The high-density ratio is obtained by using foreign gas injection. They
heightened that normal injection penetrates deeper in the mainstream before turning parallel to
the wall, which results from quick mixing with the mainstream. Therefore, 90° injection results
in higher heat transfer coefficients just downstream of the hole, and 35° injection results far
from the hole downstream. For the same blowing ratio, the 35° injection is highly sensitive to
changes in the density ratio, and the increase in density ratio reduces the heat transfer
coefficient.

The experimental study of Sinha et al. [56] is focused on the effect of density ratio on
film cooling performance. The variations in the density are obtained by injecting cryogenically
cooled air. The density ratio independently varied from 1.2 to 2 and adiabatic effectiveness is
reported for the bowing ratio and momentum flux. They concluded that at a low blowing ratio
coolant jet remains attached to the surface, and the increase in density ratio at fixed ratio
momentum flux will increase the blowing ratio and hence increase centreline effectiveness.
Apart from that decrease in density ratio and an increase in momentum flux reduces the lateral

spreading of the cooling jet, therefore the lateral average effectiveness reduces.
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Hass and Rodi [57] carried out an experimental and analytical investigation in order to
accurately predict the effect of density differences on film cooling. They extended the two-
dimensional boundary layer model of Souchang and Rodi [58] , and the model consists of two
components, the injection model to predict the boundary layer and the dispersion model to
predict the three-dimensional effectiveness. It is observed that the model accurately predicts
the experimental results of the flat plate with an insignificant deviation near the hole, whereas
the for the aerofoil a small deviation can be observed.

The velocity and temperature fields of cold jets injected into a hot cross flow were
experimentally studied by Rydholm [59]. A flat plate with 30° angle inclination angle holes
has been used. The study has been carried out for two density ratios, DR = 1.2 and 1.8. They
reported that at the low-density ratio, greater vortices have been found, which further causes
inbound velocities. They also reported that high-density jet has high viscosity which causes
high-velocity diffusion as well as high-temperature diffusion.

Recently, Eberly and Thole [60] conducted an experimental study in order to study the
time-resolved characteristics of film cooling flows. The experiments are conducted for high
and density ratios of 1.6 and 1.2 respectively, with cylindrical holes. The coolant Reynolds
number for the flow field study varied from 2500 to 7000. The vortex generation and flow
fields are recorded with PIV and the results show that low and high density strongly influence
the time average and unsteady vortex characteristics. Additionally, the adiabatic effectiveness
results reveal that when the jet remains attached to the surface, its spreading increases for the

same mass flux ratio at the high-density ratio.
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Table.1.6: Summary of literature related to effect of density ratio.

TH-3231_186103109

Sr.
Injection ) )
No | Author(s) Year | Exp./Num. | Hole Shape 174 Secondary Fluid | Operating Parameters
ngle
Pedersen et al. Cylindrical (10° )

1. 1974 | Exp. _ _ 35° Air, and R-12 M = 0.53-2.02

[31] widen at exit)

4 _ M=04,0812,DR=1,15Tu=
2. | Ekkad etal. [54] | 1998 | Exp. Cylindrical 30° and 90° | Air, and CO>
1,41and 7.1.

Ammari et al. - _ DR=1.38, 1.52; Rems = 3.8x10°, M
3. 1989 | Exp. Cylindrical 35° and 90° | Air, Argon, CO2

[55] =0.5-2.

] o Air (cryogenic DR=1.2-2, M =0.25-1, VR = 0.208-
4. | Sinhaetal. [56] | 1991 | Exp. Cylindrical 35°
cooled) 0.625

Hass and Rodi - )
5. (571 1992 | Exp., Num. | Cylindrical 35° Air, Freon DR =2
6. | Rydholm [59] 1998 | Exp. Cylindrical 30° Air M=0.94-1.34, Tu =1%

Eberly and s Air (cryogenic DR=1.2,1.6, M =0.25-2, Rems =
6. 2014 | Exp. Cylindrical 30°, and 35°

Thole [60] cooled) 2500-7000
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1.7.7 Effect of Surface Curvature

Surface curvature is a critical parameter in the design of turbine blades and vanes with
convex and concave profiles on the suction and discharge sides, respectively [61]. The effect
of curvature on film cooling has been widely discussed by many authors.

The experimental study of Winka et al. [61] demonstrates the surface curvature effects
on the film cooling performance of a vane model, as shown in Fig.1.16. The setup was designed
to investigate the scaling effect of surface curvature effects using the 2r/d parameters, where r
and d indicate the radius of curvature and the hole diameter, respectively.

TURBULENCE
GRID
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°

MAINSTREAM
—

ADJUSTABLE
WALL

Fig.1.16: Film cooling study on vanes, [61].

The first set of the study was performed with a single row of the hole, placed at different
locations on the suction side. However, the second set of experiments was performed using
double rows of holes placed at high and other curvature locations respectively. The turbulence
intensity of 20% was generated with the help of rods in the upstream direction to the vane, the
generator consists of 12 vertical rods of each 18 mm. The exit Reynolds number of mainstream
based on chord length was reported as 7x10° at a fixed density ratio of 1.2. The outcome of
different cases indicates that film cooling and flow attachment are strongly influenced by the

surface curvature, particularly in the immediate downstream.
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The experimental study of Mayle et al. [62] is focused on the effect of streamline
curvature on film cooling effectiveness. The experiments are performed for flat, concave, and
convex surfaces. The influence of different curvature profiles on film cooling efficiency is
summarized.

The experimental study of Schwarz et al. [63] is focused on the effect of curvature
strength on film cooling. The effect of curvature strength and blowing ratio on film cooling
performance of a convex surface. The different curvature strength was obtained by changing
the ratio of the radius of curvature to the hole diameter. The study was performed for, three
different relative strengths of curvatures, density ratios (0.95 and 2.0), and a wide range of
blowing ratios (0.3 to 2.7). They reported that at low blowing ratio, the convex surfaces were
more effective than flat and concave surfaces, however at high blowing ratios coolant lift-off
leads to decreased performance.

A numerical study by Berhe and Patankar [64] addresses the effect of surface curvature
on film cooling. Three different surface profiles were used in the study viz. flat, convex, and
concave. The numerical study was carried out for the blowing ratios of 0.5, 1.0, and 1.5,
injection angle of 35° at a density ratio of 2.0 and a detailed comparison of the results shows
that the cooling effectiveness is greatly influenced by the aerodynamic curvature. For low
blowing coefficients, the effectiveness of the convex surface dominates over the flat and
concave surfaces. The flow structure in these three planes also has significant differences The
flow structure resulted in the formation of strong vortices on the concave surfaces and increased
mixing instead, in the presence of convex surfaces, counter-vortices are damped.

Moore et al. [65] experimentally investigated the effect of surface curvature on shaped
hole performance. The study was performed for two rows of shaped holes, placed on the suction
side of the scaled-up turbine blade. At higher blowing ratios, the low curvature row shows
decreased performance. However, at lower blowing ratios, the low curvature row shows a

similar performance to the flat plate.
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Table.1.7: Summary of literature related to effect of the curve surfaces.

TH-3231_186103109

Sr.
Injection ) _
No Author(s) Year | Exp./Num. | Surface curvature Andl Secondary Fluid Operating Parameters
ngle
1. | Winkaetal. [61] | 2014 | Exp. Convex 45° Air M=0.3-18,DR=1.2
Flat, Concave and _
2. | Mayleetal. [62] | 1977 | Exp. Air Ums = 21m/s, Tms=30°C
Convex
Schwarz et al. o
3. [63] 1990 | Exp. Cylindrical 35° Freon-12 M =0.3-2.7, DR =0.95 and 2,
Berhe and Flat, Concave and
4, 1999 | Num. 35° ==== M =0.5,1and 1.5, DR=2.0
Patankar [64] Convex
5. | Morreetal. [65] | 2020 | Exp. Cylindrical 30° Air Ums=6.4m/s, Tms=303K
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1.7.8 Film Cooling on Wavy/Corrugated Surfaces

Singh et al. [66] numerically investigated the film cooling and heating characteristics
of the corrugated surfaces through slot injection. The numerical study carried a wide range of
density ratio, (0.2-5), bowing ratio (1-3), injection angle (30°-90°), and Reynolds number,
(1.5x10°). They concluded that film cooling effectiveness gradually increases with an increase
in the blowing ratio, which is inherently different from flat plate film cooling. Apart from that
it also observed that the film cooling and film heating effectiveness are comparable at a density
ratio close to unity, however, the difference in the effectiveness became more significant at a
higher density ratio. Therefore, film heating can’t be considered analogous to film cooling at a
high-density ratio.

The experimental and numerical investigation of Singh et al. [67] is focused on
designing a suitable injection configurations for corrugated surface film cooling. The detailed
numerical study includes a wide range of parameters, Reynolds number (1x103-1.5x10°),
blowing ratio (0.3-8), and density ratio (1.5-5). The four rows of holes are located at L0, L30,
L62, and L80, as shown in Fig.1.17, and the effect of injection angle is also considered by
varying the injection angle (45-90°). The study reveals that film cooling effectiveness increases
with an increase in the blowing ratio, even at a high blowing ratio. It is also reported that film
cooling drastically decreases with an increase in injection angle from 45° to 90°.
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Fig.1.17: Cooling hole arrangements on the corrugated surface, [67].

Funazaki et al. [68] performed an experimental study on the corrugated surface in order
to study the film cooling and flow configurations of the corrugated surface. The experimental

results show that the jet core decays much faster downstream of the hole, which is mainly due
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to the strong turbulence and mixing in the valley of the corrugation. Hence a more uniform
coolant distribution is observed in the lateral directions.

Singh et al. [69] numerically investigated the effect of gas radiation and thermal barrier
coatings (TBC) on the film cooling performance of the corrugated surfaces. The mainstream
Mach number is kept at 0.6 and the secondary stream varies from 0.3 to 0.58. They reported
that the use of thermal barrier coatings improves the film cooling effectiveness by 50%. It is
also observed that the film cooling effectiveness reduces on consideration of the effect of gas
radiation.

Lihong et al. [70] numerically investigated the effect of blowing ratio on film cooling
effectiveness and heat transfer coefficient of transverse corrugated surfaces. The blowing ratio
is varied in the range of 1 to 2.5 for a fixed density ratio (i.e., DR = 2.44). The study reveals
that the surface corrugations produce a more non-uniform distribution of coolant relative to the
flat surface. Moreover, surface corrugation has also a significant influence on the heat transfer
coefficient.

Yong et al. [71] experimentally studied the film cooling on corrugated liners of
afterburners with discreet cylindrical holes. The carried out for sinusoidal corrugation and the
study suggests that the film cooling effectiveness for the corrugated surface is 10 % as

compared to the flat surface, at a blowing ratio of 0.5.
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Table.1.8: Summary of literature related to effect of the wavy/corrugated surface.

Sr. Exp./Num | Hole Injection Secondary _
Author(s) Year ] Operating Parameters
No. Arrangement Angle Fluid
1. | Singh et al. [66] 2016 Num. Single slot 30°-90° Air DR=0.2-5, M = 1-3, Re = 1.5x10°
) Exp. and Multiple rows, ) M =0.8-3, DR=1.8-5and Re =
2. | Singhetal. [67] 2016 . 45°-90° Air
Num. Cylindrical 0.1x10°-1.5x10°
] Exp.and | Multiple rows, )
3. | Funazaki et al. [68] | 2009 o 45°,90° Air Re = 1.6x10°, M =2 and Tu = 4%
Num. Cylindrical
) Ma (Mainstream) = 0.6, Ma
] Multiple rows, )
4. | Singh et al. [69] 2017 Num. A e Air (Secondary stream) = 0.3-.58, DR =
Cylindrical
4.
_ Discrete cylindrical .
5. | Lihongetal. [70] 2017 Num. | = |- Air M =1-2.5 DR=2.44
holes
Discrete cylindrical ) Re = 3.4x104,Tms = 700 K, Teec
6. | Yongetal. [71] 2017 Exp. | 7 |- Air
holes =293.3, M= 0.5-2.5.
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1.7.9 LES Studies on Film Cooling

Tyagi and Acharya [30], and Acharya et al. [29] reported that turbulence modeling
using RANS is inaccurate, especially in the wake region where the RANS model under-predicts
important turbulent flow features and flow spreading in the lateral direction and over-predicts
the flow penetration into the vertical direction. Therefore, RANS modeling over-predicts the
centreline film cooling and under-predicts the lateral spread of secondary fluid. The size of
kidney vortices is also not predicted accurately using RANS modeling.

Guo et al. [72] carried out large eddy simulations study in order to study the effect of
blowing ratio and angle of inclination. For the same blowing ratio, it was reported that the
counter-rotating vortex shifted to the downstream direction for 30" injection as compared to
90",

Ke and Wang [73] carried out large eddy simulations over the film cooling
characteristics of the cylindrical and fan-shaped hole in order to understand the vortex structure
in the cross-flow region. The simulations are performed for two different blowing ratios M =
0.5 and M = 1 and the results suggest that plenty of hairpin vortices are formed in the case of
the fan-shaped hole as compared to the cylindrical hole. Apart from that, time-frequency
analysis shows that periodicity in the case of the fan-shaped hole is weaker than the cylindrical
hole.

Schiender et al. [74] conducted a numerical study on high-pressure turbine blade
trailing edge. The study is carried out by imposing the laminar and turbulent flow conditions
in the coolant channel for two different blowing ratios M = 0.5 and 1.1. They reported that at
a low blowing ratio turbulent coolant flow shows improved film cooling performance over
laminar flow, whereas at a high blowing ratio opposite phenomena can be observed.

Shinn and Vanka [75] carried out an LES study on the flat plate film cooling with the
micro-ramp vortex generator. The micro ramp vortex generator was found to create a vortex
pair having the opposite sense to the main counter-rotating vortex and thus diminishes the
effect of jet lift-off. Eventually, film cooling was found to be better than the configuration
without the micro ramp.

Renze et al. [76] investigated jets in crossflow using LES. The investigated operating
parameters were: density ratio (DR = 1.53), blowing ratio (M = 1), and free stream Reynolds
number (Re = 4x10°). They simulated the effect of density ratio by using a high-density coolant
stream of CO, and found that flow attachment and recirculation are more sensitive to the

velocity ratio as compared to the density ratio.
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Table.1.9: Summary of Literature related LES studies.

Injection
Sr. No. Author Year Hole Shape | Surface Operating parameter’s
angles
] ¥ M =0.5and 1
1. Tyagi et al. [30] 2003 Cylindrical o=235° flat
Rems = 11000
B M =0.5t02
2. Acharya et al. [29] 2006 Cylindrical o=35° flat
DR=2
N o = 30%nd
3. Gauo et al. [72] 2006 Cylindrical 90° flat --
Fan-shaped and M=0.5and 2
4, Wang et al. [73] 2016 o o=35° flat
Cylindrical
5. Schiender et al. [74] 2010 Slot o=10° aerofoil cut back | M =0.5and
2017 Cylindrical
6. Shinn and Vanka [75] o=20° flat VR=1.414
7. Renge et al. [76] 2008 Cylindrical o =30° flat VR= 0.1 and 0.28 and Rems = 4x10°
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1.8 Gaps of Literature

Based on the study of film cooling-related literature it can be concluded that most of
the film cooling work is done either for flat surface or aerofoil shape or and impact of different
operating parameters viz. blowing ratio, density ratio mainstream Reynolds number and
turbulence intensity is evaluated. The most emphasis is given over the hole shape. By changing
hole shapes, the film cooling can be improved but there are practical limitations also. Many of
the suggested hole shapes are giving good results but are difficult to manufacture. However,

some gap from the above study is identified which are as follows:

» Most of the researchers have suggested different types of hole shapes and angles of
inclination for operating conditions. The recent study on film cooling through reverse
cylindrical holes has shown promising results to mitigate kidney vortices. However,
this is at the infantry stage which needs further exploration to understand the flow
mechanism and film cooling characteristics.

> From the literature survey, it can be concluded that most of the research on film cooling
is carried out for flat surfaces and aerofoils, however, the film cooling study on the
corrugated surface is very limited in the literature. The corrugated surfaces are
practically used in the afterburner of aero engines because of their high structural
rigidity. Hence the film cooling study on the corrugated surface needs further
exploration.

» The most of available literature on film cooling is carried out without considering the
effect of gas radiation. However, in modern fighter aircraft, the temperature of hot flue
gas in the afterburner is typically in the range of 2200K. At such a high temperature the
contribution of gas radiation is significant hence a thorough investigation is required
over the gas radiation.

> The available literature on film cooling is mainly focused on the film cooling

performance parameters such as effectiveness and heat transfer coefficient, however
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thermal stresses developed due to uneven cooling is also one of the critical inputs for

the designer of afterburner sections which is not given due attention in the literature.

1.9 Objective of the Present Work

The main objective of the present work is to design an efficient film cooling configuration
for the afterburner of the aero engine. The experimental study will be conducted on the
corrugated surface in order to validate the numerical results. The scope of work includes the

following:

» The numerical study (Large Eddy Simulations) for film cooling assessment of
cylindrical and laidback fan-shaped holes with reverse injection.

» Experimental and numerical analysis of film cooling performance of a corrugated
surface.

> Experimental and numerical study of the effect of double-row slot injection locations
on film cooling performance of a corrugated surface.

» Experimental and numerical study of the effect of forward and reverse injection on

film cooling and thermal stress distribution on a corrugated surface.

1.10 Layout of the Thesis

This thesis contains seven chapters, the First Chapter presents the backgrounds,
applications, and literature related to film cooling. Chapter 2 provides the design of the
experimental setup and methodology. The components of the experimental test facility have
been presented exhaustively along with calibration techniques. This chapter also discussed the
design and fabrication of components such as corrugated test plate, test section, various
accessories, and their mountings. Moreover, the computational methodology to investigate film
cooling with various injection configurations has been presented in this chapter. The governing
equations of mass, momentum, and energy along with the conjugate heat transfer and their
solution methods are depicted. Chapter 3 focuses on forward and reverse injection
configurations using cylindrical and shaped holes. LES is performed to access the film cooling
performance of cylindrical and shaped holes for forward and reverse injection configurations.

Chapter 4 includes the effect of injection locations on the film cooling performance of a
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corrugated surface. The experimental results are used to validate the computational model. The
suitable two-equation model for accurate prediction of corrugated surface film cooling flow
and heat is also reported. Chapter 5 focuses on finding the suitable injection configuration
using double-row slot injections on sinusoidal corrugated surface. After developing the
numerical model, flow field, and film cooling fundamentals of single injection locations, the
study has been extended for double rows slot injection on sinusoidal corrugated surface.
Chapter 6 dwells the forward and reverse injection on a corrugated surface. The previous
studies on reverse injection (Chapter 3) show encouraging performance. Therefore, the due
focus has been given to the merits of reverse injection on the sinusoidal surface Finally, the
concluding remarks for the present experimental and numerical studies are added in Chapter

7. It also incorporates future work suggestions for film cooling designers.
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CHAPTER2: METHODLOGY
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CHAPTER2

2.1 Introduction

The experimental setup designed for the present investigations of film cooling is used
to validate the numerical work for the limited range of variations in temperature ratio. The film
cooling investigations are carried out on both flat and corrugated surfaces. The mainstream is
heated whereas the secondary stream is maintained at ambient conditions. The mainstream is
heated by passing through various stages of electrical heaters and flow velocity is maintained
by a centrifugal blower while the secondary stream is drawn from the compressor tank and
passes through the air filter, pressure regulator, and mass flow controller. In the test section,
the secondary is supplied by passing through the plenum chamber. The temperature
measurement over the test plate is done by infrared thermography. The operating parameters
and the geometrical dimensions are selected such that the actual conditions of the phenomenon

cooling phenomenon after the burner of the aero engine can be replicated.
2.2 Experimental Test Facility

The experimental setup consists of a centrifugal blower, open circuit subsonic wind
tunnel, reciprocating compressor, storage tank, mainstream heating arrangement, and test
section mounted with various measuring instruments such as infrared camera, thermocouples,
pitot tube, etc. The detailed schematic layout of the experimental setup is shown in Fig.2.1.
Figure 2.1 shows the detailed description of various heaters, wind tunnel accessories, and other
components used in the present study. Wind tunnel is completely insulated with glass wool and
styrofoam as shown in Fig.2.2. The wind tunnel suction type is where one end is connected
with a centrifugal blower of capacity 1400 litter per second while the other end is open to the
ambient for suction of air. The wind tunnel flow velocity is derived by a variable speed motor

of capacity 5Hp.

The stream of coolant air is drawn from a tank that is connected to a double-stage
reciprocating compressor. The compressed air is stored in the compressor tank and before
passing through the pressure regulator the air is filtered and dehumidified. The pressure
regulator and air filter are mounted just upstream of the mass flow regulator. The pressure
regulator can be operated in the pressure range of (0-10 bar). The compressed air is then passed
through the mass flow controller. The mass flow rate of secondary air is controlled by a mass
flow controller (Make: Alicat, Model: MCR-3000SLPM-D-PAR).
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Fig. 2.1: The schematic layout of the experimental setup used in present study.
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Figure 2.3 shows the details of the mounting of the pressure regulator, air filter, and mass flow
controller. The mass flow controller flow rate range is 0-3000 SLPM with the rated accuracy

of mass flow, mass flow controller = 0.8 %, and the actual response time of 0.1 s.

