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A B S T R A C T

A numerical model is developed in the present work for analysing cooling performance of combined impinge-
ment-film cooling under realistic engine operating conditions. Effect of jet impingement along with the film cool-
ing is analysed on fluid flow, heat transfer, cooling performance and pressure drop for forward and reverse orien-
tations of the cooling hole. Further, effect of hole orientation on the cooling performance is studied under wide
range of blowing ratios and jet-to-plate spacings. It is observed that the effect of jet impingement is significant on
the cooling performance. Surface temperature of the metallic plate is found to be 50–90 °C lower for the com-
bined jet impingement and film cooling case as compared to the only film cooling case. The improvement in the
heat transfer for combined impingement-film cooling is at the cost of increased pressure drop. Film cooling effec-
tiveness for the case of combined impingement-film cooling is found to be dependent on the hole orientation and
blowing ratio. The secondary jet penetration into the mainstream increases with increase in the blowing ratio/
velocity ratio. Kidney-vortices are formed at a velocity ratio of 1.07 from forward injection which resulted in de-
creased film cooling effectiveness. These kidney-vortices were not formed for the case of reverse injection and
coolant spreads uniformly in the transverse direction. At lower velocity ratios when formation of kidney vortices
is not prominent, forward injection results in better film cooling effectiveness compared to the reverse injection.
Gas radiation is also considered in the modelling and its effect is found significant on the temperature prediction
of the components.

Nomenclature

cp Specific heat (J/kgK)
Df Diameter of the film cooling hole (mm)
Di Diameter of the impingement hole (mm)
DR Density ratio
e Error,
g Grid
GCI Grid convergence index,
h Distance between jet and plate (mm)
htc Heat transfer coefficient, q"/ (Ts-Tc,in) (W/m2K)
I Radiation intensity
L Length of the cooling hole (mm)
M Blowing ratio,

n Refractive index
Nu Nusselt number,

p Apparent order of accuracy,

q" Wall heat flux (W/m2)

q(p)

r21 g2/g1
Re Reynolds number based on mainstream flow and cool-

ing hole diameter
tc Thickness of the thermal barrier coating (mm)
tp Thickness of the metallic plate (mm)
T Absolute temperature (K)
TREC Recovery temperature, (K)
U Horizontal velocity component (m/s)
V Velocity magnitude (m/s)
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Fig. 1. (a) Forward cooling hole and (b) reverse cooling hole arrangements.

VR Velocity ratio,
vr Critical variable (e.g. T, U)
x Streamwise direction (m)
z Spanwise direction (m)

Greek

α Injection angle (degree)
β Extinction coefficient
ε21 vr2-vr1

Scattering phase function
η Adiabatic effectiveness,
σs Scattering coefficient
θ Non-dimensional temperature,
ϕ Overall effectiveness,
ρ Density (kg/m3)
τ Thermal barrier coating effectiveness,
µ Dynamic viscosity (kg/ms)
λ Thermal conductivity (W/mK)

Subscript

1, 2, 3 grid1, grid2, grid3
a approximate
avg area average
c coolant
cl centreline
f film cooling
in inlet
j jet
ms mainstream
s surface
sec secondary

Abbreviation

FH Forward hole
RH Reverse hole
FC Film cooling
JI Jet impingement

1. Introduction

Continuous push towards increasing the efficiency of turbo engines
and higher thrust generation is essential to cope up with advancement
of technology. Higher efficiency and thrust generation depend signifi-

cantly on operating conditions and often lead to a high temperature and
pressure working environment. Higher working temperature can se-
verely impact life and performance of structural turbine components
like turbine blades, turbine vanes, combustor liners, afterburner etc. Ef-
fective protection for turbine components is required under such harsh
working environments considering the material limitations. Reliable
and safe operation of the gas turbine thus depends significantly on vari-
ous cooling technologies and thermal barrier coating (TBC) which pro-
tects structural components from harsh working environment and re-
duces heat transfer to the components. Cooling technologies generally
include impingement cooling, external film cooling or combined film-
impingement cooling techniques. Jet impingement cooling is one of the
effective cooling techniques used widely for thermal management in
various applications including gas turbine engines [1,2]. Film cooling is
another widely used and studied cooling technique for thermal protec-
tion of hot section components of gas turbine [3]. In the film cooling,
cold secondary fluid passes through cooling holes on the component
surface and forms a relatively lower temperature fluid film between the
surface and hot working environment so that the structural component
can be protected. A more practical and widely used cooling technique is
combined film-impingement cooling which incorporates both internal
cooling through impingement and external cooling in the form of film
cooling. Here, secondary fluid stream cools the internal surface of the
structural component (turbine blade) first by the jet impingement cool-
ing in the impingement chamber before going out through the film
cooling holes to perform the external film cooling to protect surfaces
from hot mainstream gases. It has been found that the combined film-
impingement cooling is more effective compared to just film cooling [4-
8]. This effect is more significant when the material is of high thermal
conductivity [4] and in case of lower jet-to-plate spacing [7]. Large
number of experimental and numerical studies have been done on com-
bined film-impingement cooling of turbine blades [6,9-11], curved sur-
faces [12-17] and flat plates [4,5,7,8,18-22].

