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Abstract

A numerical investigation is conducted to study leading edge film cooling with large eddy simulation (LES). The domain geometry is
adopted from an experimental setup of [Ekkad, S.V., Han, J.C., Du, H., 1998. Detailed film cooling measurement on a cylindrical leading
edge model: Effect of free-stream turbulence and coolant density. Journal of Turbomachinery 120, 799–807.] where turbine blade leading
edge is represented by a semi-cylindrical blunt body with compound angle of injection. At blowing ratio of 0.4 and coolant to mainstream
density ratio of unity, a laminar constant velocity and fully-turbulent coolant jet are studied. In both cases, the results show the existence
of an asymmetric counter-rotating vortex pair in the immediate wake of the coolant jet. In addition to these primary structures, vortex
tubes on the windward side of the jet are convected downstream over and to the aft- and fore-side of the counter-rotating vortex pair. All
these structures play a role in the mixing of mainstream fluid with the coolant. The fully-turbulent coolant jet increases mixing with the
mainstream in the outer shear layer but does not directly influence the flow dynamics in the turbulent boundary layer which forms within
two coolant hole diameters of injection. As a result, the turbulent jet decreases adiabatic effectiveness but does not have a substantial
effect on the heat transfer coefficient. The span-wise averaged adiabatic effectiveness agrees well with experiments for a turbulent coolant
jet, without which the calculated effectiveness is over-predicted. On the other hand, the heat transfer coefficient which is only a function
of near wall turbulence, shows good agreement with experiments for both coolant jet inlet conditions.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The overall thermal efficiency of gas turbine engines can
be effectively improved by increasing the turbine inlet tem-
perature. However, these high operative temperatures
affect the durability of the blade. To prevent damage to
the blades, a variety of cooling techniques have been
developed. These techniques fall into two major categories;
internal and external cooling. Both techniques use cold air
extracted from the compressor section and pass it through
channels within the blade (internal cooling), where tabula-
tors such as ribs and pin fins are used to increase the rate of
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heat removal. The cooling air then is ejected into the main-
stream through holes located on the leading edge, suction
and pressure sides of the blade to provide a thin cold film
of air which prevents the direct contact of hot gases with
the blade surface (film cooling) [Han (2004)]. Although
cooling techniques increase the durability of the engine,
the reduction in the operative fluid mass flow rate due to
the air extraction from the compressor section is detrimen-
tal to the overall performance. This has led to numerous
studies to determine factors which impact blade cooling
in an attempt to optimize the process.

A considerable portion of these investigations are spe-
cific to leading edge film cooling. Due to the exposure to
a high heat load, prediction of the flow field in this region
is important and essential to blade durability. On the other
hand, the complexity of the flow field and geometry makes
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Nomenclature

BR blowing ratio (uc/u1)
Cs Smagorinsky constant
D leading edge diameter
d coolant hole diameter
H channel height
k thermal conductivity
L coolant hole length to diameter ratio
n normal wall distance
Nu Nusselt number (Nu = hD/k)
Pr Prandtl number (Pr = m/a)
P Span-wise pitch to hole diameter ratio
q00 heat flux
R temporal autocorrelation
Re Reynolds number (Re = u1D/m)
S strain rate tensor
S arc length along cylinder surface
T temperature
u cartesian velocity vector/stream-wise velocity
U contravariant velocity vector

x physical coordinates
h non-dimensional temperature (h = (T � Tc)/

(T1 � Tc))
f computational coordinates
d boundary layer thickness in stagnation region
t kinematic viscosity
s non-dimensional time

Subscripts

aw adiabatic wall
b bulk
c coolant
t turbulent parameters
s values based on friction velocity
1 free stream