Fig.2.3: (a) Mass flow controller; (b) air filter and dehumidifier system.

2.2.1 Test Section Design for the Present Study

In the present experimental study, the replaceable test section made up of acrylic is
used. It has a cross-section of 0.2x 0.2 m? and a length of 1.6 m. The total length of the test
section is divided into four replaceable sections of 0.4 m each (as shown in Fig.2.4) and there
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is provision to mount the test plate of different thicknesses. The test section also is sufficiently
long to mount the digital pitot tube and manometer downstream of the test plate. There is a
provision for mounting the Infrared camera (i.e., IR Camera) on the top of the test section for
the temperature measurement. As the mainstream is heated air and to avoid thermal losses all
sides of the test section after mounting the measuring instruments are covered with glass wool

packing (as discussed in section 2.2, Fig.2.2).

Fig.2.4: Design of the replaceable test section.

2.2.2 Plenum Design for the Present Study

In the present study, the plenum chamber is used to supply the secondary stream of cold air.
The plenum used in this study is made up of acrylic and mounted on a test plate to supply the

coolant through the cooling hole. Figure 2.5 shows the schematic layout of the plenum chamber

shown in this study.

Connect with o &
e\
Test Plate
40 mm
g
g
3
Secondary flow
inlet
O
Fig.2.5: Schematic layout of the plenum chamber.
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2.3 Test Plates Layout for Experimental Studies

2.3.1 Corrugated Test Plate (Single Injection)-Dimensions and Cooling Slot

Arrangements

Figure 2.6 shows the layout of the corrugated plate along with the specific slot
positions. The corrugated plate used in this study is the sinusoidal profile of amplitude to
wavelength ratio (a/A= 0.05), wavelength (A), and length 31. The sinusoidal profile of the
corrugated surface is generated by mathematical equations given by Maass and Suchusman

[77]. The corrugated plate is smooth 3D printed and mounted on the bottom of the test section.

P 0.81

Mainstream Outlet

Fig. 2.6: Schematic layout of the corrugated test plate and various single-injection locations.

The corrugated surface is exposed to the mainstream of heated air in the test section, and the
secondary stream of cooled air is injected over it through the slot of width (w/A = 0.02). The
slot configurations are designed by following the previous experimental work of Buns and
Stollery [17]. Figure 2.6 shows the detailed layout of the corrugated plate and various slot
locations viz. Lo, L2s, Lso, and L7s. Various slot locations are measured with reference to the
peak of the first corrugation in the direction of mainstream flow, and labels with slot locations
indicate the distance from the first corrugation. To supply the secondary stream of coolant air
the bottom of the corrugated plate is attached to the plenum chamber. The mainstream and
secondary stream temperatures are measured with thermocouples, whereas the corrugated

surface is measured with infrared thermography techniques.
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2.3.2 Corrugated Test Plate (Double Injection)-Dimensions and Cooling Slot

Arrangements
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Fig.2.7: Schematic layout of the corrugated test plate and various double-injection.
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The present double-row slot study uses a corrugated test plate of a sinusoidal profile,
and the profile is generated by the expression given by Maass and Suchusman [77]. The
corrugated plate used in this study is the sinusoidal profile of amplitude to wavelength ratio
(a/A=0.05), wavelength (1), and length 3\ (Fig.2.7). The corrugated plate is smooth 3D printed
and mounted on the bottom of the test section. The corrugated surface is exposed to the
mainstream of heated air in the test section, and the secondary stream of cooled air is injected
over it through the slot of width (w/A = 0.02). The slot configurations are designed by following
the previous experimental work of [17]. The present study considers double slot injection
locations in one wavelength. Figure 2.7 shows the detailed layout of the corrugated plate and
various slot locations viz. Lo, Las, Lso, and Lzs.Various slot locations on the test plate, were
measured with reference to the peak of the first corrugation in the direction of mainstream flow.
The level with the slot indicates the distance from the first peak of the first corrugation. The
various double slot-row injection considered in this study are, (Lo-L2s), (Lo-Lso), (Lo-L7s), (L2s-
Lso), (Lo2s-L7s), and (Lso-L7s). In the present case, all the measurements are performed
downstream to the first hole (i.e., from Lo for Lo-L2s).

2.3.3 Corrugated Test Plate (Reverse Injection)-Dimensions and Cooling Hole

Arrangements

Figure 2.8 shows the detailed layout of the cooling hole and test plate arrangement for
forward and reverse injection with cylindrical holes. The test plate is corrugated profile,
followed by the mathematical expression of Maass and Suchusman [77]. The corrugated plate
used in the present study is the sinusoidal profile of amplitude to wavelength ratio (a/A= 0.05),
wavelength (1), and length 3, as shown. The corrugated plate is smooth 3D printed and made
of low thermally conductive material PA12 (Nylon 12). The positions of rows are measured
from the peak of the first corrugation in the mainstream flow direction. Three rows of holes
(R1, Rz, and Rg3) are placed at 0.45X, 0.75X, and 0.125X from the peak of the first corrugation
respectively. The holes are placed at a constant pitch of 3D in the lateral direction and holes
are inclined at 45° with the mainstream flow direction. In the case of forward injection, the
axial component of the secondary is along the mainstream. However, reverse injection is the

axial component of secondary stream velocity opposite to mainstream flow.
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Fig.2.8: Schematic layout of the corrugated plate for forward and reverse injection locations.

2.4 Measurement Techniques

The velocity of the mainstream is measured with a pitot static tube. The accuracy of the
pitot tube is = 0.3%. The mainstream is heated air while the secondary is coolant and both
temperatures are measured with the T-type thermocouples (Maker: OMEGA). The
thermocouples used in the present measurement are calibrated with boiling water with an
uncertainty of £ 0.5°C. The FLAIR IR Camera A325 with a temperature range of -20 to 350°C
(Pitch 25um) is used for surface temperature measurements. The resolution of the camera is

320%240 pixels, the frame range is 60 Hz, and the dictator pitch is 25um. The accuracy of the
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camerais £ 2°C or £ 2% of the reading. It uses the uncooled Microbolometer and spectral range
of 7.5 — 13.0 um to detect the infrared radiations. The research IR Software is integrated with
the system which provides this facility for video recording. The detailed instrumental
uncertainty is summarized in Table.2.1.

2.4.1 Calibration of IR Camera

An Infrared camera is an image-capturing device that images infrared radiation emitted
from an object. The cameras show contour images based on their surface emissivity and
temperature. Emissivity is one of the most important parameters that need to be specified for
any measurement. The surface emissivity is maintained with the help of a black painted cubical
box of cooper sheet of size 150x150x150mm?3(Fig.2.9 (b)).

]

Fig. 2.9: (a) infrared camera (IR Camera); (b) calibration tank of copper; (c) data acquisition system
(DAQ).

This tank is fitted with a resistance heater of 1500W capacity. One side of the cubical box is

painted with matt finish black paint while the other sides remain unpainted. The tank is filled

with water, and heated upto the boiling point long enough and then the heater is switched off

and the boiled water is allowed to cool to the room.
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The surface temperature is measured by “T” type thermocouple and the emissivity is adjusted
till the thermocouple and IR camera readings are equalized. The average value of the emissivity
is observed to be 0.95. Figure 2.10 shows the details of the calibration plot for both the infrared
camera and the thermocouple. Figure 2.10 shows that both IR camera and thermocouple
readings are nearly the same during the initial cooling periods of 1000 sec however a small
deviation can be observed after 2000sec which is less than 1°C. The test plate of the test section
whose temperature is to be measured using the infrared camera was also with the same black
paint coating so that its emissivity is the same as that of the calibrated surface, hence the same

emissivity can it can be further used for the temperature measurement.
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Fig.2.10: Calibration of infrared camera with the thermocouple.

Table 2.1: Uncertainty data of various instruments.

SN. Measured quantity Uncertainty
1.  Temperature measurement with IR Camera +1°C
2.  Temperature measurement with Thermocouple +0.5°C
3. Pitot Tube +0.3%
4.  Mass flow controller +0.8%
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2.5 Measurement Procedure

The mainstream flow is switched on with various heaters to reach the desired
temperature limit and thereafter, the secondary stream is injected into the test section through
the plenum chamber. The mainstream and secondary stream temperature is measured using
both thermocouples and the surface temperature is measured with IR camera. The
thermocouples are arranged on all sides of the test section for mainstream the upstream of the
injection hole. The secondary stream thermocouple is located just below the test plate near the
secondary stream injection location. The data acquisition system is connected with a
thermocouple and switched on well before the mainstream flow and data collection. In the
present experimental study, the steady state is reached after a certain time and thereafter the
data collection is performed for the parameters. The steady state is referred as the condition

where statistical differences in the measured quantities are negligible with respect to time.
2.6 Uncertainty Analysis

In the present study, the uncertainty analysis is done in order to assess the confidence

level in the experiment followed by Moffat [78].
2.6.1 Uncertainty Analysis of Film Cooling Effectiveness

In the present study test plate is made up of acrylic and the face exposed to the ambient
is covered with glass wool and styrofoam. The thermal conductivity of plate material is very
less as well as covered with insulating materials and it can be treated as an adiabatic wall. The
expression for calculating the film cooling effectiveness is given as:

Tms—Tw
n=-——" (2.1)

Tms_Tsec

where, Tms is the temperature of heated mainstream, Tsec is Secondary stream temperatures and
Tw is the wall temperature. The uncertainty in film cooling effectiveness can be calculated in

terms of temperature as given in the equation below:

a 2 a 2 b 2
- J (—aTS”eC ATgec) + (aT—leATms) + (ﬁATw) (2.2)
The Eq. (2.2) can be further written as:
o (B g (H) (o 23)
n Tsec Tsec Tw
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A total of 30 sets of data are recorded for this analysis, and the temperature of the secondary
fluid and mainstream fluid was measured at a point whereas the surface temperature of the test
plate was recorded using an IR camera up to a downstream distance of X/D = 10. For a sample
case of mainstream temperatures (59.4°C) and secondary stream temperature (29.6°C) for 30
sample data, at 95 percent confidence level the overall uncertainty for effectiveness is reported

as +12%.
Uncertainty Analysis of Blowing Ratio
The blowing ratio (M) can be defined as:

(oV)
= o 24)

where, (pU)sec and (pU)ms are mass fluxes of mainstream and secondary streams respectively.
The mass flux of secondary steam can be expressed in terms of mass flow rate () and hole

cross-sectional area (Ac) as:

m

(PU)sec = TA, (2.5)
The mainstream flow density pms can be calculated as:
P
— 2.6
Pms = g — (2.6)

where, P is atmospheric pressure, R is gas constant for air, R= 8.314 J/ (mol K). The velocity
of mainstream air is calculated from the measurement of differential pressure using Eq. (2.7):

, 29pwH
Uns = Koy % (2-7)

Where, K.y is the average probe constant, Kay =0.9926, g is the acceleration due to gravity, g =
9.81 m/s?, pw indicates the density of water, and H indicates pressure differential measured by

Pitot-static probe.

The uncertainty in the blowing ratio can be calculated as:

2

AM = J(g_gm)z (20a.) +2(Lan) +2(2 ar,) 2.8)

For 95% confidence level and 30 data (with a coverage factor of 2.04) the overall uncertainty

in the blowing ratio is observed as 3.1%.

53
TH-3231_186103109



2.7 Comparison of Measurement Techniques

To compare the experimental setup and methodology the results are compared with
Sinha et al. [56]. Infrared thermography is used for temperature measurement on test plates

however for measurements pre-calibrated thermocouples are also used.
2.7.1 Comparison of Infrared Thermography Measurement with Thermocouple

The experiments are conducted on a flat plate made up of acrylic. The experiments are
conducted for blowing ratio (M= 0.5, 1) and without heated mainstream. The coolant hole
diameter (D = 12.7mm), and five thermocouple positions are mounted as given in the Table
2.2. Figure 2.11 (a) shows the experimental results without heated mainstream, and the results
clearly show that both an infrared camera and thermocouple measurement show and close

agreement with a maximum deviation of 1° C.

Table.2.2 Thermocouple positions on a flat plate.

Position (Downstream of

S.N. Thermocouple )
Hole in mm)
1. A )
2. B 15
N C 27
4, D 42
5, E 57

Figure 2.11(b) demonstrates the blowing ratio (M=0.5), and it can be observed that both an
infrared camera and thermocouple measurement show close agreement close to the hole, and
further downstream a maximum deviation of 2°C can be observed. Similarly moving to the
higher blowing ratio (M= 1) a maximum deviation of 2.1°C can be seen from the thermocouple,
(Fig.2.11(c)).

54
TH-3231_186103109



[ —————— IR Cmarea
35 F @ Thermocople
—~ [
S
—~30+-& & _ ¢ ___. e .. $
@ i
= B
w 25
S L
“g’_ o0 L Flow (Without Heat Transfer), U, =20m/s, T, =302K
o5} [
— r
15 F
10:AAAIAAAAIAAAAIAAAAIAAAAI

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Downstream of Hole (m)

(@)
60 60
[ ee=me= === Infrared Camera [ —_————— Infrared Camera

55 [ ° Thermocouple 55 o Thermocuple
G| o _ | e T
[«B] E ()] L -
5 o -m- S . /Q
5 65r . N ) [ s 45 4
8 f P ) a8 Q/ M=1,DR=1.095, Ta:=302K,Un,s=20m/s
E 40 & £ 40
[ M=0.5,DR=1.095, T5e:=302K,Up,g=20m/s - r

35 35

30:....I....I....I....I....I.... 30:.n..ln..nln...l....l....l....

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06
Downstream of Hole (m) Downstream of Hole (m)
(b) ©

Fig.2.11: Comparison of infrared camera measurement with thermocouple (a) blowing ratio
(M=1) flow only; (b) blowing ratio (M =0.5); (c) blowing ratio (M =1).

2.7.2 Comparison of Present Study with Previous Experiments

Figure 2.12 shows the centreline effectiveness plot for the blowing ratios 0.25 and 1,
and it can be observed that the present experimental results show close agreement with the
experimental reference (as discussed in Table.2.3). Moreover, the local lateral effectiveness at
M=0.5 also follow the trends of Sinha et al. [56], as shown in Fig.2.12(c). Hence it can be

concluded the present experimental methods can be adopted for further investigations.
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Fig.2.12: Comparison of present experiments for (a) centreline effectiveness (M=0.25); (b)

centreline effectiveness (M= 1); (c) local lateral effectiveness at (M=0.5).

Table.2.3: Parameters considered for comparison with the experimental reference [56].

Parameters Present Experimental Sinha et al. [56]
D(mm) 12.7 12.7
L/D 1.75 1.75
Injection Angle 35° 35°
Density Ratio 1.09 1.19
Vms (m/s) 20 20

Blowing Ratio, M 0.25,05,1.0 0.25,05,1.0
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2.8 Backgrounds of Numerical Methods

The main objective of numerical investigations is to carry out the parametric study, and
optimization of film cooling design variables. In case of afterburner and turbine blades the
exhaust, stream temperature is as high as 2000K, and to ensure the film cooling of such
components a secondary stream relatively at a lower temperature is injected. It is hard to obtain
such a high temperature along with the flow in a laboratory experimental condition. Therefore,
the experimental studies are conducted for a limited temperature range and used to validate the
numerical models. The numerical operating conditions are close to the actual operating
conditions of the afterburners of aero-engines. For the further parametric study, it is extended
for a wide range of operating parameters. The selection of a suitable turbulence model for
simulation is a critical task. The selection of a suitable turbulence model is based on the flow
features and accuracy required. The previous numerical studies exhaustively discussed
turbulence models. Various injection configurations are modeled using, Reynolds Average
Navier Stokes (RANS) and Large Eddy Simulations (LES) turbulence models. This section
also discusses the governing equations, grid topology, and solution procedure. The numerical
results obtained from the simulation are presented for comparison. The film cooling studies
with reverse configuration are the recent trend in film cooling, which shows promising results
to mitigate kidney vortices. However, it is missing in previous literature for shaped holes.
Therefore, the first the Large Eddy Simulations (LES) studies on film cooling of forward and
reverse configuration on a flat plate is presented. Thereafter, the numerical studies on the
corrugated surface are presented.

2.9 Computational Domain

The computational domains are critical components of the numerical formulation. The
present study is on film cooling. It provides a mathematical representation of geometry as well
as the physical understanding of the problem. The present study investigates various injection
configurations with a wide range of operating parameters. The numerical results are presented
to highlight the effect of various operating parameters such as blowing ratio, density ratio, and
operating pressure. Apart from that the effect of injection configuration such as injection

location and reverse injection are also incorporated.
2.9.1 Forward and Reverse Injection with Shaped Hole

In order to understand the film cooling characteristics with forward and reverse hole, a

numerical investigation has been carried out for cylindrical and shaped holes. The behaviour
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of film cooling and vortex formation in the flow field has been evaluated by using an LES

study. Figure 2.13, and 2.14 shows the systematic layout of the computational domains

addressed in the present study.
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Fig.2.13: Three-dimensional domain of film cooling over the flat surface along with

boundary conditions: Forward and reverse cylindrical hole.

In order to protect the surface from the detrimental effect of hot mainstream flow conditions, a

secondary stream relatively at a lower temperature is injected at 35° with different hole
configurations viz: (i) Forward cylindrical hole (FCH); (ii) Reverse cylindrical hole (RCH);
(iii) Forward shaped hole (FSH); (iv) Reverse shaped hole (RSH). The secondary stream of air

is supplied to the hole via the plenum chamber of dimensions 5Dx5Dx5D. The film cooling
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performance is evaluated over the flat surface for the length of 30D where D is the diameter of
the hole, considered as 1 mm [31]. The hole position is fixed at a distance of 10D from
mainstream inlet, for both forward and reverse injection configurations. However, reverse
injection configuration is positioned in such a way that the axial component of secondary
stream flow is opposite to mainstream flow. The design parameters for shaped hole is taken

from previous works of Saumweber et al.[35].

7 Position of hole
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Fig.2.14: Three-dimensional domain of film cooling over the flat surface along with

boundary conditions: Forward and reverse cylindrical hole.

2.9.2 Single Slot Injection Locations Study on the Corrugated Surface

The computational domain addressed in the present study is two-dimensional as shown
in Fig.2.15. The length and height of the computational domain are 4\ and 2A respectively,
where A is the wavelength of the corrugated surface. The mainstream of heated air and

secondary stream of coolant air enters through the mainstream and secondary stream inlet.
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The secondary stream of air is supplied via the plenum chamber, as shown in Fig. 2.15.
The secondary air is well mixed in the plenum chamber before the slot injection. To study the
flow characteristics and their effect on film cooling and thermal loading, the slot locations were
also varied. The present study considers three amplitude-to-wavelength ratios (a/A = 0.05,
0.075, 0.1), and four different slot locations (Lo, L2s, Lso, and L7s), as shown in Fig. 2.15.
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< < >
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—>
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Y
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Fig.2.15: Schematic layout of the computational domain and various single slot injection
locations.

2.9.3 Double-Row Slot Locations Study on the Corrugated Surface
Fig.2.16 shows the schematic of the computational domain used in the present
numerical study. The computational domain is a two-dimensional domain that consists of a

mainstream inlet, secondary stream inlet, pressure outlet, plenum chamber, and corrugated
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wall. The length and height of the domain are 41 and 2, where A indicates the wavelength of

the corrugated surface.
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e B _ —1 >
k! 7 Corrugated Plate
' \\ 450 .'\\
g /_ g \ 4

244 |
J 1]

Plenum Chamber Secondary Flow
Fig.2.16: Schematic layout of the computational domain used in double slot injection study.

The mainstream is a heated stream of air whereas the secondary stream is a relatively cold
stream of air. The secondary steam of air is mixed uniformly in the plenum chamber before
being supplied to the corrugated wall. In order to investigate the effect of various injection
locations of double slot, various double injection combinations viz., (Lo-L2s), (Lo-Lso), (Lo-
L75), (L2s-Lso), (L2s-L7s), and (Lso-L7s) were considered.

