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Abstract

The performance of a new film cooling scheme has been numerically
investigated. The scheme consists of a blade-type swirl generator that
adds a swirl pattern to the injected coolant stream. Reynolds-Averaged
Navier-Stokes equations along with a realizable k-¢ turbulence model
have been solved. The film cooling effectiveness over a flat plate
downstream the coolant injection hole was determined for different
generator geometric parameters and operating conditions. These
parameters are the generator length to the injection hole diameter ratio,
twist angle, and location from the hole inlet. The operating conditions are
four different blowing ratios, constant density ratio of 2.0, mainstream
turbulence intensity of 5% and Reynolds number of 80,000 based on the
hole diameter and mainstream velocity. The results showed an
enhancement in the laterally averaged cooling effectiveness accompanied
by enriched jet spreading downstream the in-hole swirl generator, while
the area-averaged cooling effectiveness increased by 74%, 293%, and
805% at blowing ratios 1.0, 1.5 and 2.0, respectively, compared to that
for a scheme without swirl generator. Such enhancement is attributed to
the vortical structure generated and hence the interaction with the
mainstream. Optimization was conducted on obtained results to determine
the optimal swirl generator geometric parameters.

Nomenclature

A,, Inlet cross-sectional area of mainstream, mm?

Ap  Inlet cross-sectional area of the plenum, mm?

CUC  cooling uniformity coefficient, CUC = 1 —

Ca  Discharge coefficient,

[7-7cl
Ne
Actual mass flowrate

Cdz

Ideal mass flowrate
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D Diameter of film cooling hole, mm

DR  Density ratio, DR = £<

Pm

Fco,r Coriolis Force, N

L/D  Film cooling hole path length to diameter ratio
L,/D  Swirl generator length to diameter ratio

PcVc

PmVm

M Blowing ratio, M =

P; Total pressure at certain pointi = 1,2, .., [Pa]
P/D  Hole spacing to film cooling hole diameter ratio

Re  Reynolds Number, Re = @ = 80,000

Ug

S Swirl parameter, S =

Uaxial

Ssp  Swirl generator position inside film cooling hole path measured from path entrance, mm

T.,» Adiabatic wall temperature of flat plate wall, K

T, Coolant air inlet temperature, K

T,,  Mainstream inlet temperature, K

Up Circumferential velocity of swirling coolant flow, m/s

Uqxiat Axial velocity of swirling coolant flow, m/s

|4 Vector of fluid relative velocity, m/s

(2 Coolant air average velocity based on circular hole cross-section area, m/s

v,  Mainstream average inlet velocity, m/s
Streamwise coordinates, m
Vertical coordinates, m

Inclination angle of film cooling hole path, deg

X

Y

Z Spanwise coordinates, m

(44

B Twist angle of swirl generator, deg
n

Adiabatic film cooling effectiveness, n = —T;”__T‘;W
1.5D
3pJ-1.5D n{X,2)dz

n Laterally averaged effectiveness, i = :
) Vector of angular velocity, rad/s
W,y Vorticity of x-axis, rad/s

p Fluid density, kg/m?®
p.  Coolant air density, kg/m?
pm  Mainstream air density, kg/m3
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Abbreviations

AM Additive Manufacturing
CRVP Counter-Rotating Vortex Pair
LES Large Eddy Simulation

LIF Laser Induced Fluorescence
PSP Pressure Sensitive Paint
SG Swirl Generator

TET Turbine Entry Temperature

1. Introduction

Film cooling is an effective cooling technique in gas turbines to retain the durability of vanes and
blades in the first stage of the turbine. More research and development in cooling technology will
enable turbine designers and manufacturers to get higher firing temperatures and higher Turbine Entry
Temperatures (TET) which will reflect on turbine efficiency enhancement, Acharya and Kanani[1].
In film cooling, relatively cooled air is injected close to the external surface of the vanes and blades
to make a very thin protective layer of the coolant. The coolant air is extracted from a high-pressure
compressor stage. Despite the crucial role of film cooling in gas turbine development there are few
drawbacks of such technology. Some of those drawbacks are related to manufacturing limitations,
and others are related to the complex phenomena that occur when the coolant jet crosses the
mainstream and interacts with it. Several studies have been conducted in the film cooling area.
Goldstein [2] reviewed the early works carried out in this area and performed the first film cooling
analysis,, while Bunker [3] reviewed film cooling from shaped holes. Bogard and Thole [4] reviewed
more recent works and presented a table that summarizes the various parameters considered in those
research studies.

As indicated by Leylek et al.[5], in film cooling from a cylindrical hole a Counter Rotating Vortex
Pair (CRVP, also called kidney-shaped vortex) rises at a blowing ratio of about 2.0, which leads to
effectiveness decay downstream of the cooling hole. Many studies were conducted to investigate the
CRVP with two main objectives. The first one is to visualize and understand the structure of CRVP
as presented by Fric and Roshko [6], Haven and Kurosaka [7]. The second main objective is to control
the CRVP intensity and enhance the film cooling performance by proposing new techniques and
modification of existing ones. Kusterer et al. [8] suggested the use of a double-jet scheme, while
Heidmann and Ekkad [9] and Dhungel et al. [10] proposed the use of supplemented anti-vortex hole.
Ely and Jubran [11, 12] suggested the use of sister holes to generate new vortices that cancel the effect
of CRVP, while Li and Hassan [13] proposed the use of a nozzle scheme. All the novel schemes
proposed to control CRVP postulated that the performance of film cooling is enhanced by decreasing
the intensity of CRVP.

