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Abstract The increasing turbine entry temperature has
placed demands for improvements in engine cooling, and
the work described in this paper is the development of a
new film cooling configuration to meet this demand. In this
study, numerical simulations were performed to predict the
improvement in film cooling performance with novel film
hole called an annular film hole. The film cooling perfor-
mance parameters such as heat transfer coefficient (4), film
cooling effectiveness (1) and the net heat flux reduction
(NHFR) over flat plate were investigated and compared with
other configurations. Velocity profiles, pressure coefficient
and turbulence kinetic energy contours were discussed. Four
mass flow rates of secondary flow fluid were used to inves-
tigate the effects of film coolant velocity on the film cooling
performance behavior. Results indicate that an annular film
hole gives high film effectiveness, low heat transfer coeffi-
cient and higher NHFR compared to rectangular and circular
film holes. The average values of laterally averaged film cool-
ing effectiveness of the annular film hole increased to 106
and 328.5 % compared with the rectangular and circular film
holes at moderate flow rate, respectively. This difference is
attributable to decreasing the jet vertical velocity component
in a case of the annular hole. Also the low and high heat
transfer coefficient regions were described for annular hole
in detail.
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List of symbols
Cp Pressure coefficient (), Cp = ﬁ
Dy, Hydraulic hole diameter (m)
DR Density ratio of coolant to mainstream, p¢/pco (—)
h Heat transfer coefficient (W/m2 K)
L Hole length (m)
M Blowing ratio of coolant to mainstream
M =DRxU,/Ux (-)
NHFR Net heat flux reduction, NHFR = 1— /f'—o (1—nx¢)
P Pressure of the fluid (Pa)
q Heat flux rate (W/m?)
Rep, Reynolds number based on u, and Dy,
Rep, = pucoDp/1
S Hole spacing (m)
T Temperature (K)
Tu Mainstream turbulence intensity (%)
u Velocity (m/s)
X Streamwise coordinate along model surface (m)
Y Vertical coordinate (m)
Yplus  Non-dimensional wall distance

Greek symbols

¢ Inverse of non-dimensional metal temperature,
(Too = 1)/ (Too — Tw)

Coolant injection angle (°)

Adiabatic effectiveness, (Too — Tyw)/(Tso — T¢)
Non-dimensional temperature ratio,

(Too = T)/(Too — T¢)

p Density (kg/m?)
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Subscripts

o0 Mainstream

aw Adiabatic wall

c Coolant

0 without film cooling
Wall

1 Introduction

Modern gas turbines are designed to run at high turbine inlet
temperatures well in excess of current metal temperature lim-
its to improve thermal efficiency and power output [1]. In
addition to improved temperature capability materials and
TBCs, highly sophisticated cooling techniques such as aug-
mented internal cooling and external film cooling must be
used to maintain acceptable life and operational requirements
under such extreme heat load conditions. Film cooling is the
introduction of a secondary fluid (coolant or injected fluid)
at one or more discrete locations along a surface exposed
to a high-temperature environment to protect that surface
not only in the immediate region of injection but also in
the downstream region, and this technique will used in this
paper.

Several researches and development activities proved that
using cylindrical holes in film cooling had disadvantages
in gas turbine applications because the jet lifts off the sur-
face, particularly at higher momentum flux ratios (~1 and
above) leading to deterioration in the film cooling perfor-
mance. Therefore, the research for new developments to
optimize film cooling performance has been intensified in
recent years.

The film cooling performance parameters such as heat
transfer coefficient (7) and film cooling effectiveness (1)
to find the net heat flux reduction over blade surface are
dependent on the film cooling geometry and the coolant and
mainstream flow fields. Some studies have focused only on
the heat transfer coefficient enhancement, and others have
presented only film effectiveness results, and others pre-
sented each of these parameters. In this paper, each of heat
transfer coefficient and film cooling effectiveness will be
studied.

1.1 A Review of Studies on Film Cooling Effectiveness

A large number of papers have been published on the topic of
shaping the film cooling hole. Shaped holes have proven to
provide the highest adiabatic effectiveness among film cool-
ing configurations as investigated in Saumweber and Schulz
[2], Goldstein et al. [3], Sen et al. [4], Thole et al. [5], Laveau
and Abhari [6], and Gao and Han [7]. But the shaped holes
are expensive to manufacture. Instead of using holes with
shaped exits, Elwekeel et al. [8] and Abdala et al. [9,10]
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shown that using the upstream step will improve the film
cooling performance. But step studies need to optimize the
steps dimensions and to decrease the aerodynamic losses.

Sister hole is another technology investigated by Ely and
Jubran [11] to increase cooling effectiveness by reducing
pockets of reversed flow.

Nasiretal. [12] investigated triangular tabs that are located
along upstream edge of the holes. These tabs increased cool-
ing effectiveness, but this application showed increase in
pressure drop. Certain configurations of cylindrical holes
embedded in transverse trenches have been shown to perform
similarly to shaped holes, and trenches would be cheaper to
manufacture than shaped holes. Several studies have inves-
tigated various trench configurations such as Bunker [13],
Abdala et al. [14,15], Harrison and Bogard [16], Waye and
Bogard [17], Zuniga and Kapat [18].