Superscripts

* dimensional parameter
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it complicated and difficult to study. Therefore, for the sake
of simplification, many studies on the leading edge film
cooling have represented the leading edge with a blunt
body and a semi-cylindrical leading edge. Of the experi-
mental studies, one can mention an early study by Mick
and Mayle (1988), followed by a study of Mehendale and
Han (1992), and studies by Salcudean et al. (1994), Ekkad
et al. (1998), Ou and Rivir (2001), and Ekkad et al. (2004).
A common conclusion from these studies is that increasing
the mainstream turbulence is detrimental to film cooling
effectiveness, but the negative effect is minimized at high
coolant-mainstream blowing ratios. Heat transfer coeffi-
cient is not sensitive to mainstream turbulence but is
affected significantly by coolant-mainstream blowing ratio.
Adiabatic effectiveness is sensitive to the geometry and
arrangement of the cooling holes, but overall, it decreases
at high blowing ratios due to higher dispersion of the cool-
ant and entrainment of mainstream gas between the cool-
ant jet and blade surface due to lift off. The experimental
studies of Cruse (1997), Yuki et al. (1998), and Johnston
et al. (1999) used a half-section of a blunt body with quar-
ter of a cylindrical leading edge. A suction channel was
located below the stagnation line to stabilize and fix the
stagnation line in its location. This experimental setup
has been used to validate several numerical studies. Cher-
nobrovkin and Lakshminarayana (1999) simulated this
geometry utilizing a number of low Reynolds number k–e
models for turbulence closure. The results were in good
agreement with experimental data. They identified four
major vortices and explained their origins and their effects
on effectiveness. Shyy et al. (1999) simulated the jets and
free-stream interaction around a low Reynolds number air-
foil leading edge. The SIMPLE algorithm was used with a
k–e model with a low Reynolds number treatment to model
the turbulence. The boundary condition at the hole exit
was adopted from a previous study done by Thakur et al.
(1999). Lin and Shih (2001) used Menter’s k–x shear stress
transport (SST). The results were in reasonable agreement
with experimental data. They identified the formation of
separation bubbles caused by the hole–plenum interaction
and horseshoe vortices which caused the hot gas entrain-
ment. York and Leylek (2002a,b) used a realizable k–e
model in the Fluent code. Local and laterally averaged film
cooling effectiveness was predicted but numerical results
showed over-prediction in the region between the stagna-
tion line and second row of holes when compared to the
experimental data. They speculated that this discrepancy
could be due to the unsteadiness about stagnation in the
experiment, which was not taken into account. They also
predicted the heat transfer coefficient which showed good
agreement with experimental data at low blowing ratios.

In another study by Azzi and Lakehal (2001), two clas-
ses of k–e model and Reynolds stress transport model were
used to simulate both a flat plate and a symmetrical turbine
blade. In the first case, a two-layer approach was used
where a DNS-based one-equation model was applied in
the viscous region and k–e model was applied in the outer
region. It was found that the isotropic two-layer model
under-predicted the lateral temperature distribution and
resulted in lower effectiveness compared to the experimen-
tal data. To account for anisotropy effects, a factor was
introduced with the eddy viscosity in the near wall one-
equation model. In the second case, various quadratic
and cubic explicit algebraic stress models combined with
the DNS-based near wall region one-equation model were
used. While the non-linear algebraic model provided some-
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what better results, the best results were obtained from the
two-layer method with anisotropic DNS-based one-equa-
tion model in the near wall region. However, they sug-
gested that this method needed a more refined mesh near
the walls. Theodoridis et al. (2001) used a standard k–e
model with wall function to simulate a turbine blade film
cooling without lateral injection. Turbulence intensity pre-
dicted in the stagnation region was not realistic. Turbu-
lence anisotropy was found to be much less on the
suction side compared to the pressure side. Applying the
anisotropy correction of Bergeles et al. (1978) resulted in
a much better prediction of temperature on the pressure
side.