2.9.4 Forward and Reverse Injection Study on the Corrugated Surface

A three-dimensional domain is used for present numerical investigations, as shown in
Fig.2.17. It consists of various inlets and outlet boundaries, side walls, plenum walls, and
corrugated wall. The length, width, and height of the domain are 4i, 21 and 2\ where A
indicates the wavelength of the corrugation profile. The mainstream is heated air injected
passing over sinusoidal corrugated surface, and two protect it coolants are injected through
three rows (R1, Rz, and R3) holes. The holes are placed at the uniform lateral pitch of 3D, where
D is the cylindrical hole diameter. Figure 2.17 clearly shows the specific positions of holes
measured from the peak of the first corrugation in the direction of mainstream flow. The coolant
holes are cylindrical and inclined at 45° with the mainstream flow direction. In case of reverse

injection, the axial component of secondary stream velocity is opposite to mainstream flow.
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2.10 Governing Equation and Numerical Modeling

The steady-state form of Reynolds-averaged conservation equations of mass

momentum and energy for two-dimensional turbulent flows are given as:

9(pu;) _

ox 0 (2.9)
Olpuupy _ _op 9 [ (0w  9())

( 0Xj )_ 6Xj+axj [u(axi + axl) uu ] (2.10)
opujT _ 0 (KT _ ~ 7

ox;  0X; (Pr axX; pU'yT ) (2.11)

where, u and u’ denotes the mean and fluctuating velocity components, p is pressure, p is
density, T is temperature, x is the dynamic fluid viscosity, X is coordinate, and the subscripts
i and j denote the directions used in the cartesian coordinates system. The pu,u’, u’; is known as

the Reynolds stress tensor. The Boussinesq approximation is assumed to calculate the Reynolds

stress term as:
s ou | du\ 2
—puju = ,ut( - ]) 5Pk (2.12)

The term C,u’,T" represents the specific turbulence heat fluxes. the specific turbulence heat

fluxes flux term is computed using the eddy diffusivity model as:

T Me 0T
pT'u = " P ox; (2.13)

where, Pr: is a turbulent Prandtl number. In order to calculate the turbulent viscosity, the

turbulent quantities such as k- € and k-o are used to get velocity and length scale, vk is used

; i . 3/2 1/2
as a velocity scale in both k-¢ and k-® models, while RT and kT are used to represent the

turbulent length scales in k-¢ and k-® models respectively, using the mixing length hypothesis
to determine the eddy viscosity.
The heat condition in the solid domain is calculated by solving the following equation for the

corrugated plate, which is considered solid [79].

d oT
a_)(j(,{s a_X]) ~0 (2.14)
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2.10.1 Standard k— ¢ Model

The standard k-¢ model, is a semi-empirical model that assumes that the flow is
completely turbulent and that the impacts of molecular viscosity are minimal. The conventional
k-g gives the turbulent viscosity calculated as:

C, k>
e == (2.15)

&

where the term C is a constant and € represents turbulent diffusivity.

The transport equation for k, Eqn. (2.16) is derived from the exact equation using the
Boussinesq hypothesis whereas the transportation equation for €, Eqn. (2.17) is obtained using
the physical understanding:

ad ad ok

a—XL(pulk) = 6_x] [(,u + g—;)a—xj + Gk — PE (216)
0 0 d 2

ox; (PUiE) = ox; [(H + ﬁ—:) a_;] + C1eGrep = Cocp (2.17)

where, the terms ok and o represents the Prandtl number for turbulent kinetic energy and
dissipation rate respectively, whereas Gk represents the turbulence Kkinetic energy generation.

The various model constants of the equations are C1. =1.44, C»;=1.92, C;=0.09, ck=1.0, 6:=1.3.

2.10.2 RNG k—& Model

A rigorous statistical method, commonly known as renormalization group theory was
used to determine the RNG model [80]. The approach is similar to the Standard k— € model for
the k transport equations, however the transport equation for ¢ is refined for high speed and
swirl flow. Additionally, the RNG model solves an equation of turbulent Prandtl numbers,
while the standard k— ¢ turbulence model uses user-defined, constant values. The transport

equation for € is expressed as:

9 9 a s £
6_Xi(pui£) = 6_X] [asﬂeff 0_;]] + Clsin - CZsp% (2-18)

Where, the term Gk represents the turbulence kinetic generation due to the mean velocity
gradients, quantities ax, and o, are the inverse effective Prandtl numbers for k and e,
respectively. Cocthe term has C,.* term of standard k-& model and additional term which varies
with the strain rate. renormalization group theory models the turbulent viscosity term for low-

speed flow as:

Pk _ A
d (ﬁ) =172 =L—ap (2.19)
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A~ 2%
where, © = L
u

The model constants are Ci; =1.42, C»:=1.68, C,=0.0845, Cy ~ 10.

2.10.3 Realizable k—¢ Model

The recent advancement in k—€ Model is known as the realizable k—e Model, Shih et
al.[81], it is a relatively new development in which an additional equation is incorporated for
turbulence dissipation modeling. It also presents a new formulation for turbulent viscosity. In
standard k—e, RNG k—¢ Models Cy, is treated as constant which yields negative shear strain,
particularly at higher strain flow. Apart from that Schwarz inequality was also violated. To
ensure a reliable solution and positive shear strain the C, is modeled in terms of dissipation
rate, Kinetic energy and strain rate, and angular velocity of the system. These model
modifications enable to capture of flows involving rotation, pressure gradients, separation, and
recirculation of boundary layers under strong adverse. The transport equations for modeling

the k and ¢ are:

d _ 0 ue\ 9e _ &2
ox; (pujs) =% (,u + —Gg) ox; + pCiSe — pC, P (2.20)
= n _ck —
where,C; = max [0.43,n+5],n = S;,S = /25;;Si; (2.21)

The model constants used in this model are C2 = 1.9, ok= 1.0, ce = 1.2.

2.10.4 Standard k—e» Model

The standard k- model is based on the Wilcox k-o model [82], which incorporates
modifications for low-Reynolds-number, compressibility, and shear flow spreading effects.

Turbulent viscosity, pt in the standard k—o model is expressed as:
u = a2t (2.22)

Like k— models the k—® model is also a two equations turbulence model. The transport

equations for k and o are given as:

g =9 He) Ok
ax; Puik) = ox; (” + ak) ox;| T Gk (2.23)
g =2 He) 0
ax, (PUiw) = 0% [(“ + om) ax,-] +Go (2.24)

where Gk and G, indicate turbulent kinetic and specific dissipation generation respectively.
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2.10.5 Shear Stress Transport (SST) k—o Model

The shear-stress transport (SST) k—o model was developed by Menter [83], to improve
an accurate formulation of the k—» model. It uses the advantage of both k—& and k—» models.
Near the wall region, it acts like the k—» model, and further away from the wall, it switches to

the k—e model. Transport equations for the SST k—w model are given below:

g =2 Be) Ok | | &

6_Xi(puik) T ox; (M + ak) oX + G (2.25)
g S #r) 9o

ox, (Piw) = o, [(u + %) axj] +G, + D, (2.26)

where Gk indicates turbulent kinetic energy generation due to mean velocity gradients, D, are

cross diffusion term and Gy is the generation of ®.
2.10.6 Large Eddy Simulations (LES) Modeling
In the case of the Large Eddy Simulations (LES), the governing equations are obtained

by following filtering operations:

PXi,t) = f<p(Xi’,t)G(|Xi — X!ax;} (2.27)
A

where the term @ (X;,t)and G represent arbitrary resolved quantity and the filter function
respectively. In the present study, the top-hat filter is considered a filtering function. The 3D
non-uniform grids are used and the filter width 4 is taken as the cube root of cell volume as
follows [84]:

A = (AXAYAZ)Y/3 (2.28)
To account for the variations in the density with the temperature changes, the Favre Averaging

is used as follows:

P, t) = @ (2.29)

The instantaneous variable ¢ (X;, t) can be written in terms of resolved and unresolved
pXi,t) = §Xi,t) + 9" (X, 1) (2.30)

where the term @(X;, t), and ¢" (X;, t) represents the resolved (filtered) and un-resolved (sub-

grid scale) components respectively.
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Flow is assumed to be turbulent and Large eddy simulations (LES) are used for
modeling. The filtered governing equations, viz. continuity, momentum, and energy equations

for the flow are given in Eqgns.(2.31-2.33), as referred in literature [85].

op , opi; _ )t
apu; , 0(pUil;)) _ 9p ] ow; | 0h; 2 9my Muiuj ) 3
ot o~ om T ox MGy, tax) ~3kax, dul T 5, (2.32)
5C, L+ pC,m 2L = 2 (Kp ATy Ou (2.39
PEp e T PUrtigy = ox, Upr ax; ax; .

Here, the term u, p, T, and A indicates velocity, pressure, temperature, and stress tensor
respectively where bar terms, @ indicates the resolved (filtered) velocity, and the tilde over the
term, i indicates Favre averaged quantity. The Favre averaging is used to account for the

variations in the density with temperature changes. The density of air is calculated by using the
ideal gas equations. The unknown terms like sub-grid stress tensor ('Ehiu,- ) and sub-grid scale

heat flux (/TuiT) in Eqgns. (2.32) and (2.33) respectively, are computed by, the sub-grid scale
(SGS) model.

The SGS viscosity using the eddy viscosity hypothesis can be expressed as:

a3
Ay, = —2Us6sSij + gkscs5ij (2.34)

where, §ij is called filtered strain rate tensor which is expressed as follows:

.1 [a_ﬁ + @] (2.35)

Uoo2lox; 0 ax;

The eddy viscosity term in Eqn. (2.34) can be calculated by using the one equation eddy-

viscosity model “as follows [86]:

Usgs = Ck(kscs)l/ZA (2.36)

where the turbulent kinetic energy (Kscs) can be expressed as [87]:
kses = 5 (@ — W) (2.37)

The comprehensive LES study suggested that one equation eddy-viscosity model shows a

better prediction near the wall hence it is considered for the present study [88].To compute
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kscs, the present approach (one equation eddy-viscosity model) solves an additional transport

equation:
dksgs | OUjksgs _ 0 (ﬁ akscs) _ w; . (ksgs)®/? (2.38)
at an an Ok an Ui an € A '

The model constants Ck = 0.094, Ce = 0.916, and ok = 1.048 are taken from reference [89].

The SGS heat flux, z\JiT in equation (2.33) is calculated based on the simple gradient diffusion

hypothesis.
T _ —Hsgs 0T
Ayr = . 9% (2.39)

2.11 Material Properties

2.11.1 Fluid Properties

Air is used as a working fluid for both the mainstream and the secondary stream. The
temperature difference in the region is very large so the variation in the physical properties of
air with temperature is considered in the present study. Air is assumed to be incompressible
which means that the density of air depends on the local fluid temperature and operating
pressure in the physical domain. A fourth-order polynomial as suggested in reference [48], is
used for the thermal conductivity, specific heat, and dynamic viscosity. All the properties are
valid in the temperature range of 100 K - 2300 K. The temperature-dependent properties are
given in Eqns. (2.40-2.42) as:

Specific heat, (Cp) J/kg.K
Cp = (9.0813 x 107'1)T* — (4.8066 x 10~7)T3 + (8.073 x 10~*)T? — 0.32136T + 1.0450 x 103

(2.40)

Dynamic viscosity (), Pa.s
pu = (1.7020 X 10~ *)T3 — (4.0405 x 10~1)T? + 6.8539 X 1078T + 1.0616 x 107° (2.41)
Thermal conductivity (Kw), W/m.K

ken = (7.9957 xx 10712)T3 — (2.4013 x 1078)T2 + (8.3047 x 1075)T + (2.8822 x 10~3)
(2.42)
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2.11.2 Nickle Superalloy Properties (IN738LC)

Nickel-based alloy (IN738LC) is a commonly used material for manufacturing turbine
blades, the liner of afterburners, and combustion chambers. It can bear excessive temperature
as well as high creep-rupture strength and hot corrosion resistance. Therefore, in the present
study, IN738 (density 8110kg/m3) is considered as test plate material. The variation of specific
heat and thermal conductivity with temperature are considered by feeding fourth-order
polynomials for the data given by Kermanpur et al. [90], which is valid in the temperature
range 298-1773 K.

Thermal conductivity (kp), W/m.K

k, = (1.345 x 107 T* + (—4.844 x 1078)T3 + (6.578 X 107°)T? 4 (2.6371072)T* +
(1.363 x 107 1) (2.43)

Specific heat, (Cp) J/kg.K

Cp = (—2.994 x 10719)T* + (8.038 x 10~7)T3 + (=3.934 x 10™*) + (—1.281 X
10"2)T! + (4.712 x 1072) (2.44)

2.12 Boundary Conditions

In the present numerical study, the computational domain consists of various
boundaries, the mainstream and secondary stream inlet, are assigned velocity inlets where flow
velocity, turbulence intensity, and temperature are specified. The numerical values of velocity
and temperature correspond to the parameter sets of the various cases being computed (i.e.,
density ratio, blowing ratio, and Reynolds number). The outlet is assigned as a pressure outlet
boundary with zero-gauge pressure. The values of velocity and temperature at mainstream and
secondary stream inlets correspond to the parameter sets of the cases being computed, i.e.,
density ratio, Reynolds number, blowing ratio, etc. The corrugated test plate wall is assumed

to be conjugate.

However, for the LES study on a flat surface, the inlet of the mainstream and plenum
is assigned to be a time-invariant turbulent velocity profile obtained from the RANS study of
channel flow. The outlet of the domain is assumed to be the pressure exit with zero-gauge
pressure. The side walls in the lateral direction of the mainstream flow of the flow field are
considered as the periodic boundary. All other walls in the domain are assigned as the no-slip
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adiabatic condition. The plenum chamber is provided to obtain the actual experimental

conditions of the coolant supply [91].
2.13 Numerical Schemes

For numerical studies on corrugated walls, use a Finite Volume solver, ANSYS
FLUENT v20.0 [92] to solve governing equations of mass, momentum, and energy. The
conservation equations terms are discretized with second-order accurate schemes, and the
SIMPLE algorithm [93] is used for coupling of pressure and velocity. The convergence criteria
for mass and momentum energy are defined as 10" and 10°® respectively.

In the case of large eddy simulations, the study is carried out and the filtered equations
of continuity, momentum, and energy are solved by finite volume method-based CFD source
codes (OpenFOAM 5.0 and Greenshields [94]). The convective and diffusive fluxes are
calculated by a second-order accurate central differencing scheme. The temporal term in
governing equations discretized by the backward scheme is second-order accurate. The
solution is considered to be converged when the residuals of continuity, velocity, turbulence
quantities, and energy fall below 10°®. In order to accurately capture the cross-flow physics, the
time step is selected based on the Courant—Friedrichs—Lewy (CFL) number, CFL = 0.8
according to the guidelines of Acharya and Leedom [95]. The PIMPLE algorithm is used for
pressure and velocity coupling.

2.14 Grid Independence Study

The mesh pattern is the foundation of the numerical discretization of governing
equations. The computational accuracy is significantly affected by mesh size and mesh quality
[96]. This section presents the grid topology design and selection of optimum grid size for

numerical studies. a non-uniform structured grid is designed using ANSYS FLUENT ICEM.
2.14.1 Grid Topology for Forward and Reverse Injection on the Flat Surface

To ensure the computational accuracy in LES, all the computational domains were
discretized by structural hexahedral cells as shown in Fig.2.18 (a)-(d). The grid used for the
numerical study of all four domains shows nearly similar topology, the only number of grid
points is slightly different from each other. As the turbulent length scale is highly mesh-
sensitive for LES-based computation [97,98], a careful design of the computational grid is a

prerequisite. The grid is highly refined near the wall regions and secondary flow exits.
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Table.2.4: LES grid refinement comparison with previous studies.

Authors

Non-dimensional grid
refinement parameters

Non-dimensional grid
refinement parameters (Present
LES study)

1 Jiang et al. [99]

AX* <90; AY"=0.24; AZ*
=161.8

Georgiadis et al.

50<AZ* <150; AY" < 1; 15<

[103]

[100] AZ* <40
Johnson and Shyam ol ——
3 et al. [101] AX'~35: AY" < 1: AZ"~16
Pachpute and o . =
4 Premachandran éé( [ 1SR <
[102]
5 Babu and Sarkar AXT=50; AY = 1; AZ* =

20

AX*<60; AY*<1; AZ* <60

where AX*, AY" and AZ* represent
the non-dimensional grid spacing
near the wall in the direction

tangent to the wall, normal to the

wall, and spanwise respectively.

The minimum size of the grid for all computational domains in the direction normal to the wall
is 5x10° (normalized by Lret= 40D, where D = 10 m). For the present LES study, the grid
topology is carefully designed to ensure computational accuracy.

The recent LES study of Georgiadis et al. [100] recommends the wall-resolved LES
rather than the grid convergence study due to the basic nature of LES. However, in our present
study, the basic criteria for grid selection are the total number of cells as well as the non-
dimensional grid refinement parameters, followed by the previous LES studies which are
shown in Table. 2.4. The mesh is well-refined near the walls and critical zones. Therefore, the
grid density in the domain is characterized by: AX" < 60, AY* < 1, and 4Z* < 60 where AX",
AY* and AZ* represent the non-dimensional grid spacing near the wall in the direction tangent
to the wall, normal to the wall, and spanwise respectively, followed by previous LES literature
[100-105]. The grid resolution near the wall surface for different holes viz: FC, RC, FS, and
RS can be described in terms of non-dimensional ratios, AX/Lret <0.0017 and AY/Lrer <0.0065.
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2.14.2 Grid Topology for Single-Slot Injection Location on the Corrugated Surface

In the present study, the governing equations are discretized using non-uniform
structure grids. Fig.2.19 shows the typical layout of the meshing technique used in this study.
The figure shows that the grids are well-refined near the walls and cross-flow mixing regions.
The wall regions are well refined to capture the boundary layer physics accurately and for that,
the non-dimensional grid spacing (AY™) is maintained below 1 whereas (AX") is maintained
below 34. The grid refinement factor is maintained greater than 1.3, followed by [106]. To
obtain the numerically grid-independent solution, the three different grids (i.e., 75132 nodes
(Grid-1),125828 nodes (Grid-2), and 192108 nodes (Grid-3) are selected and the centreline
effectiveness is compared. Figure 2.20 shows the comparison of centreline effectiveness for
injection location, Lo at blowing ratio (M= 1 and density ratio (DR= 1.095). From Fig.2.19, it
can be observed that all three grids (Grid-1, Grid-2, and Grid-3) show close agreement near the
injection locations upto X/A= 0.12; after that, the deviations can be observed between Grid-1
and Grid-2. Moreover, the predictions of Grid-2 and Grid-3 are in consensus. The maximum
variation in the predictions of Grid-2 and Grid-3 is £ 1.95% (between X/A= 0 to1). Finally, the
optimum grid size (Grid-2) is selected for further investigations considering a balanced
approach between accuracy and computational resources.
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(b)

(d)

Fig.2.18: Typical mesh for 3D computational domain: (a) forward cylindrical hole (FCH); (b) reverse hole (RCH); (c) forward

shaped hole (FSH); (d) reverse shaped hole (RCH).
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2.14.3 Grid Topology for Double-Slot Injection Location on the Corrugated Surface

To resolve the boundary layer physics, the grids are highly refined near the solid walls,

as shown in Fig.2.21. Moreover, the grids are also refined in the region where both mainstream

and secondary streams cross flow. The grid resolution near the regions of the solid wall is

specially built to keep the non-dimensional wall coordinate (AY™) less than unity. Three
different grids (i.e., 147902 nodes (Grid-1), 205401 nodes (Grid-2), and 261941 nodes (Grid-

3)) are chosen to conduct the grid sensitivity test.
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Fig.2.21: Typical mesh for double slot single location.

The mesh refinement factor is 1.4. The slot film cooling effectiveness downstream of holes is

analysed for selected grids. Figure 2.22 shows the comparison of slot effectiveness for injection
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location Lo-Lo2s at blowing ratio (M=1), and density ratio (1.095). Figure 2.22 clearly shows
that all three selected grids show close agreement for the slot effectiveness, and Grid-2 and
Grid-3 show concurrency with a maximum deviation of 0.25%. Therefore, the grid setup of
Grid-2 was finally adopted for further study by comprehensively considering the computational

cost and accu racy.
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Fig.2.22: Grid dependence test for double slot single location.

2.14.4 Grid Topology for Forward and Reverse Injection on the Corrugated Surface
The computational study is highly sensitive to the grid topology; therefore, the grids
are carefully designed, and focus is given while refining grids in critical areas. This study uses
non- non-uniform structured hexahedral grid, as shown in Fig.2.23. In the near-wall region and
cross-flow region, the mesh is highly refined to accurately capture important parameters such
as the steep gradients of pressure, velocity, and temperature. The dimensionless distance AY™
is maintained below unity. In order to obtain grid-independent results, a mesh sensitivity
analysis is conducted for the forward case using the Realizable k-¢ turbulence model. Three
different grids with 1368480 nodes (Gridl), 1785264 nodes (Grid2), and 2567035 nodes
(Grid3) are employed for the grid sensitivity study. The grids are increased by increasing nodes
in all three directions, i.e., X, Y, and Z. Fig.2.24 compares the film cooling effectiveness along
the centreline, all three grids show close agreements. Therefore, the grid setup of 1785264

nodes is finally adopted by comprehensively focusing on the computational cost and precision.
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Fig. 2.23: Typical mesh for reverse injection study on corrugated surface.
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Fig. 2.24: Grid independence test for reverse injection study on corrugated surface.
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2.15 Conclusion

In this chapter, both the experimental and numerical methodology of the present work
is discussed. The measurement techniques, calibration methodology, and uncertainty
calculations are discussed in detail. The results obtained through the present experimental
procedure are also compared with the available experimental data, and the results show good
agreement. Therefore, the present experimental procedure and calibration techniques can be
adopted for further experimental studies. This chapter also presents detailed descriptions of all
the computational domains along with the governing equations and turbulence modeling.