1.2 A Review of Studies on Heat Transfer Coefficient

Heat transfer coefficients downstream of film injection are
enhanced due to increased turbulence produced by mix-
ing of the coolant jets with the mainstream boundary layer.
This increased turbulence locally enhances the heat trans-
fer coefficients [1]. Goldstein et al. [19] used a naphthalene
sublimation to study the film cooling performance through
a row of film holes. They showed the regions of high and
low mass/heat transfer around injection holes. Ammari et al.
[20] presented a summary of results for film cooling on a
flat surface with a single row of holes inclined at 35° along
the mainstream direction. They showed that the heat trans-
fer coefficient ratio decreases with increasing axial distance
from the injection hole. About 15-hole diameter downstream
of injection, the film cooling effect disappears. The heat
transfer coefficient ratio is almost equal to unity. Hay et
al. [21] presented the variation of the heat transfer coeffi-
cient ratio with the blowing ratio. They showed the effect
of the blowing ratio increases the heat transfer coefficient
ratio. The ratio is closer to unity at lower blowing ratios,
but increases to significantly high values at high blowing
ratios. Ammari et al. [19] also presented the effect of den-
sity ratio on heat transfer coefficient ratio for two different
coolant-to-mainstream density ratios of 1 and 1.52. It was
observed that lower-density injectant provides higher heat
transfer coefficient at the same blowing ratio due to higher
momentum. Sen et al. [4] and Ekkad et al. [22] studied
the effect of compound angle holes on heat transfer coeffi-
cients. They showed that compound angle injection provides
higher heat transfer coefficients than simple angle holes.
This may be due to increased lateral mixing of jets with the
mainstream producing increased local turbulence and thus
enhancing heat transfer coefficients. This effect increases
with higher blowing ratios. Gritsch et al. [23] presented heat
transfer coefficient measurements for cylinder hole with fan-
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shaped hole and laidback fan-shaped hole configurations.
The heat transfer coefficient ratios are highest for the cylinder
hole.

With increasing blowing ratios, the heat transfer coef-
ficient ratio increases. Heat transfer coefficients for the
fan-shaped holes are much lower due to increased cross-
sectional area at hole exits. This decreases the momentum
of the jet and reduces penetration into the mainstream. Rhee
et al. [24] conducted an experimental study to measure the
local film cooling effectiveness, and the heat transfer coeffi-
cient for four different cooling hole shapes such as a straight
rectangular hole, a rectangular hole with laterally expanded
exit, a circular hole and a two-dimensional slot is tested.
The results showed that the rectangular holes provide better
performance than the cylindrical holes. For the rectangular
holes with laterally expanded exit, the penetration of jet is
reduced significantly, and the higher and more uniform cool-
ing performance is obtained even at relatively high blowing
rates. The reason is that the rectangular hole with expanded
exit reduces momentum of coolant and promotes the lateral
spreading like a two-dimensional slot.

1.3 Two-Equation Turbulence Models

Two-equation turbulence models are very widely used, as
they offer a good compromise between numerical effort
and computational accuracy. Two-equation models are much
more sophisticated than the zero-equation models. Both the
velocity and length scale are solved using separate transport
equations (hence the term ‘two-equation’ model).

The k-¢ and k- two-equation models use the gradient dif-
fusion hypothesis to relate the Reynolds stresses to the mean
velocity gradients and the turbulent viscosity. The turbulent
viscosity is modeled as the product of a turbulent velocity
and turbulent length scale.

In two-equation models, the turbulence velocity scale
is computed from the turbulent kinetic energy, which is
provided from the solution of its transport equation. The tur-
bulent length scale is estimated from two properties of the
turbulence field, usually the turbulent kinetic energy and its
dissipation rate. The dissipation rate of the turbulent kinetic
energy is provided from the solution of its transport equation.

1.3.1 The k-Epsilon Model in ANSYS CFX

k is the turbulence kinetic energy and is defined as the vari-
ance of the fluctuations in velocity. It has dimensions of (L>
T~2), for example m?/s2. ¢ is the turbulence eddy dissipation
(the rate at which the velocity fluctuations dissipate) and has
dimensions of per unit time (L>7 ~3), for example m?/s>.