2. Objective of the study

The literature review reveals that RANS models are par-
tially successful in simulating film cooling. Eddy viscosity
models under-predict the lateral spreading of the tempera-
ture field and the discrepancies with the experimental data
increase at high blowing ratios. In leading edge film-cool-
ing the additional physical complexity introduced by flow
stagnation, free-stream turbulence, pressure gradients and
flow acceleration, and boundary layer transition further
limit the capability of RANS models as effective prediction
tools. Optimizing film cooling requires a more fundamental
understanding of the phenomenon which can only be
obtained by quantifying the time-dependent dynamic char-
acteristics of flow and heat transfer. Large eddy simulation
(LES) is capable of providing such data. The advantages of
LES over RANS simulations are many, not the least
among them, the elimination of the empiricism of RANS
models. In spite of the need for this capability, a few studies
such as Tyagi and Acharya (2003), Lui and Pletcher (2005),
Iourokina and Lele (2005, 2006), and Guo et al. (2006)
have been conducted with LES for film cooling on a flat
plate. In spite of being computationally challenging, the
flat plate geometry alleviates a lot of the geometrical/mesh-
ing requirements and ensuing numerical complexities asso-
ciated with leading edge film cooling. The objective of the
proposed study is to push the state-of-the-art in the appli-
cation of LES by extending it to leading edge film cooling
to elucidate on the unsteady flow physics and heat transfer.
This study investigates the effect of the coolant pipe inlet
boundary condition on mixing and the resulting adiabatic
effectiveness and heat transfer coefficient.

3. Solution methodology

3.1. Computational model and the governing equations

The governing flow and energy equations are non-
dimensionalized by a characteristic length scale which is
the leading edge diameter of the cylinder (D*), a character-
istic velocity scale given by the inlet free-stream velocity
(u�1). Two characteristic temperature scales are incorpo-
rated: (T �1 � T �c) in calculating the adiabatic effectiveness
and
q00wD�

k
in calculating the heat transfer coefficient. The

time-dependent Navier–Stokes and energy equations are
non-dimensionalized in transformed coordinates (Thomp-
son et al., 1985) as:
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where ~ai are the contravariant basis vectors1,

ffiffiffi
g
p

is the
Jacobian of the transformation, gij is the contravariant
metric tensor,

ffiffiffi
g
p

Uj ¼ ffiffiffi
g
p ð~ajÞiui is the contravariant flux

vector, ui is the Cartesian velocity vector, and h is the
non-dimensional temperature.

The overbar in the continuity, momentum and energy
equations denote grid filtered quantities. Ret is the inverse
of the non-dimensional turbulent eddy-viscosity and is
obtained by the Smagorinsky model
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where j S j is the magnitude of the strain rate tensor given
byj S j¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2SikSik

p
. The Smagorinsky constant C2

s is ob-
tained via the dynamic procedure [Germano et al.
(1991)]. The turbulent Prandtl number is assumed to have
a constant value of 0.5 [Moin et al. (1991)].

3.2. Numerical method

The governing equations for momentum and energy are
discretized with a conservative finite-volume formulation
using a second-order central difference scheme on a non-
staggered grid topology. The Cartesian velocities, pressure,
and temperature are calculated and stored at the cell cen-
ter, whereas, contravariant fluxes are stored and calculated
at the cell faces. A projection method is used for time inte-
gration. The temporal advancement is performed in two
steps, a predictor step, which calculates an intermediate
velocity field, and a corrector step, which calculates the
updated velocity at the new time step by satisfying discrete
continuity.
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The computer program GenIDLEST (Generalized
Incompressible Direct and Large-Eddy Simulations of Tur-
bulence) used for these simulations has been applied exten-
sively to study flow and heat transfer in stationary and
rotating internal ducts, heat exchangers, etc. [Abdel-
Wahab and Tafti (2004), Sewall and Tafti (2006, 2007),
Sewall et al. (2006), Cui and Tafti (2002), Tafti and Cui
(2003)]. Details about the algorithm, functionality, and
capabilities of GenIDLEST can be found in Tafti (2001).

3.3. Experimental and computational geometries

The geometry is adopted from the experimental setup of
Ekkad et al. (1998), where a cylinder (with a tailboard placed
at the rear) represents the leading edge. Two rows of cooling
holes are located ±15� from the stagnation line, each con-
taining ten holes. The holes are at 30� and 90� inclination
with span-wise and stream-wise direction, respectively.
Based on the characteristic length scale of cylinder diameter
D* (7.62 cm), the channel height H*/D* = 10.0, hole diame-
ter d*/D* = 0.063, hole length to diameter ratio L*/d* = 3.1,
and span-wise pitch to hole diameter ratio P*/d* = 4.0 spec-
ifies the computational geometry. Detailed specifics of the
test model can be found in Ekkad et al. (1998).