Recently, researchers have considered the reconstruction of vortices by using swirling coolant flow.
Kuya et al. [14] used a twisted tape inside the cylindrical hole and found that the performance of film
cooling was enhanced due to the generated swirling coolant flow. Several new ideas have been
proposed and developed to utilize the benefit of swirling coolant flow. Takeishi et al. [15] developed
a new approach to generate swirling coolant flow inside a hexagonal plenum from two inclined
staggered impingement jets. They used a Pressure Sensitive Paint (PSP) to measure film cooling
effectiveness on a flat plate wall in a low-speed wind tunnel. In addition to that, they used Laser-
Induced Fluorescence (LIF) and Particle Image Velocimetry (PIV) to capture the film cooling
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effectiveness spatial distribution and flow field, respectively for film cooling from circular and shaped
holes. For circular hole, they controlled the swirl strength by changing the angle of the impinging jet
from 0° to 40° . The highest film cooling effectiveness obtained was about 0.6 at nozzle angle 30°,
and M = 1.0. Moreover, they postulated that both jet penetration and the generation of CRVP were
suppressed by the swirling coolant jet. Besides, the jet deflection was in the direction where the
swirling velocity component in the z-direction was positive. Hence, they concluded that the swirling
coolant flow can drastically improve film cooling performance. Oda et al. [16] conducted a Large
Eddy Simulation (LES) of film cooling with the swirling coolant flow for a circular hole, and they
confirmed that the swirling coolant jet was effective in reducing the net heat transfer from the harsh
main stream to the vane wall.

Yang etal. [17] studied experimentally the combined effect of the upstream ramp and swirling coolant
flow using two impingement jets in the plenum to generate swirling in either a clockwise or
counterclockwise direction. They postulated that film cooling coverage downstream the hole was
higher in the case of large slant angle of the ramp, than the case of small angle. They attributed that
to the suppression of the recirculation vortex induced by the ramp at large angle due to the presence
of swirling flow. In addition, they found that the rotation direction of the swirling coolant flow
enhances the right and left mixing of CRVP, respectively. Finally, they concluded that combination
of cooling structures of ramp and swirling flow resulted in better cooling performance than the
singular swirling structure. Yang et al. [18] conducted a numerical investigation of the swirling
coolant flow effect on film cooling performance for three different hole geometries. They concluded
that a suitable implementation of the swirling coolant flow could enhance film cooling performance
for each of three types of holes geometries. Furthermore, they indicated that the film cooling
effectiveness for symmetrical cooling configuration was affected by swirling strength of the coolant
jet not the swirling direction. On the other hand, the cooling performance for asymmetric cooling
configuration was affected by swirling strength and direction similar to the case of compound angle
injection. Thurman et al. [19] proposed film cooling from a spiral hole scheme and found that the
proposed scheme induces large-scale vorticity which cancels out the CRVP and enhances film cooling
performance compared with that of a smooth cylindrical hole scheme. Yue et al. [20] conducted a
numerical investigation of three suggested configurations of coolant chambers, all of them use
cylindrical holes, to develop swirling coolant flow and new vortex structure. They indicated that
increasing the blowing ratio for one of the suggested configurations enhances film cooling
performance and induces a unidirectional vortex leading to good adhesion of the coolant jet to the
wall. A recent study conducted by Jia et al. [21] investigated numerically a new spiral hole design
and compared it to cylindrical hole. They postulated that the averaged film cooling effectiveness of
spiral hole is considerably improved compared to cylindrical hole. Furthermore, they obtained a
lateral area coverage three times larger than that of a cylindrical hole and this is due to larger lateral-
velocity and low momentum at the hole exit.

As indicated in the above discussion, The literature shows few studies that investigated the effect of
swirling coolant flow on the film cooling performance. To the authors’ knowledge, most of those
studies proposed to induce the swirling motion inside the plenum and others suggested to generate
swirling flow by changing the hole geometry. While in the present study, a novel scheme is proposed
to use a blade-type swirl generator inside the hole path. The present study provides a new design of
swirl film cooling configurations exploiting the advantages of swirling coolant flow stated in the
literature. The proposed scheme is expected to produce higher laterally averaged film cooling
effectiveness and consequently ensure high coverage compared to other schemes. Such wide or high
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coverage will be useful in increasing the hole spacing and consequently using a smaller number of
holes thus maintaining good structural integrity of turbine blades and vanes which is one of the main
challenges to turbine designers. Finally, the new scheme can be manufactured by Additive
Manufacturing (AM) that provides design flexibility.