The k-& model introduces two new variables into the sys-
tem of equations. The continuity equation is then:

d ad
p D

or T (pUi) =0, ey

and the momentum equation becomes:
a( Ui + ! (pUiU))
91 pUi ox; pUiUj
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where Sy is the sum of body forces, pefr is the effective
viscosity accounting for turbulence, and p’ is the modified
pressure defined as follows:

2 2 aUy
"= p+ Zpk + S et 3
)4 P+3P +3,U«eff8xk (3)

The k- model, like the zero-equation model, is based on the
eddy viscosity concept, so that:

eff = L+ Wt “)

where p, is the turbulence viscosity. The k- model assumes
that the turbulence viscosity is linked to the turbulence kinetic
energy and dissipation via the relation:

k2
He = Cup— Cu=0.09. (5)

The values of k and ¢ come directly from the differential
transport equations for the turbulence kinetic energy and tur-
bulence dissipation rate:

a(pk) 0 0 we\ 0k
— (pkU;) = — o)y 2
ot * ax,-(p 2 0x; |:(M+ak 0x;

+P — pe + Py (6)
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The model constants used in the above equations have fol-
lowing default values:
Co=144, Con=192, 0,=10, o0,=13

Pyp and P, represent the influence of the buoyancy forces.
Py is the turbulence production due to viscous forces.

1.3.2 The k-Omega Model in ANSYS CFX
This model does not involve the complex nonlinear damping

functions required for the k-¢ model and is therefore more
accurate and more robust.

@ Springer
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The k-w models assume that the turbulence viscosity is
linked to the turbulence kinetic energy and turbulent fre-
quency via the relation:

Me = p— ®)
w

The starting point of the present formulation is the k- model
developed by Wilcox [25]. It solves two transport equations:
one for the turbulent kinetic energy, k, and one for the tur-
bulent frequency, w. The stress tensor is computed from the
eddy viscosity concept.

k-equation:
a(pk) a 0 ne\ 0k
— (0kU;) = — =) =
ot + 0x; (PKU)) 0x; |:(M+ O’k) ox; ]
+Py — B'pko> + Py )
w-equation:

209) 1 2 oty = - [(’” &) a_w}

at 3Xj 3x]' Oy an

+a TP = o’ + Pop  (10)
In addition to the independent variables, the density, p, and
the velocity vector, U, are treated as known quantities from
the Navier—Stokes method. Py is the production rate of tur-
bulence, which is calculated as in the k-¢ model. The model
constants are given by:

B’ = 0.09 an
a=5/9 (12)
B =0.075 13)
ox =2 (14)
0p =2 5)

The unknown Reynolds stress tensor, pu;u;, is calculated
from:

Rij = —puiuj
au;  AU; 2 AUk 2
= — + — ) — sur—38; — s pkd;; (16
MT(axj + 8xi) 3MT8xk ij 3/) ij (16)

The above review revealed that the development of film
cooling has aimed at producing high film effectiveness and
low heat transfer coefficient, with uniform protection of
the surface, using the minimum amount of coolant air to
minimize the penalty of using film cooling. The film cool-
ing performance is highly dependent on the configuration,
so investigating variations in depth, width and shape is
important to maximize the effectiveness. The time now is

7N
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to know the behavior of the secondary flow fluid emanat-
ing from another film hole than circular or rectangular film
holes.

In this paper, a novel development used is called annular
film cooling hole to improve the film cooling performance.
Film cooling effectiveness, heat transfer coefficient and net
heat flux ratio over flat plate surface will be investigated by
using ANSYS CFX. The influence of the mass flow rates
of secondary flow fluid on film cooling performance will
be investigated. Velocity profiles, pressure coefficient and
turbulence kinetic energy contours will be discussed. The
low and high heat transfer coefficient regions were described
for annular hole in detail.

2 Computation Setup

An outline of the geometry for the annular film cooling hole
is shown in Fig. 1. The hydraulic diameter of annular film
hole is 10 mm with inner and outer diameters 10 and 20
mm, respectively. This study represents the initial screening
calculations to determine the feasibility of this idea by using
CFD simulations. But in a real situation, the central pin needs
a joint with other components (struts or something else). For
a film hole technically manufacturability, drilling or EDM
cannot be applied. It may be by direct casting or by additive

4

Fig. 1 Annular film hole under test
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Fig. 2 Dimensions of
computational domain
(a]
o
-
20D
L 80D e
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Mainstream conditions

Table 1 Simulation parameter conditions

Configuration dimensions

Dy, 10 (mm) Tu 0.5%
o 35¢ Uoo 15 (m/s)
L/D 6.97 T 293 (K)
S/D 3 DR 0.93 (n)
Rep, 9869 DR 1 (h)

M 0.5,1,1.5,2

manufacturing. These are practical issues which would have
to be weighed against the expected performance gain.

The coordinate origin X /D = 0 for annular film hole was
defined as the center of the hole. Dimensions of computa-
tional domain are illustrated in Fig. 2.

In this study, a grid sensitivity study was carried out to
determine the appropriate grid for Rhee et al. [24]. Five grids
for heat transfer coefficient simulation—the baseline grid
with 1.9 million cells and a finer grid with 2.9,4.3, 5.6 and 13
million cells (adaptation)—were used. For all finer grids, the
additional cells were all concentrated about the film cooling
hole and the hot gas/coolant jet interaction regions, where the
flow physics is most complicated. From this grid sensitivity
study, an adaptation with 4.3 million cells was found to give
essentially the same result for heat transfer coefficient. The
final mesh sizes for annular film hole were 8.6 million cells
for heat transfer coefficient and 11.7 million cells for film
cooling effectiveness. Simulation conditions are presented
in Table 1. The results obtained in the current study were
generated using ANSYS CFX code K-o turbulence model
for (h) simulations and K-¢ for (). A very fine region of
cells was created on the walls to approximate Y values
less than unity as shown in Fig. 3. The convergence criterion
was set to RMS residuals of 1 x 107>, Computations were
performed on a high-performance parallel computer cluster
equipped with 20 computer nodes with Intel CPUs and 200
cores.