Finally, the grid topology for different computational domains is summarized.
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CHAPTER 3: LARGE EDDY SIMULATIONS FOR FILM
COOLING ASSESSMENT OF CYLINDRICAL AND

LAIDBACK FAN-SHAPED HOLES WITH REVERSE
INJECTION
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CHAPTERS

3.1 Introduction

In this chapter, the results obtained from three-dimensional numerical study have been
presented for both forward and reverse injection using cylindrical and shaped holes. The
formation of counter-rotating vortex pair (CRVP) is one of the major issues in film cooling.
The CRVP promotes coolant jet lift-off from the surface which further causes a significant
reduction in coolant coverage over the surface. The previous works on reverse injection film
cooling holes show promising design to mitigate the problem of kidney vortices. However, the
flow structure related to the reverse cylindrical and shaped holes is not well-understood in
available experimental works. Motivated by the above challenges of film cooling flow, a due
focus has been given on cylindrical and shaped holes. Shaped holes show promising

performance over conventional cylindrical holes in forward configuration.

For the numerical simulations of film cooling flow, the selection of a suitable
turbulence model is vital. The selection of a suitable turbulence model is a reasonable
compromise between desired accuracy and computational resources. The previous studies on
flat plate film cooling comprehensively discussed the various two-equation models turbulence
models [48]. Moreover, it is well documented in the literature that RANS is not suitable for
predicting the instantaneous flow feature of a film cooling flow[29]. Therefore, in the present
study, large eddy simulation is carried out to investigate the film cooling performance and flow
characteristics of the forward-cylindrical hole (FCH) and reverse cylindrical hole (RCH),
forward-shaped hole (FSH), and reverse-shaped hole (RSH). The numerical model is validated
with available experimental data [51], and further parametric study is extended for the actual
operating conditions of gas turbines. The study is carried out for a blowing ratio; M =1, density
ratio; DR = 2.42, and injection angle; a. = 35° and Reynolds number based on secondary flow,
and hole diameter (0.9x10%). The film cooling performance of both cylindrical shaped holes
are compared for centreline, lateral average, and local lateral effectiveness, in both forward and
reverse configuration. Apart from that the three-dimensional vortices are also presented for

different flow configurations.
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3.2 Numerical Study

3.2.1 Computational Domain

In the case of the present LES study, the computational domain is three-dimensional.
A detailed description of the domain is given in the previous chapter 2 (section 2.9.1, and
2.9.2). To protect the surface from the detrimental effect of hot mainstream flow, a secondary
stream relatively at a lower temperature is injected at 35° with different hole configurations
viz: (i) Forward cylindrical hole (FCH); (ii) Reverse cylindrical hole (RCH); (iii) Forward
shaped hole (FSH); (iv) Reverse shaped hole (RSH). The secondary stream of air is supplied
to the hole via the plenum chamber of dimensions 5Dx5Dx5D. The film cooling performance
is evaluated over the flat surface for the length of 30D where D is the diameter of the hole,

considered as 1 mm [31].
3.2.2 Numerical Schemes and Solutional Methodology

In the present numerical study, the large eddy simulations are carried out and the filtered
equations of continuity, momentum, and energy are solved by finite volume method-based
CFD source codes (OpenFOAM 5.0 and Greenshields [94]). The grids are carefully designed
and well-refined near important regions (as discussed in chapter 2, section 2.14.1). The details
of the LES governing equations are given in the previous chapter 2 (section 2.10.6). The
convective and diffusive fluxes are calculated by second-order accurate central differencing
scheme. The temporal term in governing equations discretized by the backward scheme is
second-order accurate. The solution is considered to be converged when the residuals of
continuity, velocity, turbulence quantities, and energy fall below 10®. In order to accurately
capture the cross-flow physics, the time step is selected based on the Courant—Friedrichs—Lewy
(CFL) number, CFL = 0.8 according to the guidelines of Acharya and Leedom [95] . The

PIMPLE algorithm is used for pressure and velocity coupling.

The present numerical simulations are transient by nature, but the quasi-static state is
reached after 15,000-time steps. So, the time averaging is performed for the parameters such
as pressure, temperature, and velocity. The quasi-static state is referred as the condition where
statistical differences in the time-averaged quantities are negligible (generally lie in the range
of 2-4%). The time averaging is performed over a period after quasi-static conditions until the
statistical differences in the average quantities fall below the acceptable range of (2%), which
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further requires 10-15 flow overtime. The flow over time is the time taken by the mainstream

to reach the outlet.
3.2.3 Boundary Conditions and Operating Parameters

For both the mainstream and the secondary stream, the air is used as the working fluid.
Since there is a significant temperature difference. Therefore, temperature-dependent
thermophysical properties are used. The temperature-dependent thermophysical properties are
expressed in the previous chapter 2 (section 2.11.1). The inlet of the mainstream and plenum
is assigned to be a time-invariant turbulent velocity profile obtained from the RANS study of
channel flow. The outlet of the domain is assumed to be pressure exit with zero-gauge pressure.
All the input parameters for the different geometrical configurations are given in Table.3.1.
The side walls in the lateral direction of the mainstream flow of the flow field are considered
as the periodic boundary. All other walls in the domain are assigned as the no-slip adiabatic

condition.

Table.3.1: Operating parameters considered in the present numerical study.

Parameters Forward- Reverse Forward shape  Reverse shape
cylindrical cylindrical (FSH) (RCH)
(FCH) (RCH)
Resec. 0.9x10° 0.9x10° 0.9x10° 0.9x103
Blowing ratio
1 1 1 1
(M)
Density ratio
(DR) 2.42 2.42 2.42 2.42
T ms (K) 1561 1561 1561 1561
T sec. (K) 644 644 644 644

All simulations use mainstream conditions of 128 m/s at 1561 K with the inlet temperature in
the plenum specified as 644 K at a density ratio (DR) of 2.46. The plenum inlet boundary
condition is fixed for blowing ratio (M = 1) and secondary flow Reynolds number of 0.9x10?
in coolant pipe. The Large Eddy Simulations are highly sensitive to grid topology. Therefore,
to ensure computational accuracy in LES, all the computational domains were discretized by

structural hexahedral cells as shown in the previous chapter 2 (section 2.14.1).
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3.2.4 Fluid Flow and Heat Transfer VValidations

The computational results were validated with the experimental results from the
literature [51]. For effectiveness validations the operating parameters viz. M = 1 and DR =
0.91 are considered which is the same as experimental conditions of reference [51]. For this
validation, one might expect film heating instead of film cooling because DR < 1. For flat plate
film cooling, it has been shown that at low-density ratio film heating is analogous to film

cooling [48].
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Fig.3.1: Comparison of the present numerical result of effectiveness with the experimental
results of Singh et al. [51].
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The centreline and lateral average effectiveness of forward and reverse hole are compared with
reference data. Figure 3.1 (a) shows that the centreline effectiveness of the forward cylindrical
hole is in close agreement with the experimental data. The predictions of the present LES model
IS more accurate as compared to two-equation model (Realizable k-¢). From Fig. 3.1 (b), it can
be seen that the lateral average film cooling effectiveness has small deviations near the
downstream of the coolant hole. The center line effectiveness and lateral average effectiveness
of reverse hole given in Figs. 3.1 (c-d) showed excellent agreement near the hole. However, a
small deviation can be observed downstream of the hole. The present computational model
follows the nature of variations shown in the experimental data; however, the film cooling

effectiveness is slightly over-predicted.
3.3 Results and Discussions

3.3.1 Film Cooling Effectiveness: Centreline and Lateral Average

In order to compare the centreline film cooling effectiveness for various hole
configurations, the effectiveness is plotted along the centreline (Z/D = 0) over the flat surface
as shown in Fig. 3.2 (a). It can be observed from Fig. 3.2(a) that the centreline effectiveness of
FCH and FSH are much higher than that of RCH and RSH along the downstream (i.e., X/D).
It can also be inferred that FCH is more effective along the centreline than FSH for a short
distance downstream of the hole, i.e., X/D = 8. From X/D = 8 to 30, FSH effectiveness is
maximum among all hole configurations. The centreline effectiveness of FCH is relatively
higher at a very short distance downstream of the hole due to more coolant skewness toward
the narrow central part of the surface. Lateral average film cooling effectiveness would be a
better representation for the performance assessment of these cooling holes. Figure 3.2 (b) and
(c) shows the variations of lateral average effectiveness of various hole configurations for both
cylindrical and shaped holes. The lateral average is obtained from the downstream edge of the
hole (where no-hole footprints are present). It may be emphasized that the width of the shaped
hole is 6D due to its lateral expansion (more than 3D in the lateral direction). As the domain
width is different for both cylindrical and shaped holes, the lateral average effectiveness is
compared separately in Fig. 3.2 (b) and Fig. 3.2 (c). For the FCH and RCH lateral averaging is
taken over lateral distance, Z/D = -1.5 to 1.5. In the case of shaped holes, FSH, and RSH the
lateral averaging is taken over the Z/D = -3 to 3. It is considered to be the most important
effectiveness parameter in film cooling which represents the spread of the coolant stream at

each lateral location, downstream of the injection holes. Figure 3.2 (b) clearly shows that the
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lateral average effectiveness of RCH is higher than FCH, for all locations along with the flow.
The effectiveness of RCH is 2 times the FCH near the hole at X/D = 1. However, in Fig. 3.2
(c), RSH shows better lateral average effectiveness as compared to FSH near the hole from
X/D = 2 to 10, and in the near the hole region (X/D = 1), the effectiveness is 1.42 times the
FSH. The effectiveness contours in Figs. 3.3 (a)-(d), reflects that the coolant coverage is better
in the case of reverse holes than the forward hole, which essentially means better lateral average
effectiveness. Apart from these observations, Figure 3.2 (c), reveals that the RSH is 1.42 to
1.16 times more effective than FSH at X/D =2 and X/D = 30 respectively.
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Fig.3.2: Effectiveness plot for various hole configurations: (a) centreline effectiveness; (b) lateral

average effectiveness (cylindrical holes); (c) lateral average effectiveness (shaped holes).
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Figures 3.4-3.7 show the streamlines contours of non-dimensional temperature, theta
(6). The formation of vortex pair in the case of film cooling flows plays a vital role in the
mixing of coolant with the mainstream and coolant jet lift-off that finally governs the film
cooling performance. It has been seen that as coolant/secondary jet exit from the simple
cylindrical hole into the cross-flow region and split into counter-rotating pairs (CRVP) which
is of similar evidence from literature [51]. In this study, four different planes are considered
for the systematic understating of the formation of CRVP. Figure 3.4 (a) shows the flow
streamlines for the FCH, in the X-Z plane at Y/D = 0. The streamlines near the flat surface at
Y/D =0, is presented by taking a plane one node above the surface. The streamlines for the
FCH appear to be symmetric and skewed towards the centreline. As a result of this fact, most
of the cooling effects can be seen along a narrow part of the central region. At X/D = 1, the
formation of kidney vortices in the plane Y-Z i.e., normal to the flow leads to “coolant stream
lift-off” through mutual induction as shown in Fig. 3.4 (b). As the flow moves in the
downstream direction (Fig. 3.4-c) at X/D = 3 in the Y-Z plane, the strength of CRVP increases
which leads to coolant lift-off. In Fig. 3.4 (d) at Y/D = 0.5 in the X-Z plane, some cooling
effect can be observed that represents that coolant is not trapped below this plane and hence
the coolant coverage over the surface is lower. The present observation of counter-rotating

vortex pairs for FCH shows close consistency with the previous studies [26].

Figure 3.5 (a) illustrates the three-dimensional vortex pair formation for the RCH. This
figure distinctly shows a vortex pair in the plane parallel to mainstream flow which promotes
the coolant spread in the lateral direction. The vortex pair shown in Fig 3.5(a) is distinctly
different from the commonly observed CRVP. Referring to the coordinate sign convention in
the present study, CRVP appears in the Y-Z plane downstream of hole whereas vortices formed
in the case of the reverse hole are predominately in the X-Z plane. The other difference between
these two vortices is: CRVP has a sense of upward movement which enhances mixing with the
mainstream whereas vortices observed in the case of reverse holes direct fluid in the lateral
direction. This results in the uniform spreading of the coolant onto the hot surface which
eventually will diminish thermal stresses. Figure 3.5 (b) shows the formation vortex pair for
the RCH in the plane of a flat surface (X-Z plane) at Y/D = 0. It can be observed from this
figure that the vortices in the X-Z plane are extended to X/D = 4 downstream of the hole for
the investigated flow conditions. The temperature of the coolant suggests that coolant is not
mixed with the mainstream up to X/D =4 and hence higher area-weighted average film cooling

effectiveness is observed. Since the vortices observed in Fig. 3.5(a) are three-dimensional, the
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analysis on the Y-Z plane can shed some light on the propagation of these vortices. Figure 3.5
(c-d) shows the vortices in the Y-Z plane at X/D = 1 and X/D = 3, respectively. It can be
observed from Fig. 3.5 (c) that the coolant penetrates into mainstream up to Y/D = 0.4 at X/D
= 1, just after the injection. Despite the vortices, coolant remains confined to Y/D = 0.4 as
downstream distance increases to X/D = 3, depicted in Fig. 3.5 (d). This also indicates that the
vortices observed in the case of reverse holes do not have any sense of upward movement.
Figure 3.5 (e) shows streamlines plot X-Z plane parallel to the flat surface at Y/D = 0.5. The
plane reveals that the streamlines are more uniform and the coolant effect can be observed.
This confirms that coolant is not mixed with the mainstream and provides an adequate blanket

to the heated surface eventually enhancing the cooling effectiveness.

In the case of shaped holes, the observations are different from the conventional
cylindrical holes. Figure 3.6 (a) represents streamlines for the FSH at Y/D = 0 in the X-Z plane,
which shows a uniform pattern of flow streamlines without any skewness. However, a counter-
rotating pair can be seen at X/D = 2 in the Y-Z plane, as shown in Fig. 3.6 (b) which further
transforms into a kidney vortex accompanied by anti-kidney pair at X/D = 5 as shown in Fig.
3.6 (c). As a result of the strong anti-kidney pair in Fig. 3.6 (b), the tendency of coolant jet lift-
off dominates. Thus, a better coolant coverage is observed in Fig. 3.6 (a)-(c) for FSH as
compared to FCH. The present observations of FSH show consistency with previous
experimental results from reference [107]. Despite the presence of anti-kidney vortices which
are suppressing the upward movement of the coolant, Fig. 3.6 (d) shows that there is only a
small amount of coolant at Y/D = 0.5. Similar to the reverse cylindrical hole, a three-
dimensional vortex predominately in the X-Z plane is observed as depicted in Fig. 3.7 (a) and
the formation vortex pair for the RSH in the plane of a flat surface (Z-X plane) at Y/D =0, is
shown in Fig. 3.7 (b). It can be observed that the penetration of the coolant into the mainstream
at the location of injection is up to Y/D = 0.6 which is not significantly increased as downstream
distance increases (Fig. 3.7-d). Rather, the lateral spread of the coolant increases with the
increase in downstream distance. These vortices show similarity with the vortex pair discussed
for the RCH in the previous section (Figs. 3.5a — b). It is also observed from Fig. 3.7 (b)-(c)
as the jet moves downstream from X/D = 2 to 5, the strength of the counter-rotating vortex
reduces and hence the jet lift-off also diminishes. Figure 3.7 (e) shows a plane parallel to the
plane shown in Fig. 3.7 (a), where a more regular streamline with uniform coolant spread can

be observed.
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Fig.3.3: Effectiveness contours of various hole configurations: (a) effectiveness contour (FCH); (b) effectiveness contour (RCH); (c) effectiveness
contour (FSH); (d) effectiveness contour (RSH).
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Fig.3.4: Streamline contours of non-dimensional temperature (0) for FCH: (a) Y/D =0, (X-Z plane); (b) X/D =1, (Y-Z plane); (c) X/D = 3, (Y-Z plane);
(d) Y/D =0.5, (X-Z plane).
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Fig.3.6: Streamline contours of non-dimensional temperature (0) for FSH: (a) Y/D =0, (X-Z plane); (b) X/D =2, (Y-Z plane); (c) X/D =5, (Y-Z plane);
(d) Y/D = 0.5, (X-Z plane).
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3.3.2 Local Lateral Effectiveness

The variations in local lateral film cooling effectiveness for various hole configurations

are shown in Fig. 3.8. The different holes are compared for stream-wise distance X/D =5 and
10. From Fig. 3.8 (a)-(b), it can be observed that for the FCH, the local effectiveness is

relatively higher in the central region as compared to RCH. This is because of the more skewed

flow of coolant along the central line. Apart from this fact, FCH coolant spread in the lateral

direction is poor which results in a lower effectiveness and hence increased temperature (Figs.
3.3 (a) and (b)). However, the coolant coverage for RCH is much better than that of FCH,

which leads to uniform effectiveness throughout the lateral directions of Z/D from -1.5to 1.5
as shown in Fig.3.8 (a)-(b).
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Fig.3.8: Local lateral effectiveness contours: (a) FCH and RCH at X/D = 5; (b) FCH and
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A similar observation is reported with FSH in Fig.3.8 (c)-(d), where the coolant
coverage is much limited to the width of the hole in the central region at Z/D = 0, which leads
lower effectiveness in the lateral directions of Z/D from -3 to 3, for X/D = 5 and 10. Most of
the coolant spread in the lateral direction is limited to Z/D = -1 to 1 and beyond this region, the
coolant spread is poor which results in a faster decay of lateral effectiveness for FSH. As
compared to FSH the lateral effectiveness of RSH is much higher and coolant spread is almost
uniform in the lateral directions of Z/D from -2 to 2. This phenomenon is seen from the contour
results for FSH and RSH in Fig. 3.3 (c) and (d). The FSH coolant spread in the lateral direction
is limited to the width of injection holes whereas, in the case of RSH, coolant spreading is

almost double the width of the injection hole.
3.3.3 Flow Velocity Profiles

The flow characteristics near the secondary flow exit are shown in Fig.3.9. The present
results for non-dimensional velocity magnitude compared with the experimental measurement
[76] using particle image velocimetry (PIV). The available experimental data of PIV at VR =
0.28, M = 0.5, and DR = 1.53 are compared with the present numerical model at VR = 0.46, M
=1, and DR = 2.46 for quantitative comparison. Figure 3.9 shows the non-dimensional mean
velocity magnitude for different hole configurations such as FCH, RCH, FSH, and RSH. The
velocity profiles are plotted along Y/D for centreline locations at X/D = 0, 1, 1.5, and 2. All
the velocity profiles look nearly similar outside the shear layer. However, the differences can
be seen in the inner part of the shear layer i.e., vicinity of the cooling surface. The velocity
gradients of FCH and FSH are steeper as compared to RCH and RSH for the investigated
streamwise locations (i.e., X/D =0 to 2). The steeper velocity profile for RCH and RSH shows
higher turbulence due to its opposite flow to the mainstream. It may be inferred that the
discharge coefficient is strongly influenced by injection configuration. The discharge
coefficient is inversely proportional to the pressure drop in the coolant hole. The pressure losses
are higher in reverse injection configurations resulting reduction in discharge coefficient as
shown in Fig.3.10. Also, it will have a more aerodynamic loss on the mainstream flow. The
results show that the qualitative trend of non-dimensional velocity follows the trend predicted

by the experimental findings [76].
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locations (X/D =0, 1, 1.5, 2) with PIV results from reference [76].
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3.3.4 Discharge Coefficient

The discharge Coefficient (Cq) is an important parameter to express the pressure losses
through coolant injection holes. In the previous sections, it has been seen that the RCH and
RSH, film cooling performance was found to be better than FCH and RCH (Fig. 3-b).
However, one might expect higher pressure losses in the case of reverse injection holes since
the flow of coolant is opposite to the mainstream. In this section, the discharge coefficient is
plotted for all four-hole configurations viz. FCH, RCH, FSH, and RSH for comparison of the
pressure losses. The discharge coefficient (Cq) is defined as the ratio of the actual mass flow
rate to the theoretical mass flow rate in the coolant holes. The theoretical mass flow rate is
calculated by using Egn. (3.1), assuming one directional isentropic expansion from coolant
total pressure (Pt) at the inlet to the cooling hole to the mainstream static pressure (Pms) as

followed in reference [51].