2. Numerical method

2.1.Governing equations

The simulation of the steady, three dimensional, turbulent, and compressible flow is considered. The
flow is governed by the Reynolds Averaged Navier-Stokes (RANS) equations closed by the realizable
k- turbulence model as follow[22]:

The continuity:

b, 0 [~—1_
2% + 6_xj [puj] =0 (1)
The momentum:
D —— D [~— — _ _
o [Pl + o, [P + péi; — (77" + 7,;'™)] = 0 )
The energy:
] T
at[ o] + [puleo + u'jp u; (Tuturb + Tl]lam)] eff ax; =0 (3)
g tam _ (08 0 20w s\ o turp 0w | 0y 20Tk 5\ _ 250
Where: 7;;""" = ,u(axj + o 30m 611) , Ty = U (6xj + o 30m 61]) 3pk5u and
M Ut
Kepr =Gy pp_rt
The turbulent Kinetic energy:
L A T
tu bl ox;  Ox; [(‘u + ak) ox;j + P = pe (5)

The turbulence dissipation rate:

dpe . _ dpe a (
—_ u —=—
ot Tox; ox;

i £2
+—)— +pC18S = Cop = (6)

O¢

While S = /25,5, and S; = (sz Zu].>'

Xi

Where x;, p, u;, p, 8;j, 1 e, rij am - and rl]t””’ represent Cartesian coordinate in index notation,

density, velocity component, pressure, Kronecker delta, dynamic viscosity, turbulent eddy viscosity,
laminar and turbulent Reynolds stress tensor, respectively. The bar represents a time-averaged value.
i,j and k represent variables corresponding to one of the three directions, X, y or z independently.
The model constants are:

C,=144,C,=19,0, = 10,0, = 1.2.

= . turb 45—

The P, = T”p % is the production term in the turbulent kinetic energy transport equation, while
]

oy, 05, Cq,and C, are the model constants. More details about the mathematical model can be referred

to Ansys Fluent Theory Guide[22].
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2.2. Computational domain and boundary conditions

Figure 1(a) shows the repeated computational domain geometry of each inclined coolant injection
hole over a flat plate. The main geometric parameters considered in the simulations are the hole
diameter D = 12.7 mm, inclination angle of the hole path a« = 35°, hole length to diameter ratio
L/D = 4 and pitch to diameter ratio P/D = 3. The computational domain was divided into three
sub-domains named: the mainstream fluid domain, injection hole fluid domain, and plenum fluid
domain as shown in Fig.1(b). Two non-conformal mesh interfaces are created to connect the three
sub-domains.

Symme try boundary condition

Mainstream Mainstream
velocity inlet pressure
outlet
_— 20D —_—

Blade adiabatic
wall boundary

I 200 _ 00 o2 T 30D !

Coolant air
velocity inlet

(@)

il TR i } i
- Mainstream Fluid Domain -~ L

Plenum Fluid Domain

Hole Fluid Domain

L R

(b)
Fig. 1 (a) Schematic of the computational domain, (b) Mesh generated in the study.

Two cases have been created to perform the study, the first one for a baseline case of film cooling
injected from a plain cylindrical hole without a swirl generator. The other one is for the case of film
cooling with an in-hole swirl generator with four blades and various geometric parameters considered
in the present study. These parameters are the ratio of the swirl generator length to the hole diameter
Ls/D (0.8,1.0,1.25), its twist angle B (60°,160°,190°), and position in the injection hole path relative
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to the path inlet SP (15.4, 20.4, 24.4) mm. Figure 2 shows a schematic of the swirl generator and its
geometric parameters used in the model.

The origin of the domain has been chosen at the center of the hole exit in the mainstream and the
domain starts upstream at X = —20D , where the velocity inlet boundary is located. The inlet cross-
sectional area, A,,, is 20D x 3D , and both the inlet temperature (T,,) and velocity (v,,) are
considered to be 300 K and 21.6 m/s, respectively. The mainstream fluid domain extends in the x-
direction downstream the origin to X = 30D where the pressure outlet boundary is considered to be
absolute atmospheric pressure. Away from the injected film cooling and its interaction effects with
the mainstream, at Y = 20D, the symmetry boundary condition is applied. Periodic boundary
conditions are used for the side faces of mainstream and plenum fluid domains at Z = —1.5D and
Z = 1.5D. The flat plate surface at Y = 0.0D is set as an adiabatic non-slip wall boundary condition.
The plenum is located between Y = —2D and Y = —8D with inlet area Ap = 15D x 3D . This inlet
has been considered as a velocity inlet boundary condition with inlet velocity calculated according to
the considered blowing ratio M = (0.5,1.0,1.5,2.0). For all considered values of blowing ratios, the
temperature of the coolant at the plenum inlet is kept constant at 150 K based on a density ratio DR
of 2.0. Finally, the swirl generator parameters inside the injection hole path are defined as depicted
in Fig. 2.

Fig. 2 Swirl generator characteristics and parameters inside injection hole path

2.3. Grid generation and independence test

A structured hexahedral grid is generated which reduces cell count and consequently less memory
and time required, also allows the predominant flow to be aligned with the grid. The grid of the
mainstream fluid domain and the plenum fluid domain is generated once for all cases and tests. While
the grid of the injection hole fluid domain is generated for each geometrical change stated in the test
matrix shown in Table (1). From this table, it is shown that for each blowing ratio there are 27 cases
due to the variations of the swirl generator length to hole diameter ratio, its twist angle, and position
in the injection hole path.

The grid independence test was performed to ensure that increasing the number of grid cells more
than the chosen number used in the present computation does not affect the numerical results for all
studied cases as shown in Fig.3. The figure shows the centerline effectiveness for the baseline case
downstream the injection hole for five cases with different cell numbers at a blowing ratio M = 1.0
and density ratio DR = 2.0. Apparently, there is no change in results as the number of cells exceeds
3.3 million. Therefore, the number of cells 3.7 million is adopted for the present study. Special care
has been given for the mesh in the near wall region to properly model the viscous sublayer with the
aid of wall function linked with the used turbulence model.
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Table 1 Test Matrix of the present study.