All flow inlets were defined as velocity inlets, while the
outlet was defined as a pressure outlet. Due to symmetry, the
model was cut along its half-plane and a symmetry boundary

8D

Annular

Wall Yplus

Fig. 3 Yplus distribution of the first mesh near the wall

condition was applied. The plate wall was assigned heated
wall (¢ = 2000 W/mz) for (h) and was assigned adiabatic
wall with no-slip conditions for (7).

The hole and the plenum walls were assigned adiabatic
walls with no-slip conditions.

The top of the tunnel and the remaining plane were
assigned walls with free slip conditions. Air was taken as
a working fluid with Prandtl number value equal to 0.705.

The density was modeled as a perfect gas. The plenum
inlet velocity was varied to simulate different mass flow rates
equivalent to the blowing ratios M = 0.5, 1, 1.5 and 2.

3 Heat Transfer Coefficient and Film Cooling
Effectiveness Equations

There are a lot of published papers that used heat transfer
and film cooling effectiveness equations, and in this paper,
the equations of Rhee et al. [24] will be used.

In general, heat transfer to a film-cooled surface is
expressed as follows:

@ Springer
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q = h(Tw — Taw) 7)

The film cooling effectiveness is used as a dimensionless
form of the adiabatic wall temperature and is defined as in
Eq. (18) for low-speed and constant-property flows.

N = Taw — Too)/(Te — Too) (18)

The heat transfer coefficient on a surface obtained from Eq.
(19) when T, is set to be equal to T is

qu qu

h = =
(Tw - Taw) (Tw - Too)

(19)

The net heat flux reduction (NHFR) is used to quantify the
reduction in heat transfer to the blade with film cooling as
compared to without film cooling.

NHEFR is defined as:
Guw h
NHFR =1— ——=1— —(1 — nx@) (20)
9o ho

As defined in Eq. (20), NHFR combines the effects of two
parameters: heat transfer coefficient and film cooling effec-
tiveness. In the present study, ¢ is set to be a typical value of
1.5 for gas turbine blade applications.

4 Results

In the present work, the computational domain was validated
by experimental work. Contours and thermal profiles for film
cooling effectiveness and heat transfer coefficients of annular
film hole were drawn and compared with the other configu-
rations.

5 Rectangular and Circular Holes Benchmark

A comprehensive sensitivity analysis was performed against
the experimental works [17,24] for lateral film heat trans-
fer coefficient and laterally adiabatic film effectiveness as a
function of dimensionless downstream distance as shown in
Figs. 4, 5 and 6. The trends of (/) data follow that of Rhee
et al. [24]. k-w turbulence model results offer more realistic
data and best agreement than k-¢ turbulence model. This is
because k-¢ model calculates the turbulence kinetic energy
(k), the turbulence viscosity (u;) and the strain rate with
higher levels, leading to increasing turbulence levels of heat
transfer coefficient.

The trends of (1) data follow that of Rhee et al. [24] and
Waye and Bogard [17]. k-¢ turbulence model gives better
agreement with the experiments than k-w turbulence model.
This refers to increasing the jet penetration in cross-flow by

@ Springer
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© 140 1 4.3Million Cells
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0 5 10 15 20 25 30
X/ID

Fig. 4 Grid-independent study and validation of rectangular hole with
experiment [24] for k-w turbulence model at M = 1 (heat transfer
coefficient)

400
360
320 ]
280 -
240 -
200 -}
160 -
120 -

80 ]

ot+—r—— &

o o O Rhee et al, M=1

4.3 Million Cells

h, laterally averaged

Fig. 5 Validation of rectangular hole with experiment [24] for k-¢ tur-
bulence model at M = 1 (heat transfer coefficient)

using k- model, leading to increasing the backflow region
and drop in film cooling effectiveness calculations.

5.1 Laterally Adiabatic Film Effectiveness

Comparisons for annular hole with experimental work Rhee
et al. [24] are shown in Figs. 7 and 8. Rhee et al. [24] proved
that rectangular cross section outperformed the circular cross
section at all blowing ratios, so most of the comparisons will
be executed using rectangular film hole which has a higher
film cooling performance levels.