In the current paper, two computational domains are
used to represent this model. They are referred to as D-I
and D-II from this point forward (see Fig. 1). D-I has the
dimension of 10 · 10 · 0.252 with the cylinder centered at
(0,0,0). This domain has two rows of coolant holes on either
side of stagnation. D-II is exactly half of the first domain,
where a symmetry boundary condition is assumed along
Fig. 1. Computational domains (a) D-I and (b) D-II.
the stagnation line. In both, the tailboard is replaced by a flat
after body, to alleviate the unnecessary complications which
arise due to flow separation in the wake of the cylinder. This
change is not expected to adversely affect comparisons with
experimental data in the near field of coolant injection.

3.4. Flow and boundary conditions

The mainstream Reynolds number is 100,000 based on
the cylinder diameter and mainstream velocity. Coolant
to mainstream density ratio is assumed to be unity, as in
the experiment. In the current study a blowing ratio of
BR = 0.4 is applied. The mainstream inlet condition is a
constant velocity profile (u1) with no free-stream turbu-
lence (experiments had a nominal Tu = 0.5%) and a con-
vective outflow condition is applied.

Two different coolant pipe inlet conditions are tested.
First, a constant velocity profile (CVP) with a value of
0.4 at the coolant pipe inlet (which gives a blowing ratio
of 0.4) in the direction of the coolant pipe axis is applied.
Second, the coolant pipe inlet assumes a time-dependent
turbulent velocity profile (TVP), which is obtained from
an auxiliary fully developed turbulent pipe flow LES. The
simulation results with CVP are used for comparison
between domains D-I and D-II. Afterwards, both pipe inlet
conditions are applied to domain D-II to study their effects
on the film cooling phenomenon.

On the outer channel walls, wall boundary conditions
with zero heat flux are assumed. In calculating the adiabatic
effectiveness, an adiabatic condition is imposed on the blade
surface. With non-dimensional temperature defined as

h ¼ T � � T �c
T �1 � T �c

, the coolant and mainstream temperatures

are denoted by 0 and 1, respectively. In calculating the heat
transfer coefficient, a constant non-dimensional heat flux
of unity is imposed on the cylinder surface and the main-
stream and coolant temperatures – here non-dimensional-

ized with
q00wD�

k
– are set to zero. These selected conditions

are consistent with the experimental conditions. As men-
tioned earlier, a symmetry boundary condition is imposed
along the stagnation line for domain D-II.

In the current study, we choose not to place a plenum
(which would be computationally simpler) in order to have
greater control and definition over the jet inlet conditions,
both in the mean flow distribution and turbulent character-
istics. For the second set of calculations with a time-depen-
dent turbulent inlet profile, it is implicitly assumed that the
coolant hole is sufficiently long for the flow to exhibit a
fully-developed turbulent flow at the location where the
inlet boundary condition is applied.

3.5. Fully developed time-dependent turbulent coolant inlet

boundary condition

Turbulent inflow conditions for the cooling pipe inlet
uses scaled data from auxiliary simulations in a fully-devel-
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oped pipe flow at an equivalent coolant jet Reynolds num-
ber. The auxiliary pipe flow simulations are carried out sep-
arately and validated with the experimental data of den
Toonder and Nieuwstadt (1997). The pipe diameter is
selected as the characteristic length scale and the pipe
length is p. The grid consists of five blocks with a total res-
olution of 32 · 32 · 32 · 5 cells and has the same cross-sec-
tional distribution and resolution as the coolant pipe,
which provides 4–5 grid points in the distance of y+ = 10
at the Reynolds number of 6200 based on pipe diameter
and bulk velocity of the flow.