Curvature of the plate surface can affect local flow field and cooling
performance significantly. Li and Corder [12] analysed effect of plate
surface curvature and its effect was found to be significant on local Nus-
selt number in case of dual-jet in a row as compared to single-jet in a
row case although no significant effect of curvature was noticed in
overall heat transfer. As far as curved surfaces are concerned, studies
have found only slight increment in the overall effectiveness by the ad-
dition of impingement cooling in the combined film-impingement cool-
ing [13]. The increased internal cooling due to impinging jet is dimin-
ished by the reduced external cooling due to reduction in the coolant
flow rate and increase in coolant temperature. Wei-hua et al. [14] stud-
ied effect of blowing ratio, cooling hole orientation and jet-to-plate
spacing on the cooling effectiveness and discharge coefficient for
curved geometries. Better cooling effectiveness was observed at higher
blowing ratio, lower hole angle and smaller jet-to-plate spacing. Effect
of blowing ratio and film hole spanwise angle was analysed numerically
by Liu et al. [15] for leading edge of a turbine blade. Blowing ratio
found to affect the internal surface heat transfer coefficient and external
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Fig. 2. (a) Film cooling hole arrangement on test plate and associated details (figures not to scale) (b) arrangement for coolant injection through impingement
holes.

film cooling effectiveness significantly whereas effect of film hole span-
wise angle was found to be more dominant on external film cooling ef-
fectiveness compared to internal surface heat transfer coefficient. Yang
et al. [17] conducted experimental and numerical study to analyze
cooling performance of an endwall experiencing conjugate heat trans-
fer under realistic engine operating conditions. Effect of Reynolds num-
ber and mass flow rate was analyzed on the cooling performance.

As far as combined film-impingement cooling studies on flat plate
are concerned, effect of geometric shape of cooling hole [18], orienta-
tion or inclination of cooling hole [19], blowing ratio [5,18,20-22], jet-
to-plate spacing (h/Di) [4,7,8,12,19-21], jet-spacing [12,20], Reynolds
number [12], cooling hole arrangement [21], operating pressure [12],
thermal barrier coating [10] and materials [4,5,7,8,20,22] was

analysed by various researchers in the past. Miao and Wu [18] numeri-
cally studied effect of three geometric shapes (cylindrical round simple
angle, CYSA; forward-diffused simple angle, FDSA; and laterally dif-
fused simple angle, LDSA) of cooling hole and blowing ratio (0.3 to 1.5)
on the cooling performance. Significant effect of hole shape was ob-
served on the adiabatic film cooling effectiveness and flow-field. The
counter-rotating vortex pair (CRVP) was observed in CYSA and FDSA
shaped holes whereas the same was not found in case of LDSA hole at
higher blowing ratio. Effect of blowing ratio, h/Di and cooling hole ori-
entations (normal and forward inclined) was experimentally analysed
by Oh et al. [19] considering conduction effect on the plate. The cooling
effectiveness was found to be better in case of inclined cooling hole
compared to normal cooling hole and effect of h/Di was found to be
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Table 1
Values and range of various parameters.
Parameter Value

Metallic plate thickness, tp (mm) 3.0
Thermal barrier coating thickness, tc (mm) 0.5
Film cooling hole diameter, Df (mm) 6.0
Film cooling hole length, L (mm) 6.0
Jet diameter, Di (mm) 2.0
Ratio of jet-to-plate spacing and jet diameter, h/Di 1.0 – 4.0
Reynolds number based on mainstream flow and cooling hole

diameter, Re
22,750

Mainstream velocity (m/s) 100
Mainstream Pressure (bar) 15
Secondary air to mainstream pressure ratio 1.07
Blowing ratio, M 0.5 – 2.0
Mainstream temperature (K) 1375–

1875
Density ratio, DR 2.75 –

3.75
Secondary air temperature (K) 500

more pronounced in case of inclined hole compared to normal cooling
hole case. Jung et al. [8] also observed higher cooling effectiveness in
case of inclined film cooling hole compared to the normal hole. Lee et
al. [4] noticed that the effect of change in h/Di was more pronounced on
the downstream side in case of inclined cooling hole although there was
not much variation in the overall cooling effectiveness. Jung et al. [21]
also noticed that there was no effect of h/Di on the cooling effective-
ness. Cooling effectiveness is generally related to both blowing ratio
and h/Di. Mao et al. [20] noticed higher cooling effectiveness at higher
h/Di for lower blowing ratio (M = 0.0017–0.0023) and lower cooling
effectiveness at higher h/Di for higher blowing ratio
(M = 0.0044–0.0066). Jung et al. [21] found that the cooling effective-
ness decreases in the upstream region (due to the penetration effect of
coolant) and it increases in the downstream region (due to accumula-
tion of coolant and pushing effect) as blowing rate increases. Panda and
Prasad [5] also observed significant rise in the cooling effectiveness in
the upstream region with increase in blowing ratio whereas cooling ef-
fectiveness in the downstream region remained unaffected with the in-
crease in the blowing ratio. Mensch et al. [10] found that introduction
of thermal barrier coating (TBC) improves the cooling effectiveness of
turbine blades more significantly than the increase in the blowing ratio
and the improvement in the cooling effectiveness with the TBC in-
creases with increase in the blowing ratio. Effect of cooling hole
arrangement was also analysed in the few studies. It was found that the

staggered cooling hole arrangement results in better and uniform cool-
ing compared to inline cooling hole arrangement [21].

Plate material also plays an important role in the effectiveness of
combined film-impingement cooling. Lee et al. [4] compared effect of
two plate materials (stainless steel and polycarbonate) on cooling effec-
tiveness and higher cooling effectiveness was observed with stainless
steel plate due to its higher heat conduction capacity. Cooling effective-
ness with stainless steel and Perspex plate were also compared by
Panda and Prasad [5]. They also noticed higher average cooling effec-
tiveness in case of high conductivity (stainless steel) plate although the
peak maximum local cooling effectiveness was found to be lower in
case of stainless steel plate. Effect of three different plate materials
(k = 0.2, 1.5, 15.0 W/mK) was analysed for various blowing ratio by
Panda and Prasad [22] and it was found that the flow over the interact-
ing surface influences cooling effectiveness more significantly for lower
thermal conductivity plate material cases compared to higher thermal
conductivity material case. It was also noticed that the temperature
fluctuation and associated stresses can be reduced further by employing
plate of higher thermal conductivity materials. High thermal conductiv-
ity plate material results in more uniform lateral cooling [7]. Jung et al.
[7,8] further noticed that cooling effectiveness decreases with reduc-
tion in the plate thermal conductivity (or increase in the Biot number)
due to decrease in the conduction contribution. Effect of blowing ratio
on the cooling effectiveness is also affected by the plate material [16].