At a low blowing ratio (M = 0.5), the film cooling effec-
tiveness of annular film hole outperforms the rectangular and
circular film holes with average values 51.2 and 130.4 %,
respectively, because the annular film hole helps in decreas-
ing the jet velocity. At a moderate blowing ratio (M = 1),
the film cooling effectiveness outperforms the rectangular
and circular film holes with average values 106 and 328.5 %,
respectively. It is clear that the jet separation is lower for
annular hole than for rectangular and circular holes due to
decreasing jet vertical velocity component in case of annular
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Fig. 6 Validation of rectangular and circular film holes with experi-
ments (film cooling effectiveness)

film hole. At high blowing ratios (M = 1.5 and M = 2), the
jet separation and reattachment for annular film hole occurs
as for the rectangular and circular film holes since the values
decreased adjacent to the holes and then increased again. But
still the values of film cooling effectiveness for annular case
is higher than rectangular and circular cases with 88, 289.5
and 63, 289.7% for M = 1.5 and M = 2, respectively.
Figure 9 shows film cooling effectiveness distributions
for annular film hole over the flat plate at different blowing
ratios. It is clear that film cooling effectiveness distributions
in lateral direction at M = 0.5 and X/D < 10 is wider

4253
Annular M=0.5
Annular M=1
a m} O Rectangular cross-section [24], M=1
0.8 m] [m] O Rectangularcross-section [24], M=0.5 | ___
J (e} O O Circular cross-section [24], M=0.5
0.7 - o o O Circular cross-section [24], M=1

1, ad, lateral averaged
o
'S
1

X/D

Fig. 7 Laterally averaged adiabatic film effectiveness for annular hole
case and experiment [24]. At M = 0.5 and 1

Annular M=1.5
Annular M=2
m] m] O Rectangularcross-section [24],, M=1.5
0.9 i [m] m] O Rectangularcross-section [24], M=2
0.8 - @] O O Circular cross-section [24], M=1.5
L o] o] O Circular cross-section [24], M=2
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© 0.7
® <
o 0.6 -
‘>u <
— 0.5 4
E -
9 0.4 -
® <
. 0.3 4
'g o
. 0.2 4
e <

0.1

0 — 777
0 5 10 15 20 25

X/ID

Fig. 8 Laterally averaged adiabatic film effectiveness for annular hole
case and experiment [24]. At M = 1.5 and 2

than the other blowing ratios. The interactions and mixing
between the mainstream and jet at X/D > 10 and M = 0.5
are strong, leading to a decrease in film cooling effectiveness
distributions in centerline and lateral directions. It is clear
that the centerline effectiveness distributions for M = 1 are
longer than other blowing ratios until X/D < 20, while at
blowing ratios M = 1.5 and M = 2, the jet separates and
reattaches shortly on the surface (at X/D = 4:5) and then
film cooling effectiveness distributions increase in centerline
and lateral directions.

Figure 10 shows thermal profiles for the annular film hole
forM =05and M = 1at X/D = 5and X/D = 10.
In all profiles, thermal contours are circular, with a kidney-
shaped contour in the center. Simulations showed that the
coolant jet for annular film hole has attached on the surface
at M = 0.5,butat M = 1 the simulation showed that core jet
little attached on the surface. Also simulations predict lower

Springer
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L ' 25D
[
M=2
00 01 02 03 04 0506 07 08 09 1.0

Fig. 9 Film cooling effectiveness contours for annular film hole

temperatures (higher 6) at the center of the jet profile at the
downstream.

Figure 11 presents centerline thermal profiles for annular
film hole. It is clear that at M = 0.5 and 1, the jet still attaches
on the surface and there is no lift off due to decreased jet
vertical momentum. At high blowing ratios (M = 1.5 and
2), the jet starts to lift off at X/D = 4:5 and then reattaches
on the surface.

The study of Rhee et al. [24] did not present centerline
thermal profiles above the flat plate, but these are easy to
examine with CFD. Figure 12 shows comparison between
the centerline thermal profiles for annular and simulated rec-
tangular film holes at M = 1. It is clear that the jet still
hugs the surface for annular configuration compared to the
rectangular configuration due to decreasing vertical velocity
component of the jet in the case of annular configuration.

A new correlation is proposed to predict the film cool-
ing effectiveness for annular film hole at different blowing
ratios as shown in Fig. 13. The film effectiveness perfor-

.
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mance for varying blowing ratios can be scaled using the
parameter X/MS,, where S, is the ‘equivalent slot length’
with S¢ = Anole/S, where Apgle is the cross-sectional area of
the coolant hole and S is the pitch between holes [26]. The
new correlations were divided into ranges, for low blowing
ratios M < 1 where the jet tries to keep without separation
and for high blowing ratios M > 1 where the jet detached
over the surface.
ForM <1

1, ad, laterally averaged = —0.005853583037*(X/MS,)
+0.6159532281

For M > 1

1, ad, laterally averaged = ag + a1*(X/MS,)
+a*(X/MS,)* + a3*(X/MS,)® + as* (X /MS,)*
+as*(X/MS,)’ + ag* (X/MS,)°

Coefficients:

ap = 0.8112517171

a; = —0.3834903134

az = 0.09198393985

a3 = —0.01002763334

aq = 0.0005756844485

as = —1.694124301E—005

ae = 2.014145233E—007

5.2 Near-Field Flow Phenomena

In the absence of a cross-flow, the jet behaves as a simple jet,
the fluid decelerating as it moves away from the jet exit. In
the absence of a jet, the cross-flow would behave as a laminar
flow over a flat plate. When both are present, the jet acts as
an obstacle in the path of the cross-flow. This is particularly
true close to the wall. The near field and the trajectory of the
jet can be explained as a result of the competing inertia of
the jet and the cross-flow.