Ptc (Y—1DRTec | \Pms

Pms y+1/2)/ 2y Ptc V_l/y
Mtheoretical = AcDtc ( ) R (_) -1 (3-1)

Here, v is the ratio of specific heats, R is gas constant, Tic is the coolant total temperature and
Ac is the cross-sectional area of the cooling hole. For the FCH and RCH, the cross-sectional
area remains the same throughout however for shaped holes viz. FSH and RSH, it changes
from cylindrical inlet to expanded exit. In order to calculate the theoretical mass flow rate for
shaped holes with expanded exits, it was suggested to consider the cross-section of the inlet of
injection holes [108]. Thus, the discharge coefficient of shaped holes can be directly compared
with the cylindrical holes. This is a slight deviation from the actual calculation however it
makes contouring of shaped holes more convenient. The total pressure from reference [109],
is taken at the inlet of the hole near the plenum, and mainstream static pressure is taken at X/D

= - 5 (means upstream of injection holes).

Figure 3.10 shows the systematic comparison of the coefficient of discharge for different hole
configurations. The coefficient of discharge of FCH at 35° injection angle is compared with
forward cylindrical hole results from the literature [51], at 30° for blowing ratio (M) =1. The
experimental reference is presented for quantitative comparison with present results. It was
found to be 18.1% higher than the present results. This deviation may be attributed to the
difference in density ratio (DR) and mainstream Reynolds number (Re) and length-to-diameter
ratio (L/D). However, the coefficient of discharge for RCH at 35° injection angle and blowing

ratio (M) =1 shows excellent agreement with reverse cylindrical hole, from literature findings
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[20]. The FSH discharge coefficient at 35° injection angle and blowing ratio (M) = 1, also
shows good agreement with the results of Liu et al. [110] at 30° injection angle and blowing
ratio (M) = 1. Figure 3.10 also illustrates that the discharge coefficients of FCH are 10% more
compared to RCH. The discharge coefficient of the FSH hole is 3.7 % more than that of RSH.
It is also important to observe from the figure that the discharge coefficient of FSH is 9.6 %
more than the FCH and the discharge coefficient of RSH is 16.67% more than RCH. The
discharge coefficient is inversely related to pressure loss.
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Fig.3.10: Comparison of discharge coefficients for various injection configurations.

It is interesting to note that the use of reverse-shaped holes increases film cooling
effectiveness by 70 to 300 % (from the coolant injection hole to the rear end of the target
surface) at the 4% additional pumping power as compared to the forward-shaped holes. The
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improved spread of coolant and increased effectiveness can further decrease the total mass of
coolant required to meet the targeted temperature. Hence, the overall pumping power required
may decrease in actual operation where many cooling holes are made on the surface. From Fig.
3.10, it can also be observed that the discharge coefficient is strongly influenced by injection
configuration. In the case of reverse holes, the discharge coefficient is lower as compared to
forward holes. The discharge coefficient is inversely proportional to the pressure drop in the
coolant hole. Hence, it can be observed that pressure losses are higher in reverse injection

configurations.

Figure 3.11 shows the contours of velocity magnitude non-dimensional at the exit of
the coolant hole for all four injection configurations. The non-dimensional velocity (U/Ums),
the contour is plotted by taking a plane one node below the flat surface. Figure 3.11 shows the
shifting of the velocity profile towards the trailing edge in the case of the reverse hole. It can
be observed from Fig. 3.11 that the RCH and RSH velocity magnitude near the leading edge is
much lower as compared to the trailing edge. The coolant flow is in the opposite direction to
the mainstream; hence the hole is partially blocked in the upstream (leading side). The opposite
flow of the coolant stream also results in greater momentum loss. The partial blockage adds
resistance to the flow and thus it requires more pumping power. Apart from the forward
injection cases such as FCH and FSH, the velocity distribution was found to be nearly uniform

throughout the hole. Similar, results were also reported from reference [51].
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Fig.3.11: Non-dimensional velocity contours at flow exit from hole for various hole configurations: (a) FCH; (b) RCH; (c) FSH; (d) RSH.



3.4 Conclusion

Large eddy simulation is conducted in order to study the effect of cylindrical and shaped
hole configuration over the forward and reverse injection film cooling performance. This study
is carried out for a flat surface for the different hole configurations. The other operating
parameters are, blowing ratio (M) =1, DR = 2.42, and 35° injection angle. Based on the present

study following inferences can be drawn: -

1. The vortices observed in the case of reverse cylindrical and reverse shaped are
predominately in the plane of the plate and mitigate the problem of the formation of
kidney vortices.

2. The reverse cylindrical hole (RCH) shows better laterally average effectiveness over
the forward cylindrical hole (FCH). The maximum improvement in lateral average
effectiveness lies in the range of 33-100%, from downstream to hole exit. The coolant
coverage in the case of reverse injection is nearly uniform throughout the surface.

3. The coolant coverage of reverse-shaped (RSH) is much better and covers more area as
compared to the forward-shaped (FSH). Improvement in lateral average effectiveness
of RSH is maximum near the hole which is 42% more compared to the FSH hole. Apart
from this fact, the coolant coverage for RSH is more uniform as compared to FSH.

4. The pressure drop is maximum for RCH and minimum for FCH. Moreover, the pressure

drop in the case of RSH is comparable to that of FSH.
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CHAPTER 4: EXPERIMENTAL AND NUMERICAL
STUDY OF FILM COOLING PERFORMANCE OF A
CORRUGATED SURFACE
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CHAPTER4

4.1 Introduction

The sinusoidal corrugated surfaces are widely used in combustor liners and afterburners
of aero engines in order to improve structural rigidity and stiffness. However, the literature
related to corrugated surfaces is very limited. The cross-section of the afterburner liner and
combustion chamber are usually thin, and hence hole shaping, branching and trenches are not
feasible for these sections. Therefore, slot injection over the corrugated surfaces is practically
used in combustor liners and afterburners of aero engines. Thus, the present study is focused
on the effect of slot locations on the film cooling performance of sinusoidal corrugated

surfaces.

In this chapter, numerical validation of experimental results is presented for film cooling study
on the sinusoidal corrugated surfaces. After the validation and turbulence model selection, the
detailed numerical procedure is given. The present study proposes a suitable injection
configuration and operating parameters for the film cooling of an aero-engine afterburner,
based on experimental and numerical studies. The experimental investigations are carried out
for different injection locations for blowing ratios 0.5 and 1, fixed injection angle (45°), and
density ratio (1.095). The numerical study is extended for various injection locations with a
wide range of operating parameters such as blowing ratios from (0.25-3), density ratios (1.095,
2.5, and 4), and different pressure ratios from 1 to 15, representing the operating conditions of
an actual aero-engine afterburner. In order to access the effect of the effect of various injection
locations on the film cooling performance of a corrugated surface, numerically obtained
effectiveness is compared at different blowing ratios and density ratios. Additionally, the non-
dimensional contour plots are also plotted for various injection locations to demonstrate the

effect of vortices on film cooling characteristics.
4.2 Test Plate Configuration

The corrugated plate used in the present study is the sinusoidal profile of amplitude to
wavelength ratio (a/A= 0.05), wavelength (1), and length 32, as discussed in previous chapter
2 (section 2.2.3). Chapter 2 also discusses the experimental methods and uncertainty
calculation procedure. The sinusoidal profile of the corrugated surface is generated by
mathematical equations given by Maass and Suchusman [77]. The corrugated plate is smooth

3D printed and mounted on the bottom of the test section. The corrugated surface is exposed
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to the mainstream of heated air in the test section, and the secondary stream of cooled air is
injected over it through the slot of width (w/A = 0.02). The slot configurations are designed by
following the previous experimental work of Burns and Stollery [17]. The shows the detailed
layout of the corrugated plate and various slot locations viz. Lo, L2s, Lso, and Lzs. The label
with slot locations indicates the distance from the first corrugation.

4.3 Numerical Study

4.3.1 Computational Domain

The computational domain addressed in the present study is two-dimensional. The
length and height of the computational domain are 4A and 2\ respectively, where A is the
wavelength of the corrugated surface. The detailed description of computational domains is

addressed in chapter 2 (section 2.9.2).
4.3.2 Boundary Conditions, and Solution Methodology

The mainstream and secondary stream inlet is considered a velocity inlet where all the
velocity components, temperature, and turbulence intensity are specified. The mainstream
outlet is considered a pressure outlet, the corrugated wall is specified as no-slip (solid with
thermal conductivity 0.16 W/mKk), and other walls are specified as no-slip adiabatic conditions.
The present study is carried out for various injection locations (i.e., Lo, L2s, Lso, and L7s) and
amplitude to the wavelength ratio (a/A = 0.05, 0.075, and 0.1). The detailed descriptions of

various cases and operating parameters are systematically given in Table.4.1.

Table.4.1: Details of operating parameters used in the present numerical study.

S.N. Parameters Value
1 Blowing ratio (M) 0.25,0.5,1,2,3.
2 Density ratio (DR) 1.095,2.5 and 4
3. Pressure ratio (Pr) 1,5,10 and 15
4 Mainstream Reynolds Number (Re;) 0.95x10°

The conservation equations of mass, momentum, and energy are solved by the finite volume
solver ANSYS Fluent 20.1 [92]. A detailed description of governing equations and turbulence

modeling approach is given in chapter 2. The grids are highly refined near walls and cross-flow
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regions (as discussed in chapter 2, section 4.7.2). A detailed grid independence study is
presented in chapter 2. The second-order accurate upwind schemes are used to discretize the
conservation equations and the pressure and velocity are coupled with the SIMPLE algorithm
[93]. The numerical solution is assumed to converge when the residual of mass momentum

falls below 10® whereas energy is 10°®.
4.4 Results and Discussions

4.4.1 Selection of Turbulence Model for Numerical Studies

The numerical predictions in any turbulent flow study significantly depend on the
turbulence modeling approach. Hence, selecting suitable turbulence models for corrugated
surface film cooling is essential. To access the capabilities of two-equation models in
predicting the film cooling performance of corrugated, three different turbulence models, viz.
k-e (RNG), k-¢ (Realizable), k-0 (SST) were employed. The numerical results of various
turbulence models are compared with the experimental case of L2s at blowing ratio (M = 1)
and fixed density ratio (DR=1.095), as shown in Fig. 4.1. Figure 4.1 shows that RNG and
Realizable models more closely follow the experimental variations compared to the SST model
within the uncertainty limits. The RNG model shows a maximum over predictions of 21% in
the range of X/A =0.25 to 1.25 (at X/A = 0.26).
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Fig.4.1: Centreline effectiveness comparison with various turbulence models.
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The predictions of the k-¢ (Realizable) model in more accurate as compared to the other two
models, it follows the experimental trends accurately in the range of X/A =0.25 to 0.55 and the

maximum over predictions of 8.5% in the range of X/A = 0.55 to 1.25. Hence the Realizable,

k-¢ model is considered for further studies.

4.4.2 VValidation of Numerical Results

To compare the accuracy of the present numerical model, experimental investigations

have been carried out on the corrugated surface.
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The present experiment considers injection slot locations i.e., L2s and Ls. In the present
experimental study, the mainstream is heated air, whereas the secondary stream is at a relatively
lower temperature to maintain a constant density ratio (i.e.; DR=1.095). The experiments are
performed for M = 0.5 and 1 at fixed DR=1.095 at an injection angle of 45°, and the centreline
effectiveness is plotted for comparisons. The experimental results are plotted with an error bar
in the range of X/A = 0 to 0.925. The numerical model is two-dimensional, and all the
dimensions, injection locations, and operating parameters for comparison are considered as
identical to the experimental case. Figure 4.2 (a) shows the comparison of numerical trends of
variations with the present experimental case. The numerical results follow the experimental
trends of variation within the error limits; however, a slight deviation can be observed after X/A
= 0.9. For the M= 0.5, the numerical model shows mixed prediction trends, i.e., near the
injection location and far from the injection location. The further increase of the blowing ratio
to M = 1 shows inherently different trends of variations, as shown in Fig. 4.2(b). From Fig.
4.2(b), it can be observed that the numerical results show a peak close to X/A= 0.25 with a
maximum overprediction of 10.8%, and accurately predict the further downstream from X/A =
0.275 to 0.5. For the further downstream locations of X/A = 0.5 to 1.25, a small over-prediction
of 8.9% (at X/A = 0.85) deviation can be observed. Interestingly, numerical prediction is

entirely different for M = 0.5, as shown in Fig. 4.2(b).

The comparison of centreline effectiveness with the present experiment for the injection
location, Lys, is shown in Fig. 4.2(c)-(d) at the blowing ratio of 0.5 and 1, respectively. For M
= 0.5 numerical model shows both over-predictions and under-predictions in the range of X/A
= 0.75 to 0.167. From Fig.4.2(c), it can be observed that numerical results show a maximum
overprediction of 10.5% in the range of X/A = 0.75 to 0.105, whereas maximum
underpredictions of 19% in the range of X/A = 0.105 to 0.167. The numerical result follows the
trends of experimental variations within the limit of experimental uncertainty. However, small
deviations can be observed downstream after X/A=1.4. Interestingly, numerical prediction is
entirely different when the blowing ratio increases to M=1, and the numerical model shows
accurate predictions in the range of X/A = 1.1 to 1.35 and small over predictions for the rest of
the locations. From Fig.4.2 (d), it can be observed that numerical results show a maximum
overprediction of 6.4 % and 3.7% in the range of X/A = 0.75 to 1.1 and X/A = 1.35 to 1.67,
respectively. The numerical results follow the trends of experimental variations within the limit

of experimental uncertainty.
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4.4.3 Effect of Injection Locations

Four injection locations are considered to study the effect of slot injection locations on
the film cooling performance of corrugated surfaces, i.e., Lo, L2s, Lso, and L7s, for the amplitude
to wavelength ratio (a/A = 0.05). As the holes are located at different positions, the centreline
effectiveness is plotted in one wavelength downstream, i.e., in the range of X/A = 0 to 1,
irrespective of their actual coordinate. The variations of centreline effectiveness for the above
injection locations are shown in Fig.4.3 (a)-(c). Figure 4.3 (a) shows the effectiveness plot for
M= 0.25, and from it can be observed that Lso and Lzs locations exhibit similar trends of
variations. The effectiveness of Lso and L7s locations is higher than the Lo and L2s locations, in
the range of X/A =0 to 1. The performance of the Lo location is higher as compared to Los near
the hole up to X/A = 0 to 0.16 and comparable further downstream. Due to changes in
corrugation profile in the immediate downstream of Lo and Las injection location form
diverging region whereas Lso and L7s, converging region. The secondary stream of coolant
shows better attachment with the corrugated surface in the converging area, and hence
centreline effectiveness improves. The performance of the Lso location is best among all
locations in the range of X/A =0 to 0.64. The further increase in blowing ratio (M=0.5) exhibits
different trends of variations, as shown in Fig. 4.3 (b). Moreover, the Lzs injection location
dominates all injection locations, except in the range of X/A = 0.42 to 0.6, where the Lso area
dominates. The Lo location shows better performance than L2s close to the slot location in the
range of X/A = 0 to 0.15, and further downstream, the L2s location is better. Similarly, the
further increase of the blowing ratio exhibits similar trends as M = 1 (Fig.4.3(c)); however, the
Lo location dominates L2s throughout downstream. The L7s injection location dominates just
downstream of the slot in the range X/A = 0 to 0.25, and further downstream, Lso dominates

among all selected injection locations.

The flow attachments and effectiveness mechanism can be observed with the contour’s
plots shown in Fig. 4.4 (a)-(d). The contours plot clearly shows that for the case of Lo and L2s
injection locations, the secondary flow diminishes after a very short distance downstream. For
the Lo and Los locations effect of the secondary stream is visible in the range of X/A=0to 0.3
and X/A = 0.25 to 0.35 respectively. However, for the Lso and Lzs injection locations, the
secondary stream can be seen relatively long downstream. For the Lso and Lzs locations effect
of secondary stream is visible in the range of X/A=1.5to 1 and X/A=0.75 to 1.35 respectively.
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Fig.4.3: Effect of various injection locations on centreline film cooling effectiveness at (a) M=0.25; (b) M=0.5; (c) M=L1.
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(c) (d)

Fig.4.4: Non-dimensional temperature contours of various injection locations at M =1, (a) Lo; (b) L2s; (c) Lso; (d) L7s.
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To understand the effect of vortices and mixing mechanism on corrugated surfaces' film
cooling characteristics, the streamline contour plots are plotted in Fig.4.5. Figure 4.5 shows the
streamline traces for different injection locations at M=1, DR=1.095, and a/A =0.05. Figure 4.5
(@) shows the streamline traces for Lo injection location, the streamline forms a small
recirculation zone for X/A = 0.3 to 0.6. Similarly, Fig. 4.5 (b) shows small recirculation zone
for Los injection locations for X/A = 0.25 to 0.6. The recirculation zone is trapped in the
corrugation wind width. Moreover, the recirculation for the Ls injection location is higher as
compared to Lo injection location. Apart from that, the streamline contours exhibit inherently
different trance trends for the Lsp and L5 injection locations, as shown in Fig. 4.5 (c)-(d). The
Lso and L7s secondary flow show more streamlined flow with a corrugated surface and the
recirculation zone is absent. The formation of the recirculation zone in the corrugation valley
improves the coolant mixing with the mainstream flow. Hence, the Lso and L7s injections show

better effectiveness as compared to the Lo and Las injection locations.
4.4.4 Effect of Amplitude to Wavelength Ratio

In order to assess the effect of corrugation geometry on film cooling characteristics,
three different amplitude-to-wavelength ratios (a/A), i.e., 0.05, 0.075, and 0.1, are considered.
The numerical simulations are carried out for various injection locations, viz. Lo, L2s, Lso, and
L7s, at M=1, DR = 1.095 and injection angle 45°. Figure 4.6 (a)-(d) presents the variations of
centreline effectiveness for one wavelength from the respective injection locations. The
amplitude-to-wavelength ratio has a relatively significant influence on effectiveness. Fig.
4.6(a) presents the comparison of centreline effectiveness for Lo injection location. Fig. 4.6(a)
clearly shows that the increase of a/A from 0.05 to 0.1 causes a sudden drop of effectiveness in
downstream of Lo. The increase in the corrugation amplitude to wavelength ratio increases the
depth of the wavy valley, which improves the flow accumulation and restricts the coolant
spread further downstream. Thus, the coolant flow is restricted to the narrow region, and film
cooling effectiveness is reduced. Moreover, the amplitude-to-wavelength ratio increases from
0.05 to 0.075 and 0.05 to 0.1 reduces the centreline average effectiveness by 24% and 31.3%,
respectively. Similar variations are observed in Fig. 4.6(b) at the L2s injection location; for the
increase of a/A= 0.05 to 0.1, the centreline effectiveness drops. The increase of, a/A= 0.05 to
0.075 and a/A= 0.05 to 0.1 reduces the centreline average effectiveness by 10% and 12%,
respectively. Contrary to the Lo and Las injection locations, the centreline effectiveness for Lso

shows an inherently different profile, as shown in Fig.4.6 (c).
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Fig.4.6: Comparison of centreline effectiveness for various amplitude to wavelength ratios at
(a) Lo; (b) Las; (c) Lso; (d) Lys.

For the Lso location the increase of a/A= 0.05 to 0.1 results increase of effectiveness for X/A =
0.5 to 1 and reduces in further downstream from X/A = 1 to 1.5. Figure 4.6(d) presents the
centerline effectiveness comparisons for Lzs injection location. From Fig. 4.6(d), it can be
observed that the increase of a/A= 0.05 to 0.1 results in a significant drop in effectiveness for
the X/X = 0.9 to 1.75, however close to the slot the effects are insignificant. The increase of
a/A=0.05 to 0.075 and a/A= 0.05 to 0.1 reduces the centreline average effectiveness by 10%
and 13.6%, respectively.