In the present study attention is focussed on combined film-
impingement cooling where heat transfer on the inner and outer surface
are accounted simultaneously along with conjugate heat transfer. A nu-
merical model is developed to analyse cooling effectiveness. It is very
clear from the literature that flow separation due to occurrence of
counter-rotating vortices pair (CRVP) in forward oriented hole led to
lower cooling effectiveness in case of film and combined film-
impingement cooling [23]. Recently, effect of dimple on plate surface
was analysed on flow field and cooling effectiveness and it was found
that introducing dimple on the surface may lead to slight reduction in
the CRVP and thus penetration of jet in the mainstream [23]. However,
the effect of introducing dimple was found very minimal on CRVP
strength reduction and negligible on the adiabatic film cooling effec-
tiveness. Reverse cooling hole has been recently introduced to mitigate
this effect in case of the film cooling [24,25]. Tong et al. [26] analysed
effect of forward and reverse orientation of the cooling holes in case of
combined film-impingement cooling of a flat metallic plate. It was ob-
served that the reverse orientation of the cooling hole can lead up to
100 K decrease in the plate temperature and 31.79 % increase in the
cooling effectiveness. Cooling performance is also affected by TBC, jet-
to-plate spacing (h/Di), density ratio and blowing ratio. It is not clear
how cooling performance and plate temperature are affected with these

Fig. 3. Comparison of numerically obtained local cooling effectiveness in the (a) flow (longitudinal) and (b) lateral directions with the experimental measurements
[8].
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Fig. 4. Typical mesh in the (a) computational domain (b) impingement chamber (c) close to the film cooling hole.

parameters in case of reverse cooling hole orientation in combined film-
impingement cooling applications. So, suitability of the reverse cooling
hole for combined film-impingement cooling is investigated in the pre-
sent work for the first time under various conditions considering realis-
tic engine operating environment. Performance of the reverse and for-
ward orientation of the film cooling hole is compared for various jet-to-
plate spacing (h/Di) and velocity/blowing ratios. Heat conduction in
the plate and TBC is taken into consideration and effect of gas radiation
is considered in the modelling.

2. Problem description

In this study, performance of reverse cooling hole configurations is
analysed and compared with the forward cooling hole configuration for
combined impingement and film cooling of a flat plate. These two cool-
ing hole configurations are depicted in Fig. 1. One of the velocity com-
ponents of the coolant is in the opposite direction to the mainstream
flow for reverse cooling hole case. The computational domain includes
film cooling hole of diameter Df (=6 mm) and a channel of height 33Df,
through which mainstream air flows as shown in Fig. 2 (a). An inclined
film cooling hole (30° with reference to mainstream air flow) is made
through IN738 metallic plate of thickness tp. Length of the film cooling
hole is kept same as that of its diameter (i.e., L/Df = 1). The metallic
plate is coated with a 0.5 mm thick (tc) Yettria stabilized zirconia (YSZ)
thermal barrier coating towards the exposed side. Jet diameter (Di) is
taken as 2 mm. Ratio h/Di is varied from 1.0 to 4.0. Secondary air enters

the impingement holes through a plenum as shown in Fig. 2 (b). Im-
pingement holes are arranged in-line in 11 rows to cool the metallic
plate internally. These impingement holes are aligned in staggered
arrangement with respect to the cooling hole. Lateral pitch of the im-
pingement hole is 1.5Df and longitudinal pitch of the impingement
holes is 2Df.

In this study, effect of jet impingement on film cooling, jet-to-plate
spacing, and jet diameter ratio (h/Di) and velocity/blowing ratio are
analysed on cooling performance for forward and reversed cooling hole
configurations. Values and range of various parameters considered in
the present work are shown in Table 1. Further, effect of gas radiation is
also studied on plate cooling effectiveness under realistic operating
conditions of a gas turbine.

3. Numerical modeling

A three-dimensional numerical model is developed to analyse fluid
flow and heat transfer associated with the combined film and impinge-
ment cooling of flat plate. Time-averaged equations considering steady,
incompressible and turbulent flow are as follow:

(1)

(2)

5
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Fig. 5. Grid dependence study in case of forward injection configuration (α = 30°) with M = 2, DR = 3.75 and h/Di = 2.

(3)

where, u, P and T are mean velocity, pressure and temperature, re-
spectively. u' and T' are the fluctuating components of velocity and tem-
perature, respectively. and are the Reynolds stress ten-
sor and specific turbulent heat fluxes which are calculated based on the
Boussinesq hypothesis and the simple eddy diffusivity model as:

(4)

(5)

where, k, μt and Prt are turbulent kinetic energy, turbulent viscosity
and turbulent Prandtl number, respectively. Previous studies have used
low Reynolds number k-ε model [18], standard k-ε turbulence model

with enhanced wall function [12], and k-ω SST turbulence model [5,22]
for combined film-impingement cooling of a flat plate. However, there
are some studies [27] which suggest that the realizable k-ε turbulence
model works well for such kind of problems. So, the realizable k-ε tur-
bulence model is considered. The turbulent model is not discussed in
detail here considering brevity. Readers are encouraged to refer Ref.
[28] for more details of the turbulent model. is the divergence of
the radiative heat flux which is obtained as [29]:

(6)

where, κ and Ib (=σT4/π) are absorption coefficient and blackbody
intensity, respectively. Irradiation (G) is defined as

(7)
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Fig. 6. Variation of the overall film cooling effectiveness along the longitudi-
nal direction for the forward/reverse orientations of the cooling hole consid-
ering with and without jet impingement cases at h/Di = 2 and M = 1 (or
VR = 0.267).

where, Ω is the solid angle and I is the radiation intensity. Radiation
intensity is obtained by solving the Radiative Transfer Equation (RTE),
Eq. (8) using the discrete ordinates (DO) method.