Ls/D 0.8
B (degree) 60 160 190
SP (mm) 154 20.4 24.4 154 20.4 24.4 154 20.4 24.4
0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
M 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
15 15 15 15 15 15 15 15 15
2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Ls/D 1.0
B (degree) 60 160 190
SP (mm) 154 20.4 24.4 154 20.4 24.4 154 20.4 24.4
0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
M 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.5 15 15 15 15 15 15 15 15
2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Ls/D 1.25
B (degree) 60 160 190
SP (mm) 154 20.4 24.4 154 20.4 24.4 154 20.4 24.4
0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
M 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.5 15 15 15 15 15 15 15 15
2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
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Fig. 3 Grid independence test
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2.4. Numerical solution and model validation

ANSYS Fluent release 16.0 CFD solver has been used through the present study in parallel
computation mode using double precision and pressure-based solver. Zhang and Hassan [23]
presented a comparison between the results obtained using four turbulence RANS models coupled
with different near-wall treatments. They postulated that the realizable k-& turbulence model with the
standard wall function shows satisfied agreement with the experimental data. Therefore, the realizable
k-¢ turbulence model with the standard wall function is utilized to model the present study. The model
is solved using second-order upwind scheme for the momentum, energy, and turbulence convective
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equations with PRESTO for the pressure correction as indicated in [22] due to the high swirling flow
expected in the study. The convergence of the solution has been accepted when the residuals reach
an order of magnitude of 10> and the net imbalance is less than 1% of the smallest mass flux in the
fluid domain boundary. For the purpose of model validation, the baseline case at a blowing ratio M =
1.05 and density ratio DR = 1.97 is solved and compared with the experimental study conducted by
Pedersen et al. [24] under the same stated operating conditions. Comparison of the obtained
computational results of the centerline effectiveness along the hole downstream direction shows a
good agreement with the experimental results of [24] as shown in Fig.4.
1R
, 09 F B Pedersen et al. [24]
§ 08 F —Present Study
207 }
206 F| m

S 05 }
204 }
. B -

1

Centerl
o oo
NN W

o

0 5 10 15 20 25 30
X/D
Fig. 4 Validation of the present study numerical model with the experimental data of Pedersen et
al.[24] (M = 1.05, DR = 1.97)

3. Results and discussion

The results presented and discussed in this section are those obtained for different cases that include
studying all parameters arranged in the test matrix shown in Table (1). A total number of 108 cases
are studied. These cases considered different swirl generator geometrical parameters and operating
conditions. The results are presented and discussed in a manner to show optimum parameters. The
steps of optimization start by studying the effect of swirl generator length Ls/D under different
blowing ratios M, then followed by studying the effect of twist angle £, and ended by studying the
effect of varying the swirl generator position SP. The optimization criteria are to determine the
parameters which ensure maximum effectiveness uniformity over the flat plate surface at the vicinity
of hole and along the downstream direction. Finally, the optimum performance was compared with
the baseline case to show the enhancement degree.

3.1. Effect of the swirl generator length and blowing ratio.

Figure 5 represents the variation of the laterally averaged film cooling effectiveness along the
downstream direction for the case with § = 60° and SP = 15.4 mm at different values of Ls/D
(0.8,1.0,1.25) and blowing ratio M(0.5,1.0,1.5,2.0). The figure shows that increasing the blowing
ratio at short swirl generator length (Ls/D=0.8) leads to a higher laterally averaged film cooling
effectiveness near the injection hole. This increase continues up to a certain X /D value that depends
on the blowing ratio M then starts to decay. The decay rate increases by increasing the blowing ratio
due to high mixing which is expected to occur because of the high swirling intensity level caused by
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increasing the blowing ratio. Comparing the results of the three swirl generator lengths Ls/D shown
Fig.5, it can be observed that increasing Ls/D causes the cooling jet lift-off. Thus, effectiveness
reduction near the injection hole and downstream happens until re-attachment occurs somewhere
before X/D = 5.0. Furthermore, the intensity of this effect increases as the bowing ratio increases.

0.6
—M=0.5
0.5 e M=1.0
—M=1.5

0.4 —M=20

'=0.3
0.2
0.1
0 'l 'l 'l 'l 'l
0 5 10 Xl/% 20 25 30
(a) LJ/D=0.8
0.6
—M=0.5
05 F —M=1.0
0.4

= 0.3

0.2

0.1

0 » » » » »
0 5 10 15 20 25 30
X/D
(b) L/D=1.0
0.6 p—yEr
05 F e M=1.0
e \=1.5
0.4
= 0.3
0.2
0.1
0 ' ' ' ' '
0 5 10 15 20 25 30
X/D

(c) L/D=1.25
Fig. 5 Variation of laterally averaged film cooling effectiveness in the downstream direction for a
case with p=60°, SP=15.4 mm, at different M and Ls/D values
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The swirl parameter S is used to scale the swirl strength and it is defined as the ratio of the
circumferential velocity to the axial velocity, ug/ugyiar » @S described in [25]. The jet lift-off is
intensified as the swirl number decreases due to an increase in the injected jet axial velocity, which
in turn leads to a higher normal-to-wall velocity component. The re-attachment occurs due to the
attenuation of the normal-to-wall velocity component and the vortex strength during the penetration
of the mainstream flow. From the above results and discussion, the optimum parameters that lead to
a relatively uniform laterally averaged effectiveness distribution downstream the hole with no sudden
decay or jet lift-off are the shortest swirl generator length Ls/D=0.8 accompanied with M = 1.0 when
B = 60°and SP = 15.4 mm.