Fig. 2 shows the comparison of calculated and experi-
mental stream-wise mean velocity and rms fluctuation plot-
ted in wall-coordinates in a fully-developed pipe flow at a
bulk Reynolds number of 6200 with available experimental
data at 4900 and 10,000 (and also 17,800 for mean veloc-
Fig. 2. Mean profile and turbulent statistics in an auxiliary turbulent pipe
flow simulation. Numerical results are compared to experimental data of
den Toonder and Nieuwstadt (1997).
ity). Agreement with the experimental data is good, in spite
of a relative coarse grid used in the cross-section, which
was limited by the permissible resolution in the main sim-
ulation. For further validation of the results’ accuracy,
the calculated friction coefficient was compared to the Pet-
ukhov correlation for fully developed flows [Petukhov
(1970)] as:

f ¼ 0:25ð0:790 ln ReD � 1:64Þ�2 3000 6 ReD 6 5� 106

ð5Þ

Results obtained from the simulation and correlation
are 9.438 · 10�3 and 9.008 · 10�3, respectively.

A finite number of stored time-dependent frames from
this auxiliary calculation are cycled at the inlet plane of
the coolant pipe in the main simulation. To calculate the
suitable number of frames, autocorrelations for the three
velocity components (u, v, and w) are evaluated at the cen-
ter of the pipe. As shown in Fig. 3, the autocorrelation
quickly falls to zero for all three velocity components
within a non-dimensional time unit of 0.1. However, the
turbulent signal in this time span does not give adequate
resolution over a range of frequencies. Hence frames were
stored for one non-dimensional time unit (50,000 frames)
to represent the turbulence at the inlet to the coolant hole.
The last 1000 frames act as a buffer and are modified such
that the last frame of one cycle correlates with the first
frame of the next cycle. This ensures a smooth transition
between the two cycles.

Once the frames are calculated and stored, a transfor-
mation matrix is used to scale the velocity components
according to the blowing ratio and align the resultant
velocity vector with the coolant pipe axis. The scaling fac-
tor used is the velocity ratio between the coolant velocity
and pipe flow mean velocity (uc/umean,pipe). Fig. 4 shows
the effect of the inlet conditions CVP and TVP on the mean
profile of the axial velocity in the coolant jet and turbulent
kinetic energy at the exit plane of the coolant pipe. It is
noted that the outward flow to the surface is negative by
virtue of its direction, hence, the positive velocities at the
Fig. 3. Temporal autocorrelation for velocity components.



Fig. 4. Mean axial velocity and turbulent kinetic energy at exit plane of coolant pipe for (a) CVP and (b) TVP conditions.
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windward side of the coolant hole indicate penetration of
the mainstream flow into the coolant pipe, which is esti-
mated to be about 0.3d for both cases. The infiltration of
the mainstream into the coolant pipe pushes the coolant
to the aft-leeward-side of the hole from which it ejects with
a high velocity. The exit mean profiles between the two pipe
inlet conditions are similar, except for some differences
near the windward side.

The exit distribution of turbulent kinetic energy
(T.K.E.) is noticeably different between the two cases.
The T.K.E. at the exit is higher in case of TVP than it is
for CVP. The maximum T.K.E. increases up to 15% for
TVP with higher values in the rest of the exit plane, versus
10% for the CVP condition.
3.6. Grid properties

The complex geometry at the leading edge needs to be
meshed with a high quality grid, with minimal skewness
and discontinuities in grid size to maintain a good quality
solution and prevent numerical instabilities from develop-
ing during time integration. A factor which has a large
influence on the grid generation process is the large varia-
tion in turbulent length scales between the coolant and
external flow. Based on an external Reynolds number of
100,000, d*/D* = 0.063, and a blowing ratio of 0.4, the vis-
cous length scale associated with near wall turbulence in
the cooling jet is of O(1 · 10�3d*), whereas, the external
geometrical length scale is of O(D*), both of which have
to be reconciled in the grid generation process.