(8)

Weighted-sum-of-gray-gases model (WSGGM) is used to compute
radiative properties (absorption/emission coefficient) of the medium in
terms of weighing factors and absorption coefficient of species. Details
related to the implementation of DO method and WSGGM can be found
in Ref. [28].

3.1. Material properties

In the present study, working fluid (mainstream and secondary
fluid) is air and its density is calculated based on the ideal gas law as it
is assumed to be an ideal gas. As fluid temperature varies considerably
during the plate cooling process, fluid properties like thermal conduc-
tivity (λ), specific heat (cp) and viscosity (μ) are considered to be tem-
perature dependent [30]:

(9)

(10)

(11)

Properties of plate material (Nickel based alloy, IN738LC) are tem-
perature dependent as plate temperature also varies significantly due to
heat transfer from hot mainstream gases to the plate. Thermal conduc-
tivity and specific heat of the plate material in the temperature range
298–1773 K are taken as [31]:

(12)

(13)

where, T in Eqs. (9)–(13) is temperature in Kelvin (K).
Thermal conductivity of the TBC considered in the present study is

2 W/mK following [27,32,33]. In order to simulate the effect of gas ra-
diation, gas composition on mass basis of CO2, H2O, O2 is taken as
12.38%, 4.96%, and 8.97%, respectively [27] for a fuel/air ratio of
0.0409 which represents rich fuel condition in aeroengine [34].

3.2. Boundary conditions

Velocity at the mainstream and secondary fluid inlets are specified
based on the Reynolds number (Re) and blowing ratio (M), depending
upon the case. Inlet temperatures are specified based on the density ra-
tio (DR). Turbulence intensity of 5 % is specified at both the inlets con-
sidering actual engine conditions [35]. Zero pressure-gauge is taken at
the outlet boundary which is assigned as pressure outlet. Periodic
boundary conditions are assigned at the lateral boundaries of the com-
putational domain. No slip wall boundary conditions are imposed at all
the walls of the main and secondary ducts. Coupled boundary condi-
tions are considered at thermal barrier coating wall and metallic plate
to solve conjugate heat transfer. Continuity of temperature and heat
flux are ensured at all the interfaces. For radiative heat transfer, emis-
sivity at inlet and outlet of the duct is set to 0.5. The emissivity of the
TBC and outer walls are taken as 0.8 and 1.0, respectively based on
Wenping et al. [36] and Singh et al. [27].

Fig. 7. Nusselt number contours at the bottom surface of the metallic plate for the forward and reverse cooling hole configurations with and without jet impingement.
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Fig. 8a. Variation of the lateral average TBC effectiveness along the longitudi-
nal direction at VR = 0.267 (M = 1) and VR = 1.07 (M = 4) for h/Di = 2,
DR = 3.75.

Fig 8b. Variation of the lateral average overall effectiveness along the longitu-
dinal direction at VR = 0.267 (M = 1) and VR = 1.07 (M = 4) for h/Di = 2,
DR = 3.75.

3.3. Solution procedure

The governing equations, Eqs. (1)–(3), together with turbulence
equations and RTE are solved using the finite volume method (FVM)
based commercial CFD solver FLUENT. Thermo-physical properties of
air and plate material are considered to be temperature dependent, Eqs.
(9)–(13). All the governing equations are discretized using a second-
order upwind interpolation scheme. Pressure-velocity coupling is en-
sured with the help of SIMPLE algorithm [37]. The solutions are consid-
ered to be converged if the residual becomes lower than 10−08 for en-
ergy equation and 10−05 for all the remaining equations.

3.4. Validation

Validation study is performed first to check reliability of the numeri-
cal modelling and to find out the appropriate turbulence model for the
problem in hand. For this, all the geometric parameters and operating
conditions were considered as per the experimental study of Jung et al.
[8]. Experimentally and numerically obtained local cooling effective-
ness in the longitudinal and lateral directions are shown in Fig. 3 (a)

and Fig. 3 (b), respectively. Fig. 3 (a) shows the comparison of the lon-
gitudinal variation of cooling effectiveness from experimental measure-
ments [8] and present numerical results. Fig. 3 (b) shows the compari-
son of the lateral variation of cooling effectiveness obtained using the
experimental measurements [8] and present numerical at different X/D
values. It can be observed from the figures that the present numerical
results agree well with the experimental observations for starting three
rows of cooling holes. Thereafter, numerical results over-predicted film
cooling effectiveness to a maximum value of 0.07 which corresponds to
a temperature difference of 1.6 °C. The possible reason of this deviation
is heat conduction from the plenum wall in the experimental study. In
the numerical study, plenum walls were treated as adiabatic walls
whereas in the experimental studies despite of insulation some heat is
always conducted. Silieti et al. [38] also reported a better prediction of
adiabatic and conjugate film cooling with the realizable k-ε turbulence
model.

4. Results and discussion

Numerical study is conducted in the present study to analyse effect
of cooling hole orientations (forward and reverse), blowing ratio and
h/Di on flow field and heat transfer in case of combined film and im-
pingement cooling under realistic engine operating conditions. Effect of
hole orientation is also analysed on cooling effectiveness and pressure
drop for only film cooling, and combined film and impingement cooling
cases. Effect of consideration of gas radiation is also studied.