3.2. Effect of the swirl generator twist angle

Figure 6 shows the variation of the laterally averaged film cooling effectiveness in the downstream
direction for different lengths of the swirl generator Ls/D= (0.8,1.0,1.25) when varying the twist
angle g = (60°,160°,190°), while the swirl position and blowing ratio are kept constant at SP =
15.4 mm and M = 1.0,respectively. In Fig. 6(a), for Ls/D=0.8; enhanced jet coverage was observed
for all twist angles. However, for twist angle f = 160 °, higher effectiveness at the vicinity of the
hole is observable compared to other values of g until X/D = 8.0 where it drops down to a lower
level than that for the case with twist angle B =60°, but it still has a higher value than  =190°. In
addition to that, a steep drop down in effectiveness is obvious for f =190°. Hence, this dropdown is
attributed to the excessive mixing that occurs owing to the high swirl strength which causes a large
part of the main hot stream to be involved downward by the cooling jet and consequently reducing
the effectiveness. Furthermore, the laterally averaged film cooling effectiveness for the case of the
twist angle B =60° has a relatively uniform distribution without steep changes from X/D = 4.0 to
the end of the domain at X/D = 30, however, sudden adverse change is discernible in the hole
vicinity as the jet lift-off arises. To conclude, the case with § = 160° is considered to provide the
optimum performance over the other twist angles when it is assessed for hole vicinity along with
downstream effectiveness.

In Fig. 6(b, ¢), at Ls/D = 1.0 and 1.25, it is observed that the jet lift-off appeared for the case with
B = 60°. This is attributed to the relatively long swirl generator path that causes a reduction in
circumferential velocity, ug, of the swirling flow inside the hole. Moreover, this reduction in the ug
is accompanied by an increase in the axial jet velocity component hence the jet momentum
penetrating the mainstream. In addition to that, it was observed that increasing the twist angle
increases the swirl strength level, and this leads to a high mixing and a steep dropdown in the film
effectiveness at the twist angle g = 190° as shown in Fig. 6(b and c).

By examining the three plots in Fig.6, simultaneously it can be concluded that increasing the swirl
generator length Ls/D leads to reduced effectiveness at a constant twist angle. However, a further
increase in the twist angle for the same swirl generator length enhances the laterally averaged
effectiveness in the region immediately downstream of the injection hole. Additionally, the high swirl
strength level causes high mixing which leads to a steep dropdown in the laterally averaged
effectiveness, but the swirling coolant jet still has relatively similar coverage near to the domain end.
Accordingly, it can be deduced that the best performance accompanies the injection from the hole
with swirl generator length to diameter ratio Ls/D = 0.8 and a twist angle § = 160°.
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Fig. 6 Variation of laterally averaged film cooling effectiveness in the downstream
direction, for cases of different twist angles and Ls/D at constant SP=15.4 mm and M=1.0
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3.3. Effect of the swirl generator position

Figure 7 represents the variation of the laterally averaged film cooling effectiveness in the
downstream direction for different lengths Ls/D = (0.8,1.0,1.25) while varying the swirl generator
position SP = (15.4,20.4, 24.4) mm measured from the inlet section. The swirl generator position
IS investigated at constant M = 1.0, and § = 160°. In Fig 7 (a) where Ls/D=0.8, it is observed that
the coolant jet for the case with a swirl generator position SP=15.4 mm maintains a higher film
cooling laterally averaged effectiveness in the hole vicinity until reaching X/D < 5.0 then it drops
down to lower value than the case with SP=20.4 mm. The reason for that is attributed to the stabilizing
of the swirling flow after the jet passes the swirl generator due to the long distance as it travels from
the swirl generator to the hole exit compared to the other two positions. In addition, this relative long
path diminishes the swirling strength and reduces the axial flow momentum package. Therefore, the
possibility of jet penetration is reduced, and no detachment is observed. The figure also shows that
the position of the generator SP = 24.4 mm exhibits a detachment of the coolant jet immediately
after the hole exit. On the other hand, the swirl generator position SP=20.4 mm maintains a higher
uniform distribution of laterally averaged effectiveness for a long downstream distance compared to
the other two positions.

Mainly coolant jet lift-off occurs due to the axial momentum goes along with a high swirl strength
level. On the other hand, the high angular momentum interaction with the mainstream tends to cause
jet reattachment. As shown in Fig. 7(a), the jet reattachment location depends on the swirl generator
position such that the closer the swirl generator to the hole exit, the farther the reattachment location
downstream the hole. Figures 7 (b) and (c) indicate that the film cooling laterally averaged
effectiveness at any downstream location decreases when the swirl generator length is increased. In
fact, this is attributed to the increased swirl strength after passing a longer path inside the swirl
generator compared to the case of Ls/D = 0.8. For that reason, the jet lift-off is observed for all swirl
generator positions in case of the longest swirl generator. Accordingly, it can be stated that the
parameters providing the optimum performance for these cases are a swirl generator length to
diameter ratio Ls/D=0.8 and a swirl generator position SP=20.4.