The complex leading edge geometry is meshed by using
a multiblock framework. While each block has a structured
body-fitted mesh, an unstructured block topology is uti-
lized. This method provides the flexibility of unstructured
meshes with the good physical and computational proper-
ties of structured meshes. A multi-block grid, generated
with Gridgen 15.07, consists of 124 blocks with 6,422,528
cells for domain D-I and 62 blocks with 3,211,264 cells
for domain D-II. A non-conformal interface approach is
used to relax the grid requirements far from the cylinder
surface.

The grid resolution is tested a-posteriori by using the cal-
culated local shear stress to find y+ = yus/m. The distribu-
tion of y+ shows that the condition of yþ1 < 1 is satisfied
on the entire cylinder surface. Results also show that
approximately 45 grid points lie within the boundary of
coolant–mainstream interaction downstream of the coolant
hole [Rozati and Tafti (2007)]. It is noteworthy that the res-
olution and grid spacing for domain D-II is identical with
the upper half of domain D-I. Therefore, the justifying
arguments on grid resolution for domain D-I are perfectly
applicable for the second domain (D-II) as well.
4. Results and discussion

The calculation was carried out on Virginia Tech’s Ter-
ascale computing facility, SystemX, on 2.3 GHz PowerPC
970 FX processors (124 and 62 processors for domains
D-I and D-II, respectively). The non-dimensional time step
was set to 3 · 10�5 and 2 · 10�5 for CVP and TVP condi-
tions, respectively. Each time step took approximately 4.5 s
of wall clock time. The flow is allowed to develop for
approximately three time units before sampling and
averaging to obtain mean quantities is activated. Probes
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at various locations in the jet and downstream of injection
are monitored to estimate the time evolution of the flow.

4.1. Stagnation line dynamics

During the course of the computations with domain D-I,
it was found that the stagnation line did not remain station-
ary at the center but moved for both coolant inlet condi-
tions. Fig. 5 shows the time evolution of the stagnation
line for the two cases studied. The motion of the stagnation
line is more gradual with the CVP condition than with the
TVP condition, which is consistent with the fact that the
TVP at the coolant inlet introduces more asymmetries into
the calculation because of the turbulent nature of the jet. It
is noted that the physical time during which this happens is
less than 27 ms from startup, and could be a transient with
the stagnation line returning to its location at steady state.
The other possibility which cannot be discounted is that
the stagnation line oscillates even after steady state is
reached. In either case, to resolve this motion, which is on
a much longer time scale than the turbulent time scale of
jet–mainstream interaction (and is of primary interest in
this study), would be prohibitively expensive.

Many experimental studies have used a modified geom-
etry, which only includes one-half of the cylindrical leading
edge with a suction slot to bleed-off the boundary layer and
control the location of the stagnation line [Cruse (1997),
Yuki et al. (1998), and Johnston et al. (1999)]. In doing
this, an implicit assumption made is that the behavior of
the coolant–mainstream interaction pertinent to the adia-
batic effectiveness and heat transfer coefficient on one side
Fig. 5. Unsteadiness of stagnation line w
is unaffected by the dynamics on the other side. The same
tact is followed in this study by assuming symmetry along
the stagnation line (domain D-II).

To validate this assumption, the cross-correlation
between the flow field generated by the two jets is studied
to assure that elimination of the bottom coolant row does
not affect the characteristics of the top coolant row. Fig. 6
shows the locations at which the flow is monitored. All
points shown in Fig. 6 are located at the jet centerline plane
(z = 0) and distributed downstream of the coolant hole as
follows: P-1 and P-5 at s/d = 0, P-2 and P-6 at s/d =
1.25, P-3 and P-7 at s/d = 2.22, P-4 and P-8 at s/d = 3.75,
and P-9 at s/d = 6.1. In domain D-I, the same distribution
of monitored points lies downstream of the bottom coolant
hole. While some of the points lie in the near wall region
inside the turbulent boundary layer that develops after
injection, others lie at the outer boundary of coolant–main-
stream interaction. The cross-correlation is calculated

from: R ¼ u01u02
urms1urms2

, where 1, and 2 correspond to the

top and bottom half of the cylinder, respectively.