112
TH-3231_186103109



4.4.5 Effect of Operating Pressure

The numerical studies on the effect of amplitude to wavelength ratio in section 4.4.4 revealed
that the increase of a/A ratios reduces the film cooling effectiveness. For the present

investigation, three different operating pressure ratios (Pra), Viz. 5, 10, and 15, are considered.
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Fig.4.7: The comparison of effect of pressure ratio (Pra) at (a) Lo; (b) L2s; (c) Lso; (d) Lvs.
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Four locations are selected, and centreline effectiveness is compared, as shown in Fig.4.7. From
Fig.4.7 (a) it can be observed that the increase of operating pressure ratio from Py = 5 to 15,
improves the film cooling performance from X/A = 0 to 0.3 and decreases in for further
downstream. For the fixed mainstream and secondary stream temperature the increase of
operating pressure results in a significant change in the local density, which further improves
the local Reynolds number, and hence a significant improvement in effectiveness is obtained.
Figure 4.7 (b) shows the centerline effectiveness plots for Lzs injection location, it can be
observed that the increase of Pra = 5 to 15 results in significant improvement in centreline
effectiveness. However, a small drop in centreline effectiveness can be noted for X/A = 0 to
0.25. The effectiveness plots shown in Fig. 4.7 (c)-(d) for Lso and L7s injection locations revels
inherently different trends as compared to the Lo and Los locations. From Fig.4.7 (c) it can be
observed that the increase of Pra =5 to 15 results in the increase in effectiveness throughout the
downstream locations from X/A = 0 to 1. Similar trends can be seen for the L5 injection

location as shown in Fig. 4.7(d).
4.4.6 Effect of Density Ratio

To study the effect of density ratio on film cooling performance on various injection
locations (Lo, Las, Lso, and Lzs), the centreline effectiveness is plotted as a function of density
ratio, as shown in Fig.4.8. The present study is carried out for three different density ratios viz.,
1.095, 2.5 and 4. Fig.4.8 (a) presents the effect of density ratio for Lo injection location. From
Fig. 4.8(a), it can be observed that the centreline effectiveness increases with an increase in
density ratio from DR = 1.095 to 2.5. The increase in density ratio results in a lower velocity
ratio, which reduces the secondary flow penetration into the mainstream flow, and hence higher
effectiveness is obtained. With the increase in density ratio, the monotonic increase in
centreline effectiveness is expected, however, the further increase of DR = 2.5 to 4 reduces the
film cooling performance in comparison to DR= 2.5. The same phenomenon can be well
understood with the non-dimensional temperature contours, shown in Fig.4.9. Figure 4.9
clearly shows that with the increase of density ratio from DR = 1.095 to 2.5, the secondary
flow penetration into the mainstream reduces, and the tendency of secondary flow attachment
improves. The further increase of density ratio from DR = 2.5 to 4 also reduces the velocity
ratio; however, due to the dominating effect of conjugate cooling of the corrugated plate
through secondary flow, a small drop in centreline effectiveness is obtained. However, the
centreline effectiveness plot at DR= 4 shows better performance than DR= 1.095 case. A

similar trend of variations can be observed for Lzs injection locations throughout the
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downstream location except in the region close to the injection from X/A = 0.25 to 0.48, as
shown in Fig.4.8 (b). The centreline film cooling effectiveness increases with the increase of
density ratio from DR = 1.095 to 2.5 and thereafter the further increase of density ratio to DR

= 4, the centreline effectiveness reduces.
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Fig.4.8: Effect of density ratio on centreline film cooling effectiveness (a) Lo; (b) L2s; (C) Lso;
(b) L7s.
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(©
Fig.4.9: Effect of density ratio flow field and non-dimensional temperature () for Lo
injection location M =1, (a) DR =1.095; (b) DR=2.5; (c) DR=4.
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Apart from that, for the Lo and L2s injection locations, the centreline effectiveness plot exhibits
a sudden drop close to the injection location with a drop-in density ratio (DR = 4 to 1.095).
However, the centreline effectiveness plots for the Lso and Lzs injection locations show similar
trends for all density ratio injection locations as shown in Fig.4.8 (c) to (d). From Fig.4.8 (c) it
can be observed that the increase of density ratio from DR = 1.095 to 2.5 increases the
centreline throughout the downstream locations, X/A = 0.25 to 0.48. However, the further
increase of density ratio from DR = 2.5 to 4, improves centreline effectiveness from X/A = 0.5
to 0.68 and after that decreases. Figure 4.8 (d) shows nearly similar trends as compared to the
Lso location. The centreline effectiveness increases with the increase of density ratio from DR
= 1.095 to 2.5, and further increase of density ratio from DR = 2.5 to 1.095 decreases the

centreline effectiveness.
4.4.7 Effect of Blowing Ratio

The impact of the blowing ratio is extensively studied to improve film cooling
performance. The too-low blowing ratio causes insufficient coolant coverage, however, too
high a blowing ratio causes coolant jet soot into the hot stream. Hence, blowing ratio
optimization is very important. Fig.4.10 shows the effect blowing ratio on centerline film
cooling effectiveness for various injection locations. The numerical simulations are carried out
for wide ranges of blowing ratios from M= 0.5 to 3, at a fixed density ratio (DR = 1.095) and
the centerline effectiveness is compared. Fig. 4.10 (a) clearly shows that the centerline
effectiveness increases as the blowing ratio increases from M= 0.5 to 2, and thereafter further
increase in blowing ratio from M= 2 to 3, causing secondary flow lift-up from the corrugated
surface, and hence a small drop can be observed. Apart from that, it can be also seen that the
increase in blowing ratio from M=1 to 3 causes a sudden drop in the effectiveness plot from
X/h =0 to 0.3. Similar trends of variations can be observed for the L2s injection location the,
increase of blowing ratio increases from M= 0.5 to 2, and thereafter further increase in blowing
ratio from M= 2 to 3, causing a small drop in centerline effectiveness. Moreover, a small drop
in centerline effectiveness is reported from X/A = 0.25 to 0.3 as the blowing ratio from M=1.
Fig. 4.10 (c) shows the centerline effectiveness variations for Lso locations, from the figure it
can be observed that centerline effectiveness increases with the blowing ratio for M= 0.5 to 2,
and thereafter the further increase of blowing ratio from M= 2 to 3, effectiveness drops. A
similar trend of variations can be observed for L7s, where effectiveness improves up to blowing
ratio M=2 and after that decreases (Fig.4.10 (d)).
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4.5 Conclusion

Experimental and numerical studies have been performed for various injection
locations (viz. Lo, Los, Lso, and L7s), and corrugation amplitude to wavelength ratio to find out
the suitable injection configurations and operating parameters for film cooling applications on
the corrugated surface. The numerical studies have been carried out for a wide range of
parameters such as blowing ratio (M= 0.25-3), density ratio (DR= 1.095, 2.5, and 4,), (a/A=
0.05, 0.075, and 0.1,) and pressure ratio (Pr = 1, 5, 10 and 15). Based on the present study

following conclusions can be drawn:

1. The study shows that film cooling effectiveness is strongly influenced by the secondary
flow injection locations. Four different locations viz. Lo, L2s, Lso, and L7s were
considered and the study reveals that the performance of Lsg and L7s injection locations
is higher as compared to Lo and L2s locations.

2. The increase in corrugation amplitude to the wavelength ratio (a/A) restricts the coolant
spread and with the increase of corrugation depth the film cooling effectiveness
decreases. The maximum decrease is reported for Lo injection, the amplitude to
wavelength ratio increases from a/A= 0.05 to 0.075 and a/A= 0.05 to 0.1 reducing the
centreline average effectiveness by 24% and 31.3%, respectively.

3. The parametric study indicates that the secondary flow attachment to the corrugated
surface and the film cooling effectiveness is significantly influenced by the blowing
ratio, with the increase in blowing ratio the centreline effectiveness increases even at a

high blowing ratio.
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CHAPTER 5: EXPERIMENTAL AND NUMERICAL
ANALYSIS OF FILM COOLING PERFORMANCE OF A
CORRUGATED  SURFACE  USING  DOUBLE
INJECTION
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CHAPTERS

5.1 Introduction

The combustor liner and afterburner are the essential components of modern aero-
engines, particularly those used for military fighters and bombers, mounted with afterburners
on the exhaust side of the hot stream. It fulfills the additional thrust requirements during
specific operations such as take-off combat, etc., by burning the additional fuels. The
afterburners are designed to operate in an extremely high-temperature environment however
due to continuous operation in the exhaust stream of a gas turbine, the temperature often
exceeds the melting points of the metal material. The corrugated surfaces provide high
structural rigidity and stiffness and hence practically used in afterburner and combustor liners
of modern aero-engines and fighter aircraft. However, film cooling studies using double

injection on corrugated surfaces are missing in the literature.

This chapter presents the experimental validation of the numerical model developed for
film cooling application of double injection locations on film cooling application of sinusoidal
corrugated surface. The experimental validation is carried out for a limited arrangement of
parameters; however, the numerical study is extended for a wide range of parameters. The
experimental study is performed for different double injection locations (per wavelength) viz.,
(Lo-L2s), (Lo-Lso), (Lo-L7s), (L2s-Lso), (L2s-L7s) and (Lso-L7s) on the sinusoidal corrugated
surface at blowing ratio (1), fixed injection angle (45°), and density ratio (1.095). The
numerical study is conducted for a wide range of operating parameters such as blowing ratios
from (0.5-2), and density ratios (1.095, 2.5, and 4). To access the effect of corrugation geometry
three different amplitude to wavelength viz. 0.05, 0.075, and 0.1 are considered in the present

numerical study.
5.2. Corrugated Test Plate Configuration

The test plate configuration used for double slot injection is exhaustively discussed in
previous chapter 2 (section 2.3.2). The corrugated test plate used in this work has a sinusoidal
profile and is generated using the Maass and Suchusman [77] equation. To ensure the film
cooling protection of the corrugated surface, a secondary stream of cooled air is injected over
the corrugated surface through a slot of width (w/A = 0.02). The slot was designed following
the previous works of Burn and Stollery [17]. The present study considers double slot injection

locations in one wavelength. Figure 2.7 (chapter 2) shows the detailed layout of the corrugated
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plate and various slot locations viz. Lo, Lzs, Lso, and L7s. The level with the slot indicates the
distance from the first peak of the first corrugation. The various double slot injection considered
in this study are detailed, (Lo-L25), (Lo-Lso), (Lo-L7s), (L2s-Lso), (L2s-L7s), and (Lso-L7s). In the
present case of double slot combinations, all the measurements are performed downstream to
the first hole (i.e., From Lo for Lo-L2s). The detailed experimental methods, setup, and

measurement techniques have been discussed in chapter 2.

Table.5.1: Summary of experimental data collection and cases.

SN. Cases Double-row slot positions | Corrugated plate and slot width
L Case-1 (Lo-Las) a/2=0.05, w/A=0.02
2. Case-2 (Lo-Lso) a/A=0.05, w/A=0.02
3. Case-3 (Lo-L7s) a/A=0.05, w/A=0.02
4. Case-4 (L2s-Lso) a/A=0.05, w/A=0.02
5. Case-5 (L2s-L7s) a/A=0.05, w/A=0.02
6. Case-6 (Lso-L7s) a/A=0.05, w/A=0.02

5.3 Numerical Studies
5.3.1 Computational Domain

The computational domain used in the present numerical study is the two-dimensional
domain. It consists of a mainstream inlet, secondary stream inlet, pressure outlet, plenum
chamber, and corrugated wall. A detailed description of computational domains is presented in
chapter 2 (section 2.9.3). The length and height of the domain are 4A and 2A where A indicates
the wavelength of the corrugated surface. The mainstream is a heated stream of air whereas the
secondary stream is a relatively cold stream of air. The secondary steam of air is mixed
uniformly in the plenum chamber before being supplied to the corrugated wall. In order to
investigate the effect of various injection locations of double slot, various double injection
combinations viz., (Lo-L2s), (Lo-Lso), (Lo-L7s5), (L2s-Lso), (L25-L7s) and (Lso-L75) are considered.

5.3.2 Boundary Conditions, Operating Parameters, and Solution Methodology

The governing equations of mass momentum and energy along with the conjugate heat

transfer are solved using a finite volume solver as discussed in chapter 2 (section 2.10). The
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detailed grid resolution and solution methodology are discussed in chapter 2 (section 2.14.3).
Air is used as the working fluid for both mainstream and secondary streams, and variations of
thermophysical properties are considered using temperature depended on properties. The

temperature-dependent properties are discussed in chapter 2 (section 2.4).

In the present numerical study, the computational domain consists of various
boundaries, the mainstream and secondary stream inlet is assigned as a velocity inlet where
flow velocity, turbulence intensity, and temperature are specified. The flow outlet is treated as
a pressure outlet with zero-gauge pressure. For all cases of fixed turbulence intensity of 5% is
specified. The mainstream inlet and secondary stream inlet were assigned as velocity inlets,
where all velocity and temperature values were specified. The numerical values of velocity and
temperature correspond to the parameter sets of the various cases being computed (i.e., density
ratio, blowing ratio, Reynolds number). The outlet is assigned as a pressure outlet boundary
with zero-gauge pressure. The test plate is made of a low thermally conductive material with a
thermal conductivity of 0.16 W/(m-K). The corrugated surface covered with a plenum, and the
inner slot wall are all fluid-solid interfaces imposed with the non-slip condition. The plenum

wall and top wall (as shown in Fig. 3) are assigned as no-slip adiabatic conditions.

Table.5.2: Range of operating parameters used in the present study.

S.N. Parameters Value
1. Blowing ratio (M) 05,1,2.
2. Density ratio (DR) 1.095,1.5 and 2.5
4, Mainstream Reynolds 0.95x10°
Number (Rey)

The present study used a Finite volume solver, ANSYS FLUENT v20.0 [92] to solve governing
equations of mass, momentum, and energy. The conservation equations terms are discretized
with second-order accurate schemes, and the SIMPLE algorithm [93] is used for coupling of
pressure and velocity. The convergence criteria for mass and momentum energy are defined as

10® and 107 respectively.
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5.4 Results and Discussions
5.4.1 Selection of Turbulence Model for Numerical Studies

For most of the turbulent flow applications, the Reynolds-Averaged-Navier-Stokes
(RANS) equations have become a standard analysis tool, since it brings a reasonable

compromise between computational accuracy and costs.
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X/

Fig.5.1: Centreline effectiveness comparison with various turbulence models.

The numerical predictions in the film cooling flow significantly depend on the turbulence
modeling approach and hence the selection of a suitable turbulence model for the corrugated
surfaces is very much essential. To study the capabilities of various RANS models in predicting
the film cooling flow over a corrugated surface three different turbulence models viz. k-¢
(RNG), k-¢ (Realizable), k-o (SST) were applied.

The numerical simulations are carried out for injection location (L2s-Lso) at blowing
ratio (M=1) and density ratio (DR=1.095), and the predictions of various turbulence models
are compared with experimental results, as shown in Fig.5.1. From the Fig.5.1, it can be
observed that both k-¢ (RNG), and k-e (Realizable) shows close predictions as compared to k-
® (SST). The k- (RNG) model shows close prediction in the range of X/A =0.25 to 0.5, and
thereafter from X/A =0.5 to 1.25 k-¢ (Realizable) shows better agreement. The k-¢ (RNG) and
k-e (Realizable) show maximum underpredictions of 5% and 3.9% in the range of X/A =0.25
to 0.5 respectively. Moreover, the k-¢ (RNG) and k-e (Realizable) show maximum over

predictions of 7.4% in the range of X/A =0.5 to 1.25. Both k-¢ (RNG) and k-e (Realizable)
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models follow the experimental trends of variations within the uncertainty limits, however, the
k-e (Realizable) predictions are more accurate from X/A =0.5 to 1.25, hence for further study
k-e (Realizable) is employed.
5.4.2 Comparison of Experimental and Numerical Results

To access the accuracy of the numerical model, the numerical results are compared with
the present experimental results. The experimental study is performed on the corrugated
surfaces for various double injection locations. These locations are labelled as (Lo-L2s), (Lo-
Lso), (Lo-L7s), (L2s-Lso), (L2s-L7s), and (Lso-L7s), where the label with the location indicates the
distance from the peak of first corrugation. The experimental study is carried out for M=1, DR
=1.095, and an injection angle of 45°. The experimental results of centreline effectiveness are
obtained for a distance of X/A = 0.925 in downstream of the first injection hole (i.e., from Lo
to further downstream for the case of Lo-L2s. In the present numerical study, the computational
domain considered is two-dimensional domain and both geometry and operating parameters
are taken identical to the experimental case. Fig.5.2(a) presents the comparison of centreline
effectiveness for injection location (Lo-L2s). From the Figure, it can be observed that the
numerical model shows overprediction from X/A = 0 to 0.15 and thereafter underprediction
from X/A = 0.15 tol. The maximum overprediction and underprediction are recorded as 9.4%
and 8.3% respectively. For the injection location (Lo-Lso), the numerical result exhibits mix
trend of prediction between Lo and Lso, i.e., overprediction followed by underprediction from
X/A=01t00.2 and X/A = 0.2 to 0.5 respectively, as shown in Fig.5.2 (b). Thereafter, from X/A
= 0.5 to 1 small overprediction is observed. The maximum overprediction and underprediction
are 12.2% and 18% respectively. A similar trend of variation can be observed for the injection
location (Lo-L7s), as shown in Fig. 5.2 (c). Figure 5.2. (c) clearly shows that numerical results
follow the experimental trends with a maximum over-prediction of 10% in the range of X/A =
0 to 0.2, and a maximum underprediction of 12% in the range of X/A = 0.2 to 0.75. Thereafter,
from X/A = 0.75 to 1 follows the experimental trends. Fig.5.2 (d) shows the comparison of
injection location (L2s-Lso) with experimental results. From the figure, it can be observed that
the numerical results exhibit similar trends as experimental results with a maximum
underprediction and overprediction of 7.4% and 3.8% respectively. Interestingly, the injection
location (L2s-L75) exhibits a different trend as compared to (Lo-L2s), as shown in Fig.5.2 (e).
The (La2s-L7s) exhibits small under-prediction and over-predation in the upstream and

downstream to the L7s injection respectively.
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Fig.5.2 (f) presents the variations of numerical results for the injection location (Lso-L7s).
Fig.5.2 (f) clearly shows that the numerical results follow the experimental with a maximum
overpredictions of 8% in between the Lso, and L7s locations i.e., from X/A = 0.5 to 0.75. The
results of the numerical model follow the experimental trends of variation within the

uncertainty limits, and therefore the numerical model can be used in further study.

5.4.3 Effect of Secondary Stream Injection

To study the effect of secondary stream injection on velocity profile, the non-
dimensional velocity of with and without secondary injection are presented in Fig.5.3 The non-
dimensional velocity profile normal to the corrugated surface extracted in the mid of the double
slot and compared with without secondary injection case. The numerical simulations for double
slot injections are carried out for blowing ratio (M=1), Density ratio (1.095), and fixed injection
angle (45°). Fig.5.3 (a) presents the non-dimensional velocity profile at X/A =0.1125, from the
figure it can be observed that due to coolant injection through the slots, the velocity profile
exhibits a steeper gradient as compared to the without injection case. Moreover, the boundary
layer thickness is also reported higher as compared to the without injection case. The velocity
profile at X/A=0.125 and X/A = 0.137 also exhibits a similar trend as shown in Fig.5.3 (b)-(c).
Moving to the other location, X/A = 0.137 (i.e., mid of Las-Lso) exhibit different trends in the
inner shear layer and the velocity tends to retard in the core of the boundary layer. Similarly

for other locations. A similar trend can be seen for other locations as shown in Fig. 5.3(e)-(f).

5.4.4 Effect of Various Injection Locations

To study the effect of injection location on film cooling performance of double slot
injection film cooling on the corrugated surface, six different injection combinations are
considered i.e., (Lo-L2s), (Lo-Lso), (Lo-L7s5), (L2s-Lso), (L2s-L7s), and (Lso-L75) per wavelength.
The centreline effectiveness is compared for blowing ratios (M= 0.5, 1.2) and the amplitude to
wavelength ratio (a/A = 0.05) at fixed density ratio (DR= 1.09) and injection angle 45°, as
shown in Fig.5.4. The position of the hole is different therefore the centreline effectiveness is
plotted in the downstream of the first hole for of X/A =0 to 1, regardless of their actual position.
From Fig. 5.4, it is observed that the center effectiveness decreases in downstream of the first
injection hole (i.e., Lo in the case of (Lo-L2s)), however secondary peak in the plot can be
observed which indicates the second injection. The injection location, Lso-L7s shows a better
performance range of X/A =010 0.5, and from of X/A = 0.5 to 0.735 the injection location (Lzs-
L7s).

127
TH-3231_186103109



Y/

0.4 -

Y/l

0.0 -

0.4

03 F

0.2 F

0.1

-0.1

00 02 04 06 08 1.0 1.2

'

I '

03 F .
[ | ]

L { ]

i L}

0.2 f "

0.1Ff Lo

00 k=

X/1=0.1125,L L.

S Fee™ T m - e m -

= === Without Sec. Inj.
With Sec. Inj.

Cov oo b by by by a byuan

[ == ==

00 02 04 06 08 10 12

U/Ums
(@)

= = == Without Sec. Inj}
With Sec. Inj. s

[ == ==

Lo b b b b b

U/Upms
(d)

Y/1

Y/I

0.4 -
[= = = = Without Sec. Inj*
(== ==== WithSec.Inj. |,

03 r "

[}
L LI

02 "
OXM=0125L L, 1)
[ '

0.1r ¥
i .=

0.0 :l-'-"_’.’-'--' -

Covaa b b b b b

00 02 04 06 08 10 1.2
UUps
(b)
0.4 r;

(= = = = WithoutSec.Irlj:

0.3 F==--- WithSec.Inj. s/
L ,
L [
L I
0.2 + '
L |
- X/1=05,L,L . )
0.1 C 1 ,’
Vid
[ - =" - ’;_
00F _.==" -7

r& -
-» -
= L

L1

01 bbb 1,
00 02 04 06 08 10 12
U/Ums
(e)

04 i
[= = = = Without Sec. Injs
[====== WithSec. Inj. !