Figure 14 is a schematic of the near field of the jet exit. On
the symmetry plane, the boundary can be represented by two
streamlines, one beginning at the leading edge of the jet exit
and the other beginning at the trailing edge. The jet acts like
an obstacle in the path of the cross-flow fluid, and a region of
high pressure is set up upstream of the jet as shown. Sample
contours of the pressure coefficients (Cp = ﬁ) on
the symmetry plane are shown in Fig. 14, where Py is the
free stream pressure at the cross-flow inlet. Note the high
pressure upstream of the jet beginning close to jet exit. For
annular film hole, the value of the high-pressure region is
lower than for rectangular film hole.
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Fig. 10 Non-dimensional
temperature ratio (0) at different
locations and blowing ratios

2D

o

()
M=0.5 and XD=5

M=0.5 and XD= 10

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

)

M=2
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1.0

Fig. 11 Centerline thermal profiles for annular film hole at different
blowing ratios

Pressure coefficient profiles correspond to vertical loca-
tions y = 0.05D,0.2D and 0.5D shown in Fig. 15. The
first of the profiles is within the cross-flow boundary layer

0.0 01 02 03 04 0506 07 08 09 1.0

Fig. 12 Comparison between the centerline thermal profiles for annu-
lar (top) and simulated rectangular (bottom) film holes at M = 1

(where the cross-flow velocity is lower than us,). At the
cross-flow boundary, the pressure is the free stream pres-
sure. An increase in pressure is observed moving toward the
jet, and a pressure peak is seen just upstream of the jet exit.
So there are two pressure peaks for annular hole and one
peak for rectangular hole. The pressure minima once past
the jet exit and the profiles show steep gradients near the jet
edges. Downstream of the jet exit, there is a region of pres-
sure recovery. It is clear that the annular film hole gave high
pressure coefficient values than rectangular hole. This refers
to the momentum of the cross-flow fluid closer to the jet exit
for rectangular hole increases. As a result, the high pressure
values are increased also. It is clear that all the results showed
that the peak of pressure coefficient values decreased in ver-
tical directions (at 0.2D and 0.5D).
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Fig. 13 Distributions of laterally averaged adiabatic film effectiveness
at different blowing ratios as a function of X /MS,

Contours of the turbulence kinetic energy k/ ugo on the
symmetry plane are shown in Fig. 16. There are regions of
turbulence levels that can be distinguished:

1. The corner between the plenum and the downstream film
hole wall, where the flow undergoes sharp 145° turn as
shown for two configurations. The values of k/ ugo levels
for rectangular and annular configurations are about 5 %
and less than 1 %, respectively.

2. A shear layer between the separated region and the ‘jet-
ting’ region inside the film hole. This shear layer carries
high levels of turbulence into the cross-flow region. It
is clear that the annular configuration does not have this
region.

Fig. 14 Pressure coefficient
contours in the jet symmetry
plane for annular case (fop) and
simulated rectangular case
(bottom) at M = 0.5

0.270
0.243

3. Atthetrailing and leading edges of the hole exit cross sec-
tion. It is cleared that the rectangular configuration has
turbulence levels at trailing edge higher than the annu-
lar configurations, while at leading edge, the rectangular
configuration does not have turbulence levels.

4. Immediately behind the downstream edge in which k/ ugo
levels are less than 1.5 % for each of the configurations.

5. The interaction between the jet and the cross-flow fluids.
It is clear that the annular configuration has turbulence
levels less than 1.5 %, while the rectangular configuration
does not have these levels.

Figure 17 shows the variation of the horizontal and vertical
components of mean velocity (u, v) along the center stream-
line. As the jet evolves and bends, the jet fluid accelerates in
the direction of the cross-flow fluid, indicated by the increase
in (u). In the far field, one would expect the jet fluid to travel
in the direction of the cross-flow and, hence, the asymptotic
values of the curves would be u, for (#) and zero for (v).
It is clear that the velocity components for annular film hole
are lower than for the rectangular film hole.

Figure 18 shows the comparison between the jet trajec-
tories obtained for annular and rectangular film holes at
M = 0.5. The trajectories show that the fluid in the pipe
exits the jet exit and interacts with the cross-flow fluid as it
moves away from the jet exit and begins to bend in the direc-
tion of the cross-flow. Close to the jet exit, the trajectories
are almost vertical. The jet in case of rectangular film hole
penetrates deeper than the jet in case of annular film hole as
expected. This difference is attributable to decreasing the jet
vertical velocity component in case of annular hole.