4.1. Grid dependence study

Non-uniform structured grids generated using ICEM-CFD is consid-
ered. Finer grid is considered near the target walls to ensure y+ values
are less than or close to unity. Grid considered in this study for the en-
tire computational domain, impingement chamber and near the film
cooling hole is shown in Fig. 4 (a)-(c), respectively. Three grids with
3,940,505 cells (mesh1, M1), 5,322,974 cells (mesh2, M2) and
8,550,559 cells (mesh3, M3) are investigated for grid dependence
study. Temperature distribution on the cooling plate and horizontal ve-
locity close to the cooling hole are critical parameters in the present
study. Hence, due care is given while refining grids in this area. It is en-
sured that grid refinement factor (r) in the critical zone is 1.5 following
the recommendation of Celik and Li [39]. Grid dependence study is
conducted for the forward orientation of the cooling hole with M = 2,
DR = 3.75 and h/Di = 2. Non-dimensional horizontal velocity (U/Ums)
and temperature (θ) are plotted in Fig. 5 at downstream distance of
X/Dj = 2 and X/Dj = 10 along the centreline of the cooling hole i.e.
Z/Dj = 0.5 for the forward injection configuration. Fig. 5 (a-b) show
that the velocity distribution is identical for all the grids investigated. A
maximum deviation of 2.54% in the non-dimensional velocity is ob-
served at Y/Dj = 0.5, X/Dj = 2 between M1 and M2. At the same loca-
tion, maximum difference in non-dimensional velocity between M2 and
M3 is just 0.5%. Moreover, the maximum deviation in non-dimensional
temperature between M1 and M2 is 26% at Y/ Dj = 0.5, X/ Dj = 2 and
0.67% between M2 and M3. These results suggest that the effect of re-
fining grid beyond M2 is not significant and hence, M2 is selected for
further study. Discretisation errors are quantified based on the grid con-
vergence index (GCI) procedure proposed by Celik and Li [39]. The crit-
ical parameters i.e. non-dimensional velocity (U/Ums) and non-
dimensional temperature (θ) are selected for this analysis. The local or-
der of accuracy (p) for non-dimensional velocity varies from
0.74 ≤ p ≤ 10.8 at X/Dj = 2 and 0.258 ≤ p ≤ 5.05 for X/Dj = 10 with
the global average of 4.472 and 2.147, respectively. Likewise, local or-
der of accuracy (p) for non-dimensional temperature is varied from
0.104 to 13.197 with the global average (pavg) of 2.915. Numerical un-
certainty due to discretisation errors is presented in terms of error bars
in Fig. 5.
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Fig. 9. Interaction of coolant jet with the mainstream near the cooling hole (a) Forward hole, VR = 0.267 (b) Reverse hole, VR = 0.267 (c) Forward hole, VR = 1.07
(d) Reverse hole, VR = 1.07.

4.2. Effect of jet impingement on cooling performance

Effect of jet impingement on film cooling effectiveness is discussed
in this section. Fig. 6 shows the lateral average overall cooling effective-
ness for the case involving just film cooling and film cooling with jet im-
pingement where h/Di = 2 and M = 1 (VR = 0.267). Results are pre-
sented in terms of lateral average film cooling effectiveness as it incor-
porates information of lateral spread of the cooling effect and provides
realistic cooling performance. It is defined as:

(14)

It can be observed that for both forward and reverse cooling hole
configurations, cooling effectiveness increases because of the jet im-
pingement. It means that the metallic plate can be maintained at a
lower temperature with the introduction of the jet impingement. It is to
be noted here that although the increase in lateral average overall effec-
tiveness is approximately in the range 0.04–0.07, it corresponds to a
significant cooling and decrease in the metallic plate temperature due
to introduction of jet impingement with the film cooling. For example,
increase of 0.04 and 0.07 in the overall cooling effectiveness corre-
sponds to decrease of the metallic plate temperature by approximately
51 °C and 89 °C, respectively. Considering the fact that elevated tem-
perature can significantly enhance chances of creep failure and degra-
dation of the components by fatigue and hot corrosion [40,41], the im-
pact of jet impingement on film cooling can be significant on the stabil-
ity, reliability and life of the components due to significant drop in the
metallic plate temperature. Cooling performance in case of the film
cooling with jet impingement is higher compared to only the film cool-
ing case because of increase in convective heat transfer from the bottom
side of the metallic plate due to the jet impingement. This can be no-
ticed from Fig. 7 which shows the comparison of the Nusselt number
distribution for the film cooling (FC) and film cooling with jet impinge-
ment (FC-JI) cases for forward (FH) and reverse (RH) cooling hole con-
figurations. It is evident that the Nusselt number of the bottom surface
of the metallic plate increases significantly due to the jet impingement
in the forward and reverse cooling hole configurations. It is to be noted
that the cooling due to the jet impingement at the lower surface of the
metallic plate is independent of the orientation of the film cooling hole.

Hence, overall film cooling effectiveness is found to be similar in both
the cooling hole configurations. Considering the fact that the film cool-
ing with jet impingement provides better cooling performance com-
pared to only film cooling case, further analysis in subsequent sections
is carried out in the present study considering the film cooling with jet
impingement case.