03 1L '

L 1’
[ K
02 r 1
- - _ I«
S b X5l
01F 1)
[ /'
i ee =m0
00 M = .= =" - -
V:. .-
e P =
_01 TN RS FREEE SRS REEEE R
00 02 04 06 08 10 1.2
U/Upms
(c)

0-4 L
= = = = Without Sec. Inj
F===== With Sec. Inj. {

03 r
i {

: :

0.2 r [}

> X/1 =0.125,L L ,f'
0.1+ /
r 24
, -3
L ’
r.----_-- -- =
_01 IS R N W N N
00 02 04 06 08 10 1.2
U/Upms
()

Fig.5.3: Effect of secondary injection on the non-dimensional velocity (U/Ums) profile at mid of (a) Lo-L2s; (b) Lo-Lso; (C) Lo-L7s; (d) L2s-Lso; (€)

TH-3231_186103109

Los-L7s; (f) Lso-Ls.

128



Moving further downstream from X/A = 0.735 to 1, the Lo-L7s injection location shows
improved performance. For the further increase of the blowing ratio to M=1, a similar trend
can be observed, as shown in Fig. 5.4(b). Figure 5.4(b) clearly shows that the injection location,
Lso-L7s performed better in the range of X/A = 0 to 0.5, and from of X/A = 0.5 to 0.735 the
injection location (Lo-Lso) performance is better. Moving in further downstream from of X/A =
0.735 to 1, the Lo-L7s injection location shows improved performance. Similarly, for the
blowing ratio M=2 the injection location, Lso-L75 performance is a better range of X/A =0 to
0.5, and from X/A = 0.5 to 0.735 the injection location (Lo-Lso) performance is better. Moving
in further downstream from X/A = 0.735 to 1, the Lo-L7s injection location shows improved

performance.

To analyse the performance of various double injection cases, the centreline
effectiveness average over one wavelength is plotted in Fig.5.5. The bar graph clearly shows
that the performance of Lso-L7s is best among all selected locations for blowing ratio M=0.5 to
2. For the blowing ratio (M=0.5), the performance of the Lso-L75 injection location is the best
among all injection locations, as shown in Fig.5.5 (a). The centreline effectiveness (wavelength
average) of Lso-L7s is 18.1% higher than the Lo-L7s injection case. Fig.5.5 (b) shows the
comparison of centreline effectiveness (wavelength average), the performance of the Lso-L7s
injection location is 19% higher than the Las-Lso case. Further increase of blowing ratio (M=2),
a similar trend can be observed and film cooling effectiveness of the Lso-L7s injection location

is 15% higher than the L2s-Ls case, as shown in Fig.5.5(c).

The film cooling and heat transfer characteristics of different injection locations can be
well understood with the, streamline contour plots shown in Fig.5.6. Figure 5.6. shows the
streamline traces for different injection locations at blowing ratio (M=1), density ratio
(DR=1.095), and (a/A =0.05). Fig. 5.6. (a) illustrates, the streamline traces for Lo-L2s injection
locations. The streamline traces show two recirculation zones, a small recirculation zone is
observed the upstream of Los injection hole (i.e., X/A = 0.1 to 0.25), and a relatively bigger
zone is can be observed in the downstream of Ls location (i.e., X/A = 0.25 to 0.75). Both the
recirculation zones are trapped below Y/A=0.05, and hence a sharp drop in effectiveness is
reported. Fig 5.6. (b) shows the streamline contour plots for the Lo-Lso injection location, and
a small recirculation zone can be observed between X/A = 0.3 to 0.5. However, downstream of
the Lso injection, the corrugation profile forms a converging region, and due to this, the
recirculation zone vanishes. Therefore, the drop in effectiveness profile is relatively monotonic
as compared to the upstream to the Lsg injection location.
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A similar trend to the injection location Lo-Lso can be observed for the Lo-L7s injection
case, as shown in Fig. 5.6. (c), where the recirculation zone can be observed only in the
direction upstream to the L7s injection location. Apart from that the injection locations L2s-Lso
and shows Ls-L7s exhibit different trends, as shown in Fig. 5.6. (d)-(e). Fig. 5.6. (d)-(e) clearly
shows the recirculation regions in the direction upstream to the Lsg and L7s injection locations
i.e., X/A = 0.25 to 0.5. However, the recirculation zone vanishes in the direction upstream to
the L7s injection locations. Moreover, the vortices are absent for the Lso-L7s, injection locations

and hence improved performance can be seen.

5.4.5 Effect of Amplitude to Wavelength Ratio

The present study considers three distinct amplitude-to-wavelength ratios (a/A), 0.05,
0.075, and 0.1, to evaluate the impact of corrugation geometry on film cooling behaviours. The
numerical simulations carried out for various double injection combinations viz., (Lo-L2s), (Lo-
Lso), (Lo-L75), (L2s-Lso), (L2s-L75) and (Lso-L7s) at M=1, injection angle 45° and DR =1.095.
Figure 5.7 (a) presents the comparison plot of centreline effectiveness for the Lo-L2s injection
location. From Fig.5.7(a) it can be observed that all the a/A ratios have similar trends of
variations, and a peak in the effectiveness can be seen near the second injection location (i.e.,
Los). However, the increase of a/A from 0.05 to 0.1 causes a sudden drop in effectiveness can
be observed. Moving to further downstream between X/A = 0.25 to 1, the depth of the wavy
valley grows as the corrugation amplitude to wavelength increases which limits coolant spread
further downstream as a result, coolant flow is constrained to a limited region, and film cooling
effectiveness declines. The comparison of centreline effectiveness for the Lo-Lso injection case
is shown in Fig.5.7 (b). Figure 5.7(b) clearly shows that an increase of a/A from 0.05 to 0.1
causes a substantial drop in effectiveness from X/A = 0 to 0.1, and moving to further
downstream to the Lso the effects are insignificant. A similar trend to the Lo-Lso location is
reported for the Lo-L7s case, as shown in Fig.5.7 (c). Figure 5.7(c) clearly shows that with the
increase of a/A from 0.05 to 0.075 the film cooling effectiveness drops between the two
injection locations (i.e., Lo and L7s), and further increase of a/A from 0.075 to 0.1 the effects
are insignificant. Apart from that the L2s-Lso, L2s-L7s, and Lso-L7s exhibit inherently different
trends as compared to Lo-Ls, Lo-Lso, and Lo-L7s locations, as shown in Fig.5.7 (d)-(e).
Figure.5.7 (d) shows the trends of variations for Los-Lso injection location, from the figure it is
observed that with the increase of amplitude to wavelength ratio a/A from 0.05 to 0.1 the
effectiveness increases between the two injection locations (i.e., between L2s and Lso, from X/A
=0.25 to 0.50) and thereafter the effectiveness reduces (i.e., from X/A = 0.5 to 1.25).
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With the increase of amplitude to wavelength the coolant accumulation increases on the slant
edge of corrugation in between the L2s and Lso which offer more resistance to the heat transfer
and hence the effectiveness increase. A similar trend is reported for the Los-L7s and Lso-L7s, as
shown in Fig.5.7 (e)-(f), the effectiveness increases between the two injection locations and

thereafter decreases.

5.4.6 Effect of Blowing Ratio

This section illustrates the effect of the blowing ratio on film cooling characteristics of
double slot injection on the corrugated surface. The numerical study is performed for blowing
ratio (M= 0.5, 1 and 2), at fixed density ratio (DR=1.095), injection angle (45°), and a/A =0.05.
Fig.5.8 (a) presents the effectiveness trends for Lo-L2s injection location. Figure 5.8 (a) clearly
shows that with the increase of M= 0.5 to 1, a significant improvement in centreline
effectiveness is observed throughout downstream from X/A = 0 to 1, and the maximum
improvement is reported as 50%. However, a further increase of the blowing ratio from, M= 1
to 2 resulted in a maximum improvement of 11.75%. With the increase of blowing ratio, the
mass flow rate of coolant increases and film cooling improves. Moreover, the further increase
of blowing ratio causes secondary jet penetration into the mainstream and hence relatively
lower impact can be observed for the increase of M=1 to 2. Fig.5.8 (b) illustrates the
comparison trends of centreline effectiveness for Lo-Lso injection location. From Fig.5.8 (b) it
is observed that, with the increase of blowing ratio from M= 0.5 to 1, centreline effectiveness
increases throughout the downstream locations from X/A = 0 to 1. The further increase of
blowing ratio from M= 1 to 2, causes coolant stream lift-off from the corrugated surface, and
hence a small drop in the effectiveness can be seen in the range of X/A = 0 to 0.28. A similar
trend can be observed for injection location, (Lo-L7s), where the centreline effectiveness
increases for the increase of blowing ratio, M=0.5 to1, as shown in Fig.5.8(c). A small drop in
the effectiveness can be seen in the range of X/A =0 to 0.12 with the further increase of blowing
ratio from M= 1 to 2. Moreover, the injection locations Las-Lso and Las-L7s locations exhibit
similar trends, as shown in Fig 5.8(d)-(e). The increase of blowing ratio M=0.5to 1 and M=1
to 2 increases the centreline film cooling effectiveness, except for a narrow region near the slot
where a drop can be observed. Moving to further downstream locations i.e., Lso-L7s the
centreline effectiveness improves throughout the downstream location (X/A = 0.5 to 1.5) as the

blowing ratio increases from M=0.5 to 2, as shown in Fig.5.8 ().
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5.4.7 Effect of Density Ratio

In order to study the effect of density ratio, on the film cooling performance of various
injection locations. The centreline effectiveness is plotted as the function of the density ratio.
The numerical simulations are carried out for three different density ratios viz. 1.095, 2.5, and
4 at the fixed blowing ratio, M=1, a/A=0.05, and injection angle 45°. The effect of the density
ratio for the Lo-L2s injection position is shown in Fig.5.9 (a). As the density ratio increases
from DR = 1.095 to 4, as seen in Fig.5.9 (a), the centreline efficacy decreases. The effect is
negligible upto X/A=0 to 0.1 and thereafter, X/A=0.1 to 1 a significant difference can be
observed. It is expected that centreline effectiveness would rise monotonically as density
increases. However, for the fixed blowing ratio, an increase in density ratio leads to a reduction
in the secondary mass flow rate which further reduces the cooling of the corrugated plate
exposed to the plenum side. The present study considered the conjugate heat transfer through
the corrugated plate exposed to the secondary flow inside the plenum chamber, and due to the
reduced mass flow rate of secondary flow, a reduction in centreline effectiveness can be seen.
A similar trend can be seen for Lo-Lso, and Lo-L7s, as shown in Fig.5.9 (b)-(d). From Fig.5.9
(b)-(d), it can be observed that the centreline effectiveness decreases with the increase of
density ratio from DR=1.095 to 4. Apart from that, for the L2s-Lso location with the increase of
density ratio from DR=1.095 to 2.5, centreline effectiveness increases in the range of X/A=0 to
0.1 and thereafter decreases. The further increase of density ratio from DR=2.5 to 4,
effectiveness decreases throughout from of X/A=0 to1, as shown in Fig.5.9(d). A similar trend
to the Las-Lso, the effectiveness trends is reported for the Las-L7s and Lso-L7s locations, as
shown in Fig.5.9 (e)-(f).
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5.5 Conclusion

To identify the best injection configurations and operating parameters for film cooling
applications on the corrugated surface, experimental and numerical studies have been
conducted for a variety of double injection locations viz. injection locations and the corrugation
amplitude to wavelength ratio. The numerical studies have been carried out for a wide range of
parameters such as blowing ratio (M= 0.25-2), and density ratio (DR=1.095, 2.5, and 4,) Based

on the present study following conclusions can be drawn:

1. The present study demonstrates that the film cooling performance of sinusoidal
corrugated surfaces strongly depends on coolant injection location. Six different
injection locations viz., (Lo-L2s), (Lo-Lso), (Lo-L75), (L2s-Lso), (L2s-L7s), and (Lso-L7s)
were considered, and the results indicate that the film cooling performance of Lso-L7s5
injection is best among all selected locations. The centreline effectiveness (average over
a wavelength) is reported to be 15 to 19% higher than the least-performing injection
location for the blowing ratio (M= 0.5 to 2).

2. The study reveals that the increase of amplitude to wavelength ratio (a/A) shows district
impact on different injection locations. As the depth of the wavy valley grows as the
corrugation amplitude to wavelength increases which limits coolant spread further
downstream and restricts the coolant spread and with the increase of corrugation depth
the film cooling effectiveness decreases. The impact of corrugation amplitude on the
wavelength ratio is higher for Lo-L2s.

3. The numerical study suggests that the film cooling effectiveness of the corrugated
surface strongly depends on the blowing ratio, with the increase in blowing ratio the
film cooling effectiveness increases even after the blowing ratio (M=2).

4. The study suggests that the non-dimensional velocity profile is significantly influenced
by the coolant injection. The non-dimensional velocity profile with coolant injection
exhibits a steeper gradient for Lo-L2s, Lo-Lso, and Lo-L7s cases. However, for other
locations such as Las-Lso, L2s-L7s, and Lso-L7s, the velocity profile is strongly influenced

in the inner shear layer.
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CHAPTER 6: EXPERIMENTAL AND NUMERICAL
STUDY OF THE EFFECT OF FORWARD AND
REVERSE INJECTION ON FILM COOLING AND
THERMAL STRESS DISTRIBUTION ON A
CORRUGATED SURFACE
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CHAPTERG

6.1 Introduction

The recent advancement in film cooling configuration has focused more attention on
backward/reverse injection. The reverse injection over flat surfaces shows encouraging results
to overcome the formation of counter-rotating vortices. The counter-rotating vortices are
commonly known as kidney vortices which promote coolant lift-off and restrict the coolant
spread over the surface. The reverse injection is still the infantry stage for most of the
applications, such as vanes and corrugated surfaces. In practical applications, gas turbine
blades, combustion chambers, and aero-engine afterburner liners are made of nickel-based
super-alloy [68]. The thermal conductivity of such superalloys is high, and thus conduction
heat transfer through the metal cannot be ignored. Hence, under such conditions, conjugate
heat transfer analysis is more accurate. The modern aero-engine afterburner temperature as
high as 2000K, and the typical values of density ratio and operating pressure is also close to 4
and 5 respectively. To ensure the safe operation of components, thermal protection is essential.
Film cooling is one of the most effective techniques for the thermal management of
components under the pathway of high-temperature flue gases. In the case of film cooling a
coolant stream, is injected over the surface which forms a thin protection layer and a
temperature gradient exit over the surface. The excessive temperature gradient exits over
components and yields thermal stress. Excessive thermal stress may cause failures and
structural deformation. Therefore, thermal stress analysis is essential to understanding the

effective design of the cooling system.

In this chapter experimental and numerical study is focused on film cooling analysis of
corrugated surfaces using forward and reverse injection. The mainstream is the hot stream of
air and a secondary stream of coolants is injected through three rows of cylindrical holes. A
comparative study of both forward and reverse injection is presented for the flow, and heat
transfer phenomenon over the corrugated surfaces. Additionally, the temperature profile
obtained from coolant injection is used to analyse the thermal stress. The experimental studies
were used to validate the numerical model, and for further parametric study, the operating
parameters range has been extended.
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6.2 Physical Problem and Test Plate

The present work explores the effect of forward and reverse injection configurations on
the flow and thermal characteristics of a sinusoidal corrugated surface. The present study uses
three rows of cylindrical holes per wavelength of a corrugated test plate. The detailed positions
of the holes are presented in chapter 2 (section 2.2.4). The study investigates a corrugated test
plate of the sinusoidal profile, and the profile is obtained by the expression given by Maass and
Suchusman [77]. The test plate is made of a low thermally conductive material with a thermal
conductivity of 0.16 W/(m-K) and is placed in the mainstream flow of heated air, and the
secondary stream of relatively cooled air is injected over it through the cylindrical holes of
diameter (D/A = 0.06) and lateral pitch of (P/D =3). The cylindrical holes are inclined at 45° in
both forward and reverse configurations, in such a way that the axial component of the
secondary flow is opposite to the mainstream in the reverse case. However, in the case of
forward injection, the axial component of the secondary stream is in the same direction as the

mainstream flow.

6.3 Numerical Studies
6.3.1 Computational Domain

A three-dimensional domain is used for present numerical investigations, as discussed
in chapter 2 (section 2.9.4). It consists of various inlets and outlet boundaries, side walls,
plenum walls, and corrugated walls. The length, width, and height of the domain are 41, 2A,
and 21 where A indicates the wavelength of the corrugation profile. The mainstream is heated
air injected passing over a sinusoidal corrugated surface, and two protect it coolants are injected
through three rows (R1, R2, and R3) holes. The holes are placed at the uniform lateral pitch of
3D, where D is the cylindrical hole diameter. The specific positions of holes measured from
the peak of the first corrugation in the direction of mainstream flow. The coolant holes are

cylindrical and inclined at 45° with the mainstream flow direction.
6.3.2 Boundary Conditions, Operating Parameters, and Solution Methodology

The governing equations of mass momentum and energy along with the conjugate heat
transfer are solved using a finite volume solver as discussed in previous chapter 2. The detailed
of grid resolution and solution method are also discussed in chapter 2. In the case of the present
study, the air is considered as the working fluid for both mainstream and secondary streams,

and density variations with temperatures are also taken into account. The density of the working
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fluid is calculated by using the ideal gas equations. As the temperature variations in the
computational domain are significantly high, the thermophysical properties such as thermal
conductivity (A), specific heat (Cp), and viscosity (i) are taken as temperature dependent. In
the present numerical study, the computational domain consists of various boundaries, the
mainstream and secondary stream inlet is assigned as a velocity inlet where flow velocity,
turbulence intensity, and temperature are specified. The flow outlet is treated as a pressure
outlet with zero-gauge pressure. For all cases of fixed turbulence intensity of 5% is specified.
The mainstream inlet and secondary stream inlet were assigned as velocity inlets, where all
velocity and temperature values were specified. The numerical values of velocity and
temperature correspond to the parameter sets of the various cases being computed (i.e., density
ratio, blowing ratio, Reynolds number,). The outlet is assigned as a pressure outlet boundary
with zero-gauge pressure. For numerical studies, the test plate is made of Nickel-based
superalloy IN738LC, the detailed physical properties are discussed in chapter 2 (section
2.11.2). The corrugated surface covered with a plenum, and the inner slot wall are all fluid-
solid interfaces imposed with the non-slip condition. The plenum wall and top wall (Fig. 2.17,
section 2.9.4) are assigned as no-slip adiabatic conditions.

Table.6.1: Range of operating parameters used in the present study.

S.N. Parameters Value
1. Blowing ratio (M) 05,1,2.
2. Density ratio (DR) 4
4, Mainstream Reynolds 0.36x10°

Number (Rey)

The present study used a Finite Volume solver, ANSYS FLUENT v20.0 [92] to solve
governing equations of mass, momentum, and energy. The conservation equations terms are
discretized with second-order accurate schemes, and the SIMPLE algorithm [93] is used for
coupling of pressure and velocity. The convergence criteria for mass and momentum energy

are defined as 10 and 108 respectively.
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6.4 Results and Discussions

This section presents the experimental and numerical results obtained for both forward
and reverse flow in terms of effectiveness distribution and flow patterns. The validation study
is carried out for a limited range of parameters i.e., M=1, DR=1.08. However, the numerical
study is extended for the actual operating range of the aero engine afterburner using the
corrugated liner of INL738LC. The parametric study is carried out for blowing ratio (M=0.5,1
and 2) at fixed density ratio (DR=4) operating pressure (5 bar).

6.4.1 Numerical Model Validation

For the RANS-based simulations, the selection of a suitable turbulence model for
corrugated surface film cooling is vital. The accurate turbulence model is chosen based on the
comprehensive analysis of various two-equation turbulence models, as discussed in our
previous chapters 4 and 5. This study discussed that the calculated results are highly sensitive
to the turbulence models, and k-¢ turbulence was found to capture the film cooling on a
corrugated surface accurately. The experimental study uses a corrugated test plate of low
thermal conductivity material Nylon 12. Therefore, the numerical case for validation also
considers similar geometrical configurations and thermo-physical properties. The numerical
simulations are carried out for injection location for both forward and reverse injection at
blowing ratio (M=1) and density ratio (DR=1.08), and the predictions are compared with
experimental results, as shown in Fig.6.1. The experimental results are plotted with uncertainty
bar for a streamwise distance of X/A =0 to 0.9. The detailed procedure of uncertainty
calculations is given in chapter 2. The maximum uncertainty in film cooling effectiveness is

reported as 10% with a 95% confidence level.
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Fig.6.1: Validation of numerical model (a) centreline effectiveness (FW); (b) centreline

effectiveness (RE); (c) lateral average effectiveness (RE).