5.3 Heat Transfer Coefficient

In all calculations of heat transfer coefficient of an annu-
lar film hole, the upstream heating length is used to approach

r 0.216
r0.189
r0.162
- 0.135
- 0.108
- 0.081

0.054
0.027
0.000
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Fig. 15 Pressure coefficient for annular and rectangular cases at M =
0.5 at locations Y = 0.05D, 0.2D and 0.5D

from the realistic airfoils. Figure 19 shows laterally averaged
heat transfer coefficients for annular film hole at different
blowing ratios. The heat transfer coefficient values decrease

Fig. 16 Turbulence kinetic energy k/u2, on the symmetry plane for
annular case (fop) and simulated rectangular case (bottom) at M = 0.5

with increasing axial distance from the injection hole. The
effect of the blowing ratio increases the heat transfer coef-
ficient values. But at M = 0.5, there is a clear drop in heat
transfer coefficient at X /D = 5.4 and this refers to increased
temperature in this region due to fluids interaction forming
vortex underneath the jet, and this vortex tries to stay in place
as shown in Fig. 20. And due to the mixing between the flu-
ids with a heated surface, all these factors try to heat this
region. At X/D > 5.4, the heat transfer coefficient starts
to increase due to interactions between the mainstream and
the secondary flow, and the heat transfer coefficient average
values remains mainly constant until X/D = 25. At M > 1
and X/D > 7, the heat transfer coefficient increases due
to increased mainstream jet interaction. This refers to high
blowing ratios, and the secondary flow lifts off from the wall.
Due to the blockage of the mainstream by the secondary flow
liftoff, the mainstream penetrates underneath the secondary
flow by induced pressure deficit and sweeps toward the wall
under the injected flow. At X/D > 20, the effect of film cool-
ing disappears and heat transfer coefficient starts to decrease.

Figure 21 shows the laterally averaged heat transfer coef-
ficients in two cases of upstream and non-upstream starting
length without coolant injection. It is clear that there is a
good agreement for the simulation of heat transfer coeffi-
cient in case of non-upstream heating with Rhee et al. [24].
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Fig. 17 Variations of velocities along the center streamline, plotted as
a function of distance from the jet exit

As expected, an unheated starting length resulted in much
higher heat transfer coefficient initially because of the devel-
opment of a new thermal boundary layer as shown in Fig. 22
at X/D = —5 and 2. In Fig. 22 at X/D = -5, the wall
temperature and the mainstream temperature are the same
for case of non-heating starting length, so the difference
between the temperatures is zero; therefore, the heat trans-
fer coefficient is infinity at leading edge of flat plate (i.e.,
h=¢q/0=00).

Figure 23 shows area-averaged NHFR for various hole
configurations. The data used in area averaging are in the
region of 2.5 < X/D < 8.5. It is clear from Fig. 23 that
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Fig. 18 Center streamline jet trajectory emanating from annular and
rectangular film holes at M = 0.5
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Fig. 19 Variation of laterally averaged the heat transfer coefficient with
the blowing ratio for annular hole
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Fig. 20 Temperature contour for annular hole with streamlines at M =
0.5

the values of NHFR decrease with increasing blowing rates.
The annular film hole shows higher NHFR values at all blow-
ing ratios than the other hole configurations. This increase in
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Fig. 22 Thermal boundary layer with and without upstream heating at
aX/D=2andb X/D = -5

NHER is because the annular film hole decreases the verti-
cal velocity component of the jet, leading to increasing film
cooling effectiveness and decreasing heat transfer to the sur-
face.

Figure 24 shows the effect of the blowing ratios on the
laterally averaged heat transfer coefficient at X/D = 5, 10,
20 and 30. For all results, the average values increase as the
blowing ratios increase. It is clear that the average values are
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Fig. 23 Area-averaged NHFR for various hole configurations versus
blowing ratios
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Fig. 24 Variation of laterally averaged heat transfer coefficient with
the blowing ratio for annular hole at different locations

M=0.5, Annular Hole
M=1, Annular Hole
M=1.5, Annular Hole
M=2, Annular Hole
M=0.6, Circular Hole [27]
M=1, Circular Hole [27]
M=1.4, Circular Hole [27]

>DoO+»en
>DoO+»en
>DoO+»en

1.2
p ..-..-...
08 -4 %o Sny *0000
1% oooooooon'llﬁﬁ;;;’:‘A POt ‘$$¥¥¥”““**
A ALEE
AAAA L[]
¢ 044 +AAAAAAAAAAA T T —
w ++
I 1 ++
* ++
z +*
094 -+ e
T AO %woooggggggggg@@a [+ o]
0.4 o %0000 PL AAAAAAAAA
1 AM AAABAAALAL
-0.8 : . ; Y ; Y ; Y :
0 5 10 15 20 25

X/ID

Fig. 25 Comparison of NHFR for annular and circular film holes with
streamwise direction

closer at lower blowing ratio but increase to significant high
values at higher blowing ratios. It is clear that at M = 1 and
X /D = 20, the average values are lower than the values at
X/D = 30. This refers to exist the region of coalescence
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Fig. 26 Detailed heat transfer
coefficient distributions for
annular film hole at different
blowing ratios

30D >|

M=1.5

0

the jets and centerline region leading to decreasing the aver-
age heat transfer coefficient values at X/D = 20, while at
X/D = 30 and M = 1, the centerline region disappeared
and therefore the average values are higher.