4.3. Effect of forward and reverse orientations of the cooling hole on the
cooling performance

Figs. 8a–b shows the variation of the lateral average TBC effective-
ness and overall effectiveness in case of h/Di = 2 and DR = 3.75 for
the film cooling with jet impingement involving forward and reverse
orientations of cooling hole. The results are shown at two different ve-
locity ratios (VR) 0.267 and 1.07 which corresponds to the blowing ra-
tios (M) of 1.0 and 4.0, respectively. At lower VR (VR = 0.267), both
lateral average TBC effectiveness and lateral average overall effective-
ness are lower in case of reverse orientation of the cooling hole com-
pared to the forward orientation. This is primarily due to the fact that
the secondary cooling fluid remains more attached to the metallic plate
at lower VR in case of forward orientation of the cooling hole com-
pared to the reverse cooling hole in which is clear from Fig. 9 (a)-(b)
and temperature contours in Fig. 10 (a)-(b). It can also be noticed that
the spread of coolant in the lateral direction is better in case of reverse
cooling hole compared to the forward cooling hole. This results in
slightly better cooling in the lateral directions in case of reverse cooling
hole which is evident from the TBC cooling effectiveness contours
shown in Fig. 11 (a)-(b). No significant effect of the two cooling hole
orientations is noticed on the cooling performance of the bottom sur-
face of the metallic plate as shown in the Nusselt number contours in
Fig. 12 (a)-(b).

Contrary effect of the cooling hole orientations was noticed on the
cooling effectiveness at higher value of the velocity ratio considered in
the study (VR = 1.07). Lateral average TBC effectiveness and overall
effectiveness is found to be significantly higher for the reverse orienta-
tion of the cooling hole compared to the forward orientation of the
cooling hole as shown in Figs. 8a–b. Similar results were also obtained
by Tong et al. [26] for effusion cooling case although the velocity ratio
was not explicitly mentioned in their study. This is primarily due to the
formation of the counter-rotating kidney vortex in case of the forward
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Fig. 10. Temperature contours at X/Df = 2, depicting jet lift off (a) Forward hole, VR = 0.267 (b) Reverse hole, VR = 0.267 (c) Forward hole, VR = 1.07 (d) Re-
verse hole, VR = 1.07.

Fig. 11. TBC effectiveness contours for the (a) Forward hole, VR = 0.267 (b) Reverse hole, VR = 0.267, (c) Forward hole, VR = 1.07 (d) Reverse hole, VR = 1.07.
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Fig. 12. Nusselt number contours on the bottom surface of the metallic plate for the forward and reverse cooling hole orientations at two different velocity ratios
(VR = 0.267 and VR = 1.07).

Fig. 13. Non-dimensional pressure drop for (a) M = 1 with and without jet im-
pingement cooling, (b) M = 1 and M = 4 with jet impingement cooling.

cooling hole orientation at the higher secondary flow velocities. Fig. 9
(c) show that at higher VR the penetration of the secondary cooling
fluid is significantly higher in case of the forward cooling hole. Due to
this, the cooling fluid does not come in contact with the hot metallic
surface for significant downstream distance along the flow direction in

case of the forward orientation of the cooling hole. Further, separation
of the cooling fluid from the surface and its interaction with the main-
stream flow leads to the formation of counter-rotating kidney vortex
and negligible cooling of the hot surface near the cooling hole as shown
in Fig. 10 (c) and Fig. 11 (c). Far away from the cooling hole, cooling
fluid again comes in contact with the surface and cools the surface. So,
the cooling effectiveness is lower near the cooling hole and it increases
far away from the cooling hole along the longitudinal flow direction as
evident from the contour of TBC cooling effectiveness in Fig. 11 (c).
Similar trend was observed by Singh et al. [42] on the cooling effective-
ness of a corrugated surface.

In case of the reverse orientation of the cooling hole at the higher VR
(VR = 1.07), although the penetration of the cooling fluid is still
higher, it is important to note that significant amount of the cooling
fluid remain in contact with the hot surface throughout the plate down-
stream of the cooling hole as shown in Fig. 9 (d) and Fig. 10 (d). Fur-
ther, due to the opposite flow direction of the cooling fluid compared to
the mainstream fluid, the lateral spread of the cooling fluid is signifi-
cantly higher in case of the reverse orientation of the cooling hole
which can be noticed from the temperature contour shown in Fig. 10
(d). As the cooling fluid remains attached to the hot surface down-
stream the cooling hole, significantly better cooling can be observed
throughout the plate in case of the reverse cooling hole which is evident
from higher TBC cooling effectiveness in Fig. 11 (d). Moreover, better
spread of the cooling fluid in case of the reverse cooling hole results in
uniform cooling in the lateral direction throughout the plate.

Effect of the cooling hole orientation on cooling of the bottom sur-
face of the metallic plate due to jet impingement is found insignificant
as shown in Fig. 12. It can be seen that the Nusselt number distribution
remains more or less similar for both the forward and reverse orienta-
tions of the cooling hole. However, effect of velocity ratio or blowing
ratio is found to be very significant on the cooling of the bottom surface
of the metallic plate. Nusselt number increases as the velocity ratio (or
blowing ratio) increases in both the orientations due to increase in the
impingement velocity at the bottom surface of the metallic plate. In-
creased cooling of the bottom surface of the metallic plate due to the jet
impingement at the higher blowing ratio causes higher heat transfer
and lower temperature of the top surface of the metallic plate due to
conjugate heat transfer. It increases the overall cooling effectiveness of
the metallic plate at higher velocity ratio as shown in Fig. 8b. Overall
cooling effectiveness drops significantly at higher X/Df due to the lower
cooling of the exposed TBC surface by the cooling fluid due to increase
in its temperature in the longitudinal direction as it absorbs heat from
the exposed surface and mix with the mainstream fluid.
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Fig. 14. Hole blockage for forward and reverse injection without jet impingement (a, c) and with jet impingement (b, d).