3.4. Film cooling adiabatic effectiveness.

Figure 8 is a comparison of the film cooling adiabatic effectiveness contours downstream of the film
cooling hole with and without a swirl generator at different blowing ratios. The swirl generator used
in the comparison has the optimum geometric parameters that provide better coolant coverage with
uniform distribution of the cooling effectiveness downstream of the injection hole. As concluded
above, these parameters are Ls/D = 0.8, § = 160°, SP = 20.4 mm. Figure.8 (a) shows side by side
the film cooling effectiveness contours downstream the hole at M = 0.5 for the baseline and
optimized cases. It is observable that the coolant jet in the case with the swirl generator has a good
coverage due to the swirl momentum that reduces the penetration of the cooling jet into the
mainstream and increases the lateral diffusion. Symmetric footprint is shown in Fig.8 (a) for the
baseline case while an asymmetric footprint of the coolant jet clearly appeared in the case with a swirl
generator. The asymmetric jet is a result of the rotation of the coolant flow after passing the swirl
generator. More demonstration and explanation of this phenomenon is shown in the next section.
Moreover, the jet, in this case, shows superior lateral spreading in the spanwise direction, compared
to the baseline case, particularly as the blowing ratio increases as shown in Figs 8 (b) and (c).
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Fig.7 Variation of laterally averaged film cooling effectiveness in the downstream
direction, at different swirl position and Ls/D values at constant f=160° and M=1.0

Moreover, it is observable from the figure that for the case with a swirl generator there is a low
effectiveness region between two high effectiveness zones downstream of the injection hole which
results in a hairpin shape of the effectiveness contours as shown clearly in Fig. 8(b). This figure shows
that the hairpin leg in the negative z direction maintains higher effectiveness till the end of the domain
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while the other hairpin leg’s effectiveness has a higher decay rate and is bent in the positive z
direction.

The deflection of the cooling jet shown in Fig. A(b) and (c) at M = 1.0 and M = 2.0,respectively, in
the positive z direction is expected to be a result of the Coriolis force accompanying the rotating
flows. As indicated in[26], Coriolis force is a type of volume force like inertia and centrifugal forces
which affect each fluid particle. These forces have a significant effect on the characteristics of the
rotating (swirling) flows which cannot be ignored. Coriolis force is defined in terms of the angular
and linear velocity of the flow as given in [25] by:

Feor = —2pw XV (7

The rotation direction of the generated swirling flow in the present scheme is counter- clockwise
because of the pitching of the swirl generator blades. This rotation direction causes the deflection of
the coolant jet in the positive z direction because of generated Coriolis force which acts on the fluid
particles in the right direction relative to the coolant jet. As Eq. (7), shows the strength of Coriolis
force and consequently the jet deflection increases when the velocity increases which is achieved by
increasing the blowing ratio as Fig. 8(b) and Fig. 8(c) show.
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Fig. 8 Comparison of the adiabatic film cooling effectiveness in the downstream direction for a case of Ls/D=0.8, f=160° SP=20.4 mm and baseline case
at different blowing ratios

68



A. lbrahim et. al., Numerical Investigation of Film Cooling Effectiveness and Flow Field Characteristics over ...

Figure (9) shows a quantitative comparison of laterally averaged film cooling effectiveness at
different downstream locations for the case with optimum parameters and baseline case at
different blowing ratios. At a blowing ratio of M = 0.5, Fig. 9(a), it is apparent that there is
not a much difference between the performances of both cases particularly away from the
coolant injection hole. However, slightly enhanced effectiveness is observable for the baseline
case in the near-hole region compared to the case with a swirl generator. Increasing the blowing
ratio to M = 1.0 and M = 2.0 enhances the performance of the case with a swirl generator
compared to corresponding baseline case at both blowing ratios. Such performance
enhancement is attributed to the absence of jet lift-off, while the performance of the
corresponding baseline cases goes down due to jet lift-off and digestion of the jet by the
mainstream hot gas flow. Figure 9(c) shows that there is a sudden rise of the laterally averaged
film cooling effectiveness followed by a steep change at M = 2.0 immediately downstream of
the injection hole compared to the more uniform effectiveness distribution accompanying the
caseat M = 1.0 as shown in Fig.9(b).
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Fig. 9 Comparison of laterally averaged tiim cooling etfectiveness in the downstream
direction for the case of optimum parameters and baseline case at different blowing ratios

3.5. Flow field characteristics downstream of the injection schemes

An assessment is performed to examine the characteristics of new vortices generated due to
adding the swirl generator inside the film cooling hole compared to the regular CRVP that
generated by the baseline case without swirl generator. Figure 10 shows the temperature
contours and the streamline patterns at different downstream locations of X/D = 1.5,
3.0,6.0,and 10.0 at a constant blowing ratio, M = 1.0 for both the baseline case and the case
with the swirl generator. For the baseline case, Fig. 10(a) shows clearly the kidney shape vortex
pair and the vortex core expansion along the downstream direction. The shear layer developed
due to the interaction of the mainstream and the coolant jets that results from the difference in
both streams' velocities leads to a rolling up of the CRVP. This, in turn, leads to the digestion
of the hot stream under the coolant jet and lift-off occurrence as shown in the figure,
particularly as X /D increases.