The results predicted by the numerical model show a similar distribution trend for centreline
effectiveness, as shown in Fig.6.1. Figure 6.1(a) clearly shows trends for forward injection, and
the numerical model accurately captured the trend downstream to the second row (R2,) however

a small deviation can be seen in upstream i.e., close to X/A =0.05 to 0.2. The maximum
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deviation of 26% is reported near X/A=0.15. A similar trend is observed for reverse injection,
where the numerical model follows the experimental trends with a small deviation in the range
of X/A =0.35 to 0.55, as shown in Fig. 6.1 (b). The deviations are within the experimental
uncertainty limits. A better verification of the numerical model was obtained from a
comparison of lateral average effectiveness. The lateral averaging is performed for +4.5D, from
the central hole (Z/D=0). Figure 6.1(c) shows the lateral average effectiveness comparison for
reverse injection. From Fig.6.1 (c) it can be observed that the numerical model accurately
captured the lateral spreading of coolant within uncertainty limits. The maximum deviation is
10%, at X/A=0.9. The numerical models accurately follow the experimental trends; hence it

can be employed for further investigation.
6.4.2 Centreline Effectiveness and Lateral Average Effectiveness

In this section, the film cooling effectiveness for both forward and reverse cases are
compared, as shown in Fig.6.2. The centreline effectiveness is plotted along the central hole
(i.e., Z/D =0). The centre of the first row of holes in the mainstream flow direction is treated
as the origin, and the results are plotted to further downstream for one wavelength. From
Fig.6.2 (a), it can be observed that at low blowing ratio (M=0.5), the effectiveness plot for
reverse injection dominates the forward case, except the region X/A =0 to 0.3, and X/A = 0.48
to 0.72. The peak in effectiveness plots indicates the hole locations and the height of the peak
increases in the downstream direction. The conjugate heat transfer through the test plate is
taken into consideration, therefore the upstream rows are subjected to higher heat transfer from
the heated mainstream. Hence the lower effectiveness peak is obtained for the hole located in
the first row (i.e., R1) and second row (i.e., R2) compared to the third row (i.e., R3). With the
further increase of blowing ratio (M=1), the reverse injection effectiveness is better throughout
downstream locations except in a narrow region X/A = 0.16 to 0.32, as shown in Fig.6.2(b).
However, for the blowing ratio (M=2), the reverse injection effectiveness is better at the
downstream location, as shown in Fig.6.2(c). At a low blowing ratio, compared to forward
injection the reserve injection the secondary stream flow experiences a major portion of
momentum to overcome the mainstream. Hence, at a higher blowing ratio the gain in
effectiveness is higher. The further increase of blowing ratio (M=2) shows significant

improvement throughout downstream locations.
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The film cooling performance of the hole depends on coolant coverage in both stream-
wise (along mainstream and span-wise (lateral) directions. The coolant coverage in the lateral
direction is evaluated in terms of lateral average effectiveness. Therefore, in the present study
lateral averaging is performed for the distance +4.5D, from the central hole. Fig.6.3(a)
demonstrates the effectiveness comparison for both forward and reverse injection at blowing
ratio (M=0.5). The figure clearly shows that both configurations exhibit similar trends of
variations. A small drop in effectiveness plot is reported for reverse injection from X/A = 0 to
0.36 and thereafter dominates the forward injection. A maximum improvement of 27% is
reported over forward at X/A=0.86. Moving to the higher blowing ratio M=1 (Fig.6.3 (b)), the
reverse injection dominates over forward, however, exhibits similar trends as the blowing ratio

(M=0.5), where the difference gain in effectiveness is higher in downstream rows.
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Fig.6.3: Comparison of lateral average effectiveness for forward and reverse injection (a)
M=0.5; (b). M=1; (c) M=2.

The further increase of blowing ratio (M=2) shows significant improvement throughout
downstream locations as shown in Fig.6.3 (c). The maximum improvement of 66.66% and

146% at X/A=0.5 and X/A=0.88 respectively are reported in the reverse case.

The same phenomenon can be well understood with the effectiveness contours, as
shown in Fig.6.4. The coolant distribution is symmetric about the central hole (i.e., along
Z/D=0). At a low blowing ratio (M=0.5) both forward and reverse injection shows similar
coolant coverage. Moreover, the coolant coverage is also non-uniform along the lateral
direction. With a further increase of the blowing ratio to M=1, the reverse injection shows more
uniform and better coolant coverage as compared to the forward injection. The clear patch of
poor coolant distribution can be seen for forward injection, in between the second and third
row. For M=2, the plot clearly shows that the coolant distribution for forward injection is non-
uniform and lower, however, the reverse case shows better coolant distribution. Apart from
that the forward injection at the blowing ratio (M=1) shows a more uniform distribution as

compared to the blowing ratio (M=2).
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Fig.6.4: Effectiveness contours of forward (FW) and reverse (RE) injection over the corrugated surface.
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Figure 6.5 and 6.6 demonstrates the secondary flow streamline injecting from coolant
holes at a blowing ratio (M=1). Flow streamlines colored by non-dimensional velocity in the
range of (VR=0-1) are plotted for comparison of both forward and reverse configurations.
Figure 6.5 (a) and (b) clearly shows that flow issuing from a forward hole is more streamlined
and skewed as compared to the novel reverse case. Moreover, the secondary flow is split into
counter-rotating vortices, as shown in plane normal to mainstream Fig.6.5 (c). The streamlines
of reverse injection show vortices in the corrugation plane, as shown in Fig.6.6 (a)-(c). The
vortices are reported in corrugation planes improving the coolant spread in the lateral direction

and therefore a better coolant coverage is evident in effectiveness contours shown in Fig.6.4.

v T i

0 0102030405060.70.809 1

Fig.6.5: Streamline contours of secondary stream flow structure forward injection (FW) at
blowing ratio (M=1) (a) corrugated plate (Z-X plane); (b) corrugated plate with cooling
holes (X-Y plane); (c) normal to mainstream flow (Y-Z plane, mid plane Rz and R3).
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Additionally, the strength of planner vortices is increasing in the downstream direction, which
results in a higher gain in effectiveness particularly at the downstream location (i.e.,
downstream to Rz).

v T i

0 0102030405060.70.809 1

Planner Vortices

Fig.6.6: Streamline contours of secondary stream flow structure for reverse injection (RE)

at blowing ratio (M=1) (a) corrugated plate (Z-X plane); (b) corrugated plate with cooling
holes (X-Y plane); (c) normal to mainstream flow (Y-Z plane, mid plane Rz and R3).

The previous works of literature on reverse injection [51] on flat surfaces show a substantial
difference in coolant coverage in a lateral direction due to both forward and reverse. For the
forward injection, the coolant is mostly skewed towards the centreline and therefore the lateral
spreading was less. However, the present study reveals that the coolant spread for forward
injection is relatively better due to the corrugation profile, as shown in Fig.6.4. The corrugation
profiles improve the coolant spread. Both forward and reveres injection shows similar trends
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of coolant coverage particularly at a low blowing ratio (M=0.5) and a significant difference

can be seen at a high blowing ratio (M=2).
6.4.3 Local Lateral Effectiveness

The variations of local lateral effectiveness are shown in Fig. 6.7 (a)-(e). The local
lateral effectiveness is plotted at two different streamwise locations, i.e., X/A =0.15 (between
R1 and R2) and X/A =0.55 (between Rz and Rs). The lateral effectiveness is plotted for lateral
distances of Z/D=%4.5, (i.e., the lateral distance of £4.5D on each side from the central hole).
Figure 6.7 (a) shows the trends of variations in coolant coverage at X/A =0.15. It can be
observed that the effectiveness distribution is symmetric about the central hole (i.e., along Z/D
=0) for both forward and reverse injections, and the forward case shows a relatively higher
distribution. However, the effectiveness plot for reverse injection is relatively uniform as
compared to reverse injection. Apart from that the case shows a peak along the holes, which is
due to the skewed coolant distribution along the centreline of each hole. Moving to the further
downstream location at X/A =0.55 at M=0.5, as shown in Fig.6.7 (b), both forward and reverse
cases exhibit similar trends of variations. A Similar trend can be observed at blowing ratio
(M=1), and X/L=0.15, as shown in Fig.6.7 (c). Both forward and reverse injection show similar
trends of variations. Moving to the further downstream location at X/A =0.55 at M=1, the
reverse injection shows a more uniform and higher effectiveness distribution, as shown in
Fig.6.7(d). Fig.6.7 (e) and (f) present the effectiveness variations at blowing ratio (M=2).
Contrary to the lower blowing ratio, i.e., M=0.5 and 1, at a high blowing ratio (M=2) the reverse
injection case shows more uniform and higher effectiveness. The reverse injection shows a
wavy profile for both locations X/A=0.15 and X/A=0.55.
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Fig.6.7: Comparison of numerically obtained local lateral effectiveness for forward and
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R2); (f) M=2 (between Rz and R3).
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6.4.4 Thermal Stress Analysis

In order to obtain the thermal stress distribution, finite element analysis is employed. A
commercial code called ANSYS Workbench-2020 was used to conduct the thermal analysis.
The present finite element analysis involves the following steps: (Step 1) create a test model
using finite elements; (Step 2) define and impose the boundary conditions and the material
properties; (Step 3) impose temperature profiles obtained from film cooling; and (Step 4)

calculate the thermal stresses using the temperature distributions and the constraints.

Figure 6.8 illustrates the film-cooled domain considered for thermal stress analysis.
Considering that the cooling holes are laterally spread with a constant pitch of 3D, a lateral
distance of £1.5D, and a streamwise distance of one wavelength are used to determine the
stress. The stream-wise distance is measured from the central hole in the first row (i.e., Ry).
The temperature profile obtained from the present film cooling study is imposed as the
boundary condition. Figure 6.8 illustrates the finite element model and the boundary conditions
on the regions near the cooling hole. Due to the presence of additional materials, symmetric
boundary conditions (BCs), and BCs for uniform deformation in the X-axis direction were
needed for constraints, as shown in Fig.6.8. Constraints play an important role in computation
because thermal effects (resulting from temperature changes and differences) and specified
constraints are the causes of the majority of stresses. Stress analysis has been done to identify
the thermal damage near the typical cooling hole after these boundary conditions are imposed.
It consists of unstructured cells generated using workbench. Three different grids viz. 0.6
million, 1.2 million, and 1.7 million were employed. The setup of 1.2 million was chosen for
comparison, and the resulting model created a difference of less than 2% in the calculation of
stress with a higher grid setup. The thermos-physical properties are taken as temperature
dependent [111], as discussed in Table.6.1. The variations in poison ratio are insignificant for
the substrate temperature range. Figure 6.9 demonstrate the temperature gradient for both
forward and reverse injection case at a blowing ratio (M=2). The resulting temperature gradient
for the forward case is higher than the revrse case particularly near cooling holes due to non-
uniform cooling. The forward injection shows poor coolant coverage and uniformity as
compared to the reverse injection and therefore the resulting thermal stress is higher. Figure
6.10 shows the thermal stress distribution for both forward and reverse cases based on the
temperature distribution obtained through cooling and imposed boundary constrained. It can
be observed that maximum von-mises stress distribution is non-uniform for both injection
cases, however, differences can be identified between cooling holes R1 and Rz. The quantitative
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trends of maximum von-mises stress are plotted in the bar graph, as shown in Figure 6.11. The
figure clearly shows that in reverse injection with the increase of blowing ratio from 0.5 to 2,
Von-mises stress monotonically decreases. Moreover 14.5 % lower equivalent von-mises stress
compared to forward injection for blowing ratio (M=2).

Corrugated Surface . .
g Thermal stress analysis domain

-15
-10

Z/DO0

10
15

15,71 05 0 05 1\ 15 2.

Film cooled temperature profile
Uniform deformation

Uniform deformation

6@ 2 0 Symmetry

Fig.6.8: Computational domain and boundary conditions used in present thermal stress

analysis.
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Table.6.1 Thermophysical properties of superalloy (IN738LC) [111].

Thermal - Therma}l
Temperature Conductivity Specific Heat | Youngs Modulus Expar_ls_lon
(K) (W/m.K) (I/kg.K) (GPa) Coefficient
(um/m-K)
273 --- - 212 1.26E-05
373 --- 449 208 1.28E-05
473 11.46 - 203 1.31E-05
573 13.3 477 196 1.35E-05
673 15.5 - 189 1.35E-05
773 16.8 504 183 1.39E-05
873 18.79 - 177.5 1.42E-05
973 20.48 545 170 1.44E-05
1073 21.8 === 165.3 1.47E-05
1173 23.64 652 151 1.52E-05
1273 25.44 --= 138.7 1.54E-05
1373 27.13 == 117 1.56E-05
1773 --- 740 ---
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Fig.6.9: Film cooled temperature distribution for (a) FW, M=2; (b) RE, M=2.
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Fig.6.10: Thermal stress distribution for (a) FW, M=2; (b) RE, M=2.
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Fig.6.11: Variations of stress with blowing ratio.
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6.5 Conclusion

Experimental and numerical studies have been performed for film cooling assessment of
reverse injection configurations on the corrugated surface. The experiments are performed for
blowing ratio (M=1) and density ratio (DR=1.08). In-house experimental data is used to verify
the numerical model; however, the parametric study is extended for corrugated surfaces made
up of Nickel-based super alloy (IN738LC) at blowing ratio (M=0.5,1 and 2) and density ratio

(DR=4). After detailed assessments of the results following conclusion can be drawn:

1. The present study demonstrates that the film cooling performance of sinusoidal
corrugated surfaces strongly depends on injection configurations. The reverse injection
shows better cooling for all investigated blowing ratios (M=0.5,1 and 2), however, a
small drop can be seen near the first row at low blowing ratios i.e., M=0.5 and 1.

2. Coolant coverage in the spanwise direction is relatively uniform, for reverse injection
as compared to the forward case. At low blowing ratios (M=0.5 and 1) a wavy profile
is observed however at blowing ratio (M=2) reverse case shows uniform coolant
spreading.

3. The thermal stress analysis indicates that reverse injection provides better thermal
protection and shows 14.5 % lower equivalent von-mises stress compared to forward
injection for blowing ratio (M=2).

4. The typical melting temperature of superalloy (IN738LC) lies in the range of 1200-
1300°C. Therefore, to ensure thermal protection, the lateral average effectiveness must
be higher than 0.35. The proposed cooling configuration of three rows per wavelength
successfully protects the superalloy (IN7378LC) from overheating in reverse

configuration at M =1 and 2.
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CHAPTER 7: CONCLUSION AND FUTURE WORK
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CHAPTERY

7.1 Conclusion

This study's primary goal is to find suitable injection configurations for film cooling
applications on the corrugated surface. Corrugated surfaces are the most adopted surface
configuration for afterburners of aero-engine liners, due to their effectiveness in terms of
coolant attachment, high stiffness, and structural rigidity. The methodology for the present
work includes experimental as well as numerical. The experimental methodology involves
experimental setup design, calibration, measurement techniques, and uncertainty analysis. The
mainstream is heated air whereas the secondary stream is relatively cold air, and experiments
are done for a limited temperature range and used to validate the numerical model. The present
work involved the development of the computational model, validation, and parametric study.
The parametric study is carried out for a wide range of operating parameters using RANS and
LES, turbulence models. The RANS modeling is mainly employed for corrugated surface
studies; however, the flat plate film cooling flow physics is captured with the sophisticated
turbulence model (i.e., LES). The appropriate RANS turbulence model is selected based on a
thorough investigation of various two-equation models such as RNG k—¢, Realizable k—¢, and
(SST) k—m. The detailed objectives of the present work include (a) film cooling assessment of
cylindrical and laidback fan-shaped holes with reverse injection; (b) study of the effect of
various injection locations on film cooling performance of a corrugated surface; (c) study of
the effect of double-row slot injection locations on the film cooling performance of a
corrugated surface; (d) study of the effect of reverse injection on film cooling and thermal stress
of a corrugated surface.

As a beginning of computational model development, numerical studies have been
carried out on a flat plate. This study investigates the forward and reverse injection using
cylindrical and shaped holes. After the detailed study and results analysis following

conclusions were drawn:

(1) The film cooling performance of reverse injection is better than the forward
injection, for both cylindrical and shaped holes.

(2) The formation of kidney vortices is one of the major issues in film cooling which
promotes the coolant jet lift-off from the surface and lowers the film cooling

performance. The vortices observed in the case of reverse cylindrical and reverse-
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shaped holes are predominately in the plane of the plate and mitigate the problem
of the formation of kidney vortices.

(3) The pressure drop is maximum for the reverse cylindrical hole (RCH) and minimum
for the forward cylindrical hole (FCH). Moreover, the pressure drops in the case of
(a reverse-shaped hole (RSH) is comparable with that of a forward-shaped hole
(FSH).

The corrugated surfaces are widely used in afterburner aero-engines due to high structural
rigidity and stiffness. Experimental and numerical studies have been conducted to understand
the effect of various slot injection locations on film cooling performance. Mainly four injection
configurations were investigated on a sinusoidal corrugated surface viz. Lo, L2s, Lso, and L7s,
where numerical value as subscripts indicates the position of the slot from the peak of the first
corrugation in the direction of mainstream flow. Based on the experimental and numerical

studies following inferences have been drawn:

(1) The analysis demonstrates that the secondary flow injection locations have a
significant impact on the effectiveness of film cooling. Lo, L2s, Lso, and L7s were
the four locations that were considered into consideration, and the results showed
that Lso and L7s injection locations performed better than Loand Las locations.

(2) The parametric study reveals, that the blowing ratio has a significant impact on the
secondary flow attached to the corrugated surface and film cooling.

(3) Unlike the flat surface, the corrugated surface shows better performance even at a
higher blowing ratio (i.e., greater than 1). This is mainly because of secondary flow

attachments with corrugated surfaces.

The film cooling study using a single slot per wavelength indicates that converging corrugation
profile downstream to the slot improves coolant attachments. Therefore, for a better
understanding of coolant interaction, and the effect of multiple injection locations on film
cooling on a corrugated surface, experimental and numerical studies have been conducted. This
study considers various double-row slot injection locations viz. (Lo-L2s), (Lo-Lso),(Lo-L75),(L2s-
Lso), (L2s-L75), and (Lso-L7s5). The parametric study of various injection combinations shows

the following remarks:

(1) The position of coolant injection significantly impacts the film cooling
performance of sinusoidally corrugated surfaces. Among six different injection
locations considered viz. (Lo-L2s), (Lo-Lso), (Lo-L7s), (L2s-Lso), (L2s-L7s), and (Lso-
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L7s) the Lso-L7s injection has the best film-cooling performance of all the cases
investigated. For the blowing ratio (M= 0.5 to 2), it has been reported that the slot
effectiveness (average over a wavelength) is 15 to 19% greater than the injection
location with the lowest performance.

(2) The increase of amplitude to wavelength ratio (a/A) shows a distinct impact on
different injection locations. The effect of a/A is more significant for the slot
locations (Lo-L2s), (L2s-Lso), and (Lo-L7s). However, the effect is relatively lesser
for (L2s-Lso), (L2s-L7s), and (Lso-L7s). As the depth of the corrugation valley, the
mixing of coolant increases in the valley and limits the coolant spread, and hence
performance reduces.

After identifying the suitable injection location, experimental and numerical studies have been
conducted using forward and reverse injection configurations on a corrugated surface. This
study includes three rows of cylindrical holes per wavelength at 45° and the outcome of the
parametric study demonstrates the following:

(1) The present study demonstrates that the film cooling performance of sinusoidal
corrugated surfaces strongly depends on injection configurations. The reverse
injection shows better cooling for all investigated blowing ratios (M=0.5,1 and 2),
however, a small drop can be seen near the first row at low blowing ratios i.e.,
M=0.5and 1.

(2) Coolant coverage in the spanwise direction is relatively uniform, for reverse
injection as compared to the forward case. At low blowing ratios (M=0.5 and 1) a
wavy profile is observed however at blowing ratio (M=2) reverse case shows
uniform coolant spreading.

(3) The thermal stress analysis indicates that reverse injection provides better thermal
protection and shows 14.5 % lower equivalent von Mises stress compared to

forward injection for blowing ratio (M=2).

7.2 Future Work Suggestions

The present study demonstrates several aspects of film cooling using various injection
configurations on flat and corrugated surfaces. Based on this study the author suggests the

following work to the designers of film cooling systems:
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(1) The film cooling studies using reverse hole shows improved performance with both
cylindrical and shaped. However, the aerodynamic analysis of the flow field is still
infantry stage which needs further explorations.

(2) The experimental study is carried out for a limited temperature range, as heating of
the mainstream is challenging at high speed. Therefore, further experimental
facilities can be developed with an improved heating facility which can be used to
validate the numerical models at a high-density ratio. Moreover, the correlation can
be developed with the density ratio.

(3) The present studies on corrugated surfaces reveal that Realizable k—¢ is accurately
capturing the film cooling phenomenon as compared to RNG k—¢, and (SST) k-
models. However, a better engineering solution to flow physics and heat transfer of
high turbulent film cooling can be given with improved turbulence modeling
approaches viz. DES, modified DES, LES, and DNS. Additionally, detailed
investigations of various LES are required to assess the capability of capturing the
flow physics over curved surfaces.

(4) Thermal stress is a critical parameter to evaluate the film cooling protection of a
component, which is exposed to high-temperature gases. For various surface
configurations, thermal stress quantification can be done to identify the merits of

thermal protection.
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