It can be seen from Fig. 8a that at lower velocity ratio (VR = 0.267),
the TBC cooling effectiveness drops significantly just after the cooling
hole in the longitudinal direction (till X/Df ≈ 2.0) in case of both for-
ward and reverse cooling hole orientations. It is due to sudden increase
in the cooling fluid temperature after absorbing heat from the hot
metallic plate and mainstream hot fluid. Similar phenomenon can also
be observed in case of reverse cooling hole orientation at the higher ve-
locity ratio (VR = 1.07). In this case however, the cooling effectiveness
increases later along the flow direction due to increased cooling of the
bottom surface of the metallic plate due to higher impingement velocity
and better attachment of the cooling fluid at the upper exposed TBC
surface. Whereas the TBC effectiveness remains almost uniform in case
of forward hole with higher velocity ratio (VR = 1.07) till a sufficient
downstream distance (up to X/Df ≈ 7). It is primarily due to the two
contradictory phenomena occurring in this case at the exposed TBC sur-
face and bottom surface of the metallic plate with jet impingement.
Here, heat transfer at the upper exposed TBC surface decreases due to
the formation of the counter rotation kidney vortex formation and
higher penetration of the cooling fluid at higher velocity ratio with the
forward cooling hole orientation. On the other hand, due to higher im-
pingement velocity at higher velocity ratio, Nusselt number and heat
transfer rate from the bottom surface of the metallic plate increases.
These rather contradictory heat transfer phenomenon at the exposed
TBC surface and bottom surface of the metallic plate results in no signif-
icant change in the TBC effectiveness for a significant portion of the sur-
face in case of forward cooling hole at the higher velocity ratio.

4.4. Effect of jet impingement and cooling hole orientations on the pressure
drop

Pressure drop from the impinging jet on a flat plate were investi-
gated by Levy et al. [43] and Penumadu and Rao [44]. Levy et al. [43]
proposed sum of local resistance approach to estimate the pressure drop
because of the impinging jets. It was assumed that the total pressure

drop is sum of the pressure drop at the nozzle inlet, nozzle outlet, fric-
tional losses in the nozzle and losses in the channel. However, in the
case of combined jet impingement and film cooling; total pressure drop
will be sum of pressure drop at the inlet and exit of the film cooling
hole, frictional losses in the cooling hole and pressure drop because of
the hole blockage.

Pressure drop of various cases is analysed here considering the pres-
sure drop in the film cooling hole and in the impingement holes. For the
sake of comparison, non-dimensional pressure drop is presented here
which is obtained with respect to the mainstream flow parameters. Fig.
13 shows the non-dimensional pressure drop in case of the forward and
reverse cooling hole orientations for film cooling with and without jet
impingement at M = 1 and with combined jet impingement and film
cooling at M = 4. It can be observed from Fig. 13 (a) that the pressure
drop increases because of the jet impingement for both forward and re-
verse orientations. An increment of 79.27 % and 56.51% in the pressure
drop is observed for the forward and reverse orientation because of the
jet impingement at M = 1. This signify that the jet impingement sec-
tion has a significant impact on the pressure drop or the pumping
power required to inject coolant. Moreover, only a little difference (1%
to 1.5%) in the pressure loss is observed when hole to impingement
spacing is varied from h/Di = 1 to h/Di = 4. Hence, results are pre-
sented for h/Di = 2 to avoid repetition of the results.

A comparison of non-dimensional pressure drops for the combined
jet-impingement and film cooling configuration at M = 1 and 4 is pre-
sented in Fig. 13(b). The jet Reynolds number based on the impinge-
ment hole diameter and coolant fluid properties for these two blowing
ratios are 8,800 and 35,200. The non-dimensional pressure increases by
approximately 10 times as the blowing ratio is increased from M = 1 to
M = 4. A parabolic increment in the pressure drop with the increase in
the jet Reynolds number has been reported from the impinging holes,
Penumadu and Rao [44]. Apart from that, the interaction of jet emerg-
ing from the cooling hole also changes with the increment of the blow-
ing ratio. Jet penetration in the crossflow increases with the increase in
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Fig. 15. Effect of h/Di on the film cooling effectiveness for (a) forward orienta-
tion and (b) reverse orientation.

the blowing ratio. Both factors contributed to the significant increment
of the pressure drop at a higher blowing ratio.

The blockage of the film cooling hole by the crossflow without and
with the jet impingement for both forward and reverse orientation in
case of only film cooling and combined impingement-film cooling are
shown in Fig. 14. The comparison Fig. 14(a) with Fig. 14(b) and Fig. 14
(c) with Fig. 14(d) shows a similar qualitative trend for without and
with jet impingement cases in both the hole orientations. However, it
can also be observed that the maximum velocity increases because of
the jet impingement for both the cooling hole orientations. In this
study, the cooling hole is arranged in a staggered pattern from the jet
impingement hole. Although, the impinging jet is not directly entering
into the cooling hole, but it alters the flow pattern near the entrance re-
gion of the cooling hole. Consequently, velocity pattern changes in the
case of jet impingement. This behaviour is prominent for the forward
orientation as compared to the reverse orientation. In the case of for-
ward orientation, coolant jet is splitted into two parts (low velocity re-
gion) in the cooling hole itself near the trailing edge. The extension of
these low velocity regions is: X/Df = 0.4 to 1 for the case without jet
impingement. This low velocity region is further extended to
X/Df = 0.2 for the case with the jet impingement. A maximum velocity
contour is observed upstream of this low velocity region for both the
cases i.e. film cooling without and with jet impingement. However, the
velocity contours of the reverse cooling hole orientation without and
with jet impingement, Fig. 14 (c & d) shows that the hole is blocked to-
wards the leading edge. The velocity gradient along the cross section of
the holes is not as sharp as that for the forward holes. Consequently, the
pressure drop in the reverse hole orientation is less as compared with
the forward hole for the investigated range of blowing ratios at the op-
erating conditions of gas turbine considered.