Fig. 10(b) shows that there are three new vortices generated in the flow field because of adding
the swirl generator inside the injection hole. The first one is a one of the CRVP that enriched
by adding the swirl generator blades pitching and exists near the middle of the flow field with
a counterclockwise rotation direction. The figure indicates that it also has the dominant effect
in the flow field. The other two vortices are a right side up-vortex induced by the dominant
swirl vortex and a left side down-vortex is the other CRVP with both having clockwise rotation
directions. This set of rotation directions leads to a unidirectional flow in the interface regions
between the two vortices and the middle largest vortex as presented in Fig. 10. The direction
of the flow between the large-middle vortex and the up-right vortex is in the upward direction
acting as a resisting curtain to turn aside the hot gas particles from penetrating the coolant jet.
This describes why the left side hairpin leg of the cooling effectiveness, appearing in Fig. 8(b),
maintains a good adhesion with the wall and consequently keeps higher effectiveness values to
the end of the investigated domain.
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Fig.10 Temperature contour and streamlines pattern at different downstream locations at
M=1.0 (a) baseline (b) case with Ls/D=0.8, f=160° and SP=20.4 mm

The direction of the flow in the interface region between the large-middle vortex and the down-
left vortex is a downward direction leading to the digestion of the hot gas stream inside the
coolant jet. The involvement of the hot gas, between the two vortices, explains the lower
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effectiveness values taking place in the middle region between the two regions of the high
effectiveness values forming the legs of the hairpin footprint as described above and shown in
Fig. 8 (b). This effect vanishes with increasing the amount of the injected coolant. The center
of the large-middle vortex moves slowly away from the negative z direction to the positive z
direction with the downstream location as shown in Fig. 10(b). While its movement, it
compresses the left down-vortex and makes it deformed and displaced in the positive z
direction resulting in a good jet adhesion to the wall. The interaction between the right up-
vortex core and the large-middle vortex moves it upwards and drifts slightly towards the
positive z-axis region and this interaction pulls the small vortex in its way upward to a certain
location. Once this location is reached, the growing of the right-up vortex causes deformation
and deflection of the large middle vortex in the positive z direction.

Figure 11 shows the contours of vorticity w, at different downstream locations in the y-z plane
for the same cases and condition represented in Fig.10. The vorticity w, of the optimum case
has extremely high values compared to the baseline case. A symmetrical vorticity is observed
in the baseline case while asymmetrical vorticity is observed in the optimum case with a swirl
generator. The vorticity contours of the optimum case shows that the core of the vortex having
positive vorticity values is moving from the negative z-axis to the positive z-axis while
expanding along the downstream direction. This observation agrees with the above discussion
of the path of the large middle vortex which results in compressing the down-left vortex and
causing a good jet adhesion to the wall.

Figure 12 shows a comparison of temperature plots for optimum case with SG and the baseline
case without SG at M = 1.0. This figure mainly shows entrainment of the coolant jet into the
mainstream. For Fig.12 (a) of the baseline case a light blue region of temperature appears under
a dark blue immediately downstream the hole outlet which indicates to the jet lift off
phenomena. While it clearly appears in Fig. 12 (b) that a dark blue region touches the surface
downstream of the hole outlet, that means the coolant jet has no evidence of jet lift off in the
new scheme. However, the thickness of the interaction region between jet and the mainstream
in fig. 12 (b) is larger than that in fig. 12 (a) which indicates to the large-scale vortex developed
in the new scheme because of adding SG. Another observation is that temperature in the core
of the jet has a significant drop in downstream direction for the optimum case compared to the
baseline case and that is a result of high mixing accompanies the large-scale vortex.
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Fig. 12 Temperature contours at Z/D = 0, and M=1.0 (a) baseline (b) optimum case with
Ls/D=0.8, p=160° and SP=20.4 mm

Figure 13 represents a comparison of velocity contours in x-direction with streamlines at two
positions in the hole for the baseline case and the optimum case with SG at M = 1.0. For Fig.
13 (a) two vortices appear in near hole inlet plotat Y = — 2.0 D and thus separation occurs in
the hole entrance while the streamlines look more coherent in the near hole outlet plotat Y =
— 0.4 D as the flow develops, and the vortices attenuates. For Fig. 13 (b) the streamlines
pattern at Y = — 2.0 D are similar to same plot of the baseline case while they are more
rotational and have some vortices in near hole outlet at Y = — 0.4 D. And this describes the
cause of the large scale-vortex that appears downstream the hole exit.

B |
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(a) Baseline Case
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(b) Optimum Case with SG
Fig. 13 Velocity in x-direction contours with streamlines at two positions in the hole, and
M=1.0 (a) baseline (b) optimum case with Ls/D=0.8, p=160° and SP=20.4 mm

3.6. Cooling uniformity coefficient

As the maximum laterally averaged effectiveness uniformity is utilized to optimize the swirl
generator geometrical parameters, the Cooling Uniformity Coefficient, that was introduced by
Javadi [27], is employed as a quantitative index to quantify effectiveness enhancement. The
CUC is calculated using the following formula [27]:

CuC = 1—@ @)

Figure 14 (a) shows a comparison of CUC, laterally averaged, and centreline film cooling
effectiveness for the baseline case without the SG at M = 1.0. As depicted in this figure, the
CUC is low in the region downstream of the cooling hole due to jet lift-off, then it increases as
the jet expands after X/D = 5.0, and the jet reattaches to the surface again.