Figure 25 shows the variation of NHFR for annular film
hole and the experimental results [27] of circular film hole
with an upstream heating along streamwise direction (X /D).
The trends of each annular hole and experimental circular
hole are the same at all blowing ratios. It is clear that the val-
ues of NHFR decrease with increasing (X /D) at low blowing
ratio. With increasing blowing ratios, the values of NHFR
increase with increasing (X /D). This refers to the fact that
the jet starts to separate and to reattach over the surface at
high blowing ratios. It is clear that the values of NHFR for
the annular hole are higher than for the circular hole [27] due

o

‘s".!?}’ @ Springer
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to increasing film cooling effectiveness levels for the annular
film hole.

Figure 26 shows the detailed heat transfer coefficient dis-
tributions for annular film hole at different blowing ratios. In
this figure, the low and high heat transfer coefficient regions
can be described as follows:

e Region (A)
This is unaffected region upstream of the hole. The heat
transfer is related only to mainstream effects.

e Region (B)
This region is between two adjacent holes. For M = 0.5
and 1, this region is not covered by the injected film so
that the heat transfer coefficient remains almost the same
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as in a region (A). For M = 1.5 and 2, the heat transfer
coefficient increases due to coalescence of the jets.
The secondary flow remains separate until X/D = 30 at
M = 0.5, while the secondary flow remains separate and
merges at X/D = 23.7 and continuous until X/D = 30
for M = 1. For M = 1.5, the secondary flow merges
at about X/D = 4.5. For M = 2, the secondary flow
merges at about X/D = 3 and this refers to the strong
interaction of neighboring jets with each other and with
the mainstream.

e Region (C)
This region is immediately downstream of the injection
hole. For M = 0.5, minimum heat transfer coefficient
occurs due to jet effects to create a stagnation region
underneath the jet. For M >, the heat transfer coefficient
increases.

e Region (D)
This region is along the sides of the injection holes. For
M = 0.5 and 1, higher heat transfer coefficient occurs
due to the greater interaction between the mainstream and
the secondary flow because the jet still attaches over the
surface. For M > 1, the jet starts to lift off from the surface
leading to region (E).

e Region (E)
This region is downstream of the injection hole after region
CatX/D = 3.For M = 0.5 and 1, because the jets remain
attached near the surface, the wall temperature is low and
therefore the heat transfer coefficient is high according to
Eq. 19. For M > 1.5, the wall temperature is high due
to increasing mainstream jet interaction where the sec-
ondary flow lifts off and hinders the mainstream, and the
mainstream penetrates underneath the secondary flow and
sweeps toward the wall under the injected flow. There-
fore, the heat transfer coefficient is low. But the region
area becomes larger with increasing blowing ratios. The
region lengthis 1.8D,3.1D,4.8D and 8D at M = 0.5, 1,
1.5 and 2, respectively.

e Region (F)
This region is downstream and midway between the holes.
For M = 0.5 and 1, the heat transfer is related only
to mainstream effects and low heat transfer coefficient
occurs. For M = 1.5 and 2, high heat transfer coefficient
occurs due to spreading and merging of two neighboring
jets and the interacting vortex structures midway between
the holes.

e Region (G)
This is centerline region. For M = 0.5, this region is not
available due to mainstream effects only, which are dom-
inated there. For M = 1, low heat transfer coefficient
occurs, but this region is very limited. For M = 1.5 and
2, low heat transfer coefficient occurs due to increasing
boundary layer thickness due to the reattached the flow
along the centerline.

e Region (H)
This region is further downstream at midway between the
holes. For M = 0.5, 1 and 1.5, this region is not available.
For M = 2, low heat transfer coefficient occurs due to the
partial reattachment of the jet to the surface.

6 Conclusions

In the present paper, the film cooling performance with
annular film hole is investigated and compared with other
configurations. The film cooling effectiveness of the annu-
lar film hole outperforms the rectangular and circular film
holes at all blowing ratios, especially at M = 1, and the
average values are 106 and 328.5 %, respectively. The annu-
lar film hole shows higher NHFR values at all blowing ratios
than the other hole configurations. The low and high heat
transfer coefficient regions were described for annular hole
in detail. Pressure coefficient profiles showed that the peak
pressure of annular film hole is less than of rectangular
hole. Contours of the turbulence kinetic energy showed the
regions of turbulence levels for annular and rectangular film
holes. Velocity profiles showed that the jet velocity com-
ponents of annular film hole were less than of rectangular
film hole, leading to the jet in case of rectangular film hole
that penetrates deeper than the jet in case of annular film
hole.
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