4.5. Effect of spacing from the jet exit to the plate (h/Di)

For the jet impingement, the spacing from the jet exit to the plate (h)
is one of the important parameters. In the literature, some study such as
Lee et al. [4], Jung et al. [21] found insignificant effect of the variation
in the h/Di on the overall film cooling effectiveness whereas other stud-
ies such as Mao et al. [20] reported impact of h/Di on the overall effec-
tiveness. In the present study, it was decided to investigate the effect of
h/Di on the film cooling effectiveness for both the forward and reverse
orientations by varying h/Di in the range of 1 to 4. This range is selected

Fig. 16. Nusselt number contours on the bottom surface of the metallic plate for different h/Di.
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Fig. 17. Comparison of present numerical results with the experimental results
of Wenping et al. [36] considering gas radiation and without gas radiation.

Fig. 18. Effect of gas radiation on the (a) TBC film cooling effectiveness (b)
Overall film cooling effectiveness.

considering the space constraint in the case of gas turbine blades. The
effect of h/Di on the lateral average overall film cooling effectiveness is
shown in Fig. 15. It can be observed that the lateral average overall film
cooling effectiveness is higher at h/Di = 1 as compared to the other in-
vestigated h/Di for both the orientations. The improvement in the effec-

tiveness is higher towards the cooling hole and it decreases along the
downstream direction. An improvement of 10%, 6.4% and 3.63% in the
lateral average film cooling effectiveness is observed for h/Di = 1 as
compared to h/Di = 4 at X/Df = 1, 10 and 20 for the forward orienta-
tion. For the reverse orientation, the improvement is 13.73%, 8.46%
and 4.27% in the lateral average film cooling effectiveness is observed
for h/Di = 1 as compared to h/Di = 4 at X/Df = 1, 10 and 20. The con-
tours of Nusselt number for the investigated h/Di ratios are shown in
Fig. 16. A higher rate of heat transfer from the metallic plate is observed
due to the impact of cooling jet at h/Di = 1 this eventually results in the
better film cooling effectiveness.

4.6. Effect of gas radiation

The effect of gas radiation on the film cooling effectiveness for the
forward and reverse cooling hole is investigated at a blowing ratio of 1,
h/Di = 2 for engine representative conditions. Before analysing the ef-
fect of gas radiation on the combined jet impingement and film cooling
configuration, numerical methodology considering gas radiation is vali-
dated against the benchmark test case of Wenping et al. [36]. Centre-
line film cooling effectiveness obtained from the present numerical
model with and without gas radiation in plotted in Fig. 17 along with
the experimental results of Wenping et al. [36]. It can be observed that
film cooling effectiveness is in good agreement with the experimental
results when effect of gas radiation is considered. Film cooling effec-
tiveness is overpredicted when effect of gas radiation is ignored.

The lateral averaged TBC effectiveness and overall effectiveness is
shown in Fig. 18 (a) and Fig. 18 (b), respectively for the investigated
conditions. Both the TBC and overall effectiveness decreases when gas
radiation effects are considered. A maximum drop of 22% in the TBC ef-
fectiveness is observed at X/Df = 20 for the forward injection and 28%
for the reverse injection because of the gas radiation.

This drop in TBC effectiveness is corresponding to a temperature
rise of 77 K and 97 K respectively for forward and reverse injection at
the TBC wall. On an average, a temperature rise of 50 K to 75 K is ob-
served on the TBC wall when gas radiation effects were considered. A
maximum drop of 40% in the overall effectiveness is observed at
X/Df = 20 for the forward injection and 28% for the reverse injection
because of the gas radiation. This drop in overall effectiveness is corre-
sponding to a temperature rise of 194 K and 134 K respectively for for-
ward and reverse injection at the metallic plate. On an average, a tem-
perature rise of 94 K to 54 K is observed on the metallic plate when gas
radiation effects were considered. Singh et al. [27] and Ren et al. [45]
also reported an increment in the surface temperature while consider-
ing gas radiation. The contours of TBC effectiveness for the forward and
reverse injection case without considering and with consideration of
the gas radiations effects confirm the reduction in TBC effectiveness as
shown in Fig. 19.

5. Conclusions

In the current study, cooling effectiveness is analysed and compared
considering only film cooling and combined impingement-film cooling.
Effect of forward and reverse orientations of the cooling hole is
analysed on the cooling performance and pressure drop under different
blowing ratios. Effect of h/Di and consideration of gas radiation is also
discussed for the combined impingement-film cooling of a flat plate.
Cooling effectiveness increases due to the jet impingement in case of
combined impingement-film cooling in forward as well as reverse ori-
entations of the cooling hole. This increment in the cooling effective-
ness is at the expense of the pressure drop. An increment of 79.27 % and
56.51% in the pressure drop is observed for the forward and reverse ori-
entation because of the jet impingement at M = 1.

Cooling performance is found to be better at lower h/Di for both the
forward and reverse orientations of the cooling hole. An improvement
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Fig. 19. TBC effectiveness contours for the forward and reverse cooling hole orientations with and without considering the effect of gas radiation.

of 10 % and 13.73 % in the lateral average film cooling effectiveness at
X/Df = 1 is observed for h/Di = 1 as compared to h/Di = 4 in case of
the forward and reverse orientations, respectively. Gas radiation effect
is significant on the overall cooling effectiveness. A maximum drop of
40 % in the overall effectiveness is observed at X/Df = 20 for the for-
ward injection and 28% for the reverse injection because of the gas ra-
diation which corresponds to a temperature rise of 194 K and 134 K re-
spectively for forward and reverse injection at the metallic plate.
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