Figure 14 (b) shows a comparison of CUC, laterally averaged, and centreline film cooling
effectiveness for the optimum case with the SG at M = 1.0. The CUC shows that the presence
of the SG resulted in superior cooling uniformity downstream the injection hole specifically
after X/D = 8.0 where the values of CUC are between 0.9 to 1.0. Rapid enhancement in the
CUC is observable in the region whereX /D < 8.0 compared to the baseline case while there
are two fluctuating points after X/D = 8.0. These fluctuations are raised because of
overlapping between the centreline effectiveness and the laterally averaged effectiveness
curves where their values are equal at these locations. To conclude, the cooling uniformity of
the SG scheme is much better compared to the circular hole scheme under the same operating
conditions.
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M=1.0 (a) baseline (b) case with Ls/D=0.8, f=160°, and SP=20.4 mm

3.7.  Effect of adding the swirl generator on pressure drop and discharge coefficient.

The total pressure drop is one of the crucial effects that may affect the use of swirl generator
inside the cooling injection holes. During the present study, both total pressures drop due to
insertion of swirl generator inside the injection hole path and due to the interaction of the
cooling jet with the mainstream are investigated. Figure 15(a) represents the averaged total
pressure at two locations: at the hole inlet and exit, for both cases with and without swirl
generator. From the figure shown, the pressure drop can be calculated by Eq. (9), therefore the
total pressure drop of case with SG equals 429.065 [Pa], and the total pressure drop of the
baseline case equals 104.315 [Pa]. Based on that, the ratio of the total pressure drop of SG case
to the baseline case is 4.113.

AP=P1_P2 (9)

On the other hand, Figure 15 (b) shows the averaged total pressure drop across the mainstream
because of the presence of injection holes with and without SG. In the same way as the previous
calculation of the total pressure drop ratio, the ratio here is 0.857 which means the total pressure
drop in the mainstream of the SG case is less than the pressure drops of the baseline case.
Somehow the new scheme facilitates the interaction of the jet and the mainstream. Hence, the
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aerodynamic performance will not be affected by the presence of the new scheme, however
there is a slight improvement compared to the baseline.

The discharge coefficient C, is one of the essential parameters that turbine designers pursue to
know to evaluate the film cooling performance for different geometries and flow conditions
Hay et al. [28]. Therefore, C, is calculated to benchmark the performance of the new SG
scheme to the cylindrical hole scheme. Table 2 shows the values of the C, for the baseline case
and the optimum SG case at M = 1.0. For the case of SG, the C, is lower than that of the
baseline case since the new scheme incorporates an extra flow loss like the losses resulting
from swirl existence within the hole.

Table 2 Discharge Coefficient of the baseline case and the optimum SG case.

Baseline case Optimum SG case
Car [-] 0.6768 0.4366
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Fig.15 Average total pressure for both baseline and optimum SG cases at M=1.0 and two
regions in the domain (a) Injection Hole (b) Mainstream
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4. Conclusion

A new film cooling scheme is proposed to enhance cooling performance of gas turbine blades.

This scheme incorporates a blade-type swirl generator to add a swirl pattern in the injected

coolant stream. The temperature field and the flow field of multiple swirl generator

configurations are numerically investigated and compared to the cylindrical hole scheme. The
obtained results of the new scheme show better coverage of coolant over the surface in the hole
vicinity and downstream the hole compared to cylindrical hole. The area-averaged cooling

effectiveness increased by 74%, 293%, and 805% at blowing ratios 1.0, 1.5 and 2.0,

respectively, compared to that for a cylindrical hole scheme.

From obtained results, the following concluding remarks could be derived:

1-  The geometrical parameters of the swirl generator have a significant effect on its film
cooling performance. Increasing the swirl generator length to hole diameter ratio Ls/D
reduces film cooling effectiveness. Longer generators create more coherent swirl flow,
leading to jet lift-off and reduced effectiveness. An optimal twist angle of 160 degrees
enhances cooling performance and uniformity. Finally, placing the swirl generator in the
middle of the cooling hole path outperforms other locations.

2-  The flow field characteristics show a new vortical structure induced by the swirl
generator while no presence of the CRVP. The vortical structure consists of three main
vortices, the large middle vortex, the up-right vortex, and the down-left vortex. A
unidirectional flow in the interface of these vortices forms the footprint of the coolant jet
on the blade surface. The new vortical structure mainly directs coolant toward the surface
while shielding it from the harsh mainstream flow.

3-  The total pressure drop through the hole and the mainstream are appraised in the
present study. The new scheme increases pressure drop through the hole, but slightly
improves mainstream aerodynamic performance compared to the baseline case.

5. Future Perspective

A plan is established to conduct further numerical simulations and wind tunnel experiments in
the future to explore a more comprehensive design of the in-hole swirl generator. Moreover,
we will delve deeper into understanding of how swirling flow mechanisms influence the
cooling performance by presenting and discussing some other parameters such as swirl
parameter, Heat Transfer Coefficient HTC, Net Heat Flux Reduction NHFR, Nusselt number,
and more. Manufacturing aspects and real-world implementation of this scheme is a central
topic to be studied in the future.
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