Table 1 shows the values of cross-correlation between
the velocity components. Considering the full spectrum of
results obtained over all the points, we can draw the con-
clusion that the generated turbulent fields have a very weak
correlation between the two sides. Therefore, in the current
study, a symmetric boundary condition along the stagna-
tion line is imposed as described by domain D-II. The
imposition of the symmetry boundary is further validated
a-posteriori by comparing some key mean results obtained
in D-II with D-I with the CVP coolant inlet condition.
ith (a) CVP and (b) TVP conditions.



Fig. 6. Location of the monitored points downstream of the coolant hole.
Temperature contours are shown.

Table 1
Cross correlation between the two halves of domain D-I

Probe
number

Cross correlation of
u fluctuation

Cross correlation
of v fluctuation

Cross correlation
of w fluctuation

1 0.1077 0.0430 0.0901
2 �0.1537 0.0604 �0.0684
3 0.0113 0.2338 0.0617
6 �0.0013 0.2009 0.2401
7 �0.0351 �0.1030 �0.0267
8 0.0673 �0.1506 0.0506

Fig. 7. Comparison of time history of stream-wise velocity for selected
probes.
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Comparisons of mean temperature and velocity profiles,
adiabatic effectiveness and turbulent quantities validate
that domain D-II is a good approximation to D-I.

4.2. Turbulent flow features

The signal characteristics between D-I and D-II for CVP
are compared at three selected locations (P-1, 4, and 8) in
Fig. 7. This figure shows the turbulent characteristics in
the flow downstream of the coolant hole by presenting
the stream-wise velocity fluctuations. Probes are placed
near the surface to resolve the developing turbulent bound-
ary layer and at the outer boundary of the shear layer
resulting from the coolant–mainstream interaction (see
Fig. 6 for locations). Qualitatively, the signals exhibit the
same unsteady characteristics between the two domains.
The effect of the unsteady stagnation line is observed in
domain D-I at P-1 and P-8 which is located in the jet–main-
stream shear layer away from the surface. At time t = 4, the
stagnation line starts to move towards the bottom coolant
hole row, resulting in additional acceleration of the stream-
wise velocity on the top section of the leading edge.

Flow development is also analyzed by study the stream-
wise velocity fluctuations downstream of injection. At the
hole center, P-1 characterizes the jet–mainstream interac-
tion. As the coolant reaches 1.25 hole diameter down-
stream (P-2) from the hole center, the flow exhibits a
strong turbulent behavior near the surface, which signals
the development of a turbulent boundary layer. As the flow
moves further downstream, the stream-wise velocity accel-
erates and the intensity of the fluctuations decreases for P-3
and P-4 compared to P-2. Farther from the surface, one
can observe the development of a turbulent shear layer
between the coolant and mainstream (P-5, 6, 7, and 8).

Power spectral density (PSD) comparisons between
CVP and TVP inlet conditions are made at points P-2
and P-6 (Fig. 8). Point P-6, which lies in the outer shear
layer between the jet and the mainstream, exhibits substan-
tial difference in its turbulence content. While CVP has les-
ser turbulent content with energy concentrated in a few



Fig. 9. PSD of axial coolant velocity at 0.5D from exit at y+ = 6.

Fig. 8. Power spectral densities of selected locations with CVP and TVP.

2 To obtain the averaged data, Savitzky–Golay filter from Matlab is
used.
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frequencies, TVP shows a much broader frequency content
which is a result of the turbulence in the coolant jet. In gen-
eral, it is observed that points which lie in the boundary
layer near the surface are not affected greatly by the turbu-
lence content of the coolant jets as exemplified by P-2,
whereas, points which lie in the outer shear layer are influ-
enced by the TVP inlet condition. From these observations,
it can be expected that the turbulence in the coolant jets
will have an impact on jet–mainstream mixing in the outer
shear layer, but will not directly influence mixing near the
surface, which is dominated by the near wall entrainment
in the wake of the jet.

It is noted that at P-6 with the CVP inlet, spectral peaks
are observed between non-dimensional frequencies (based
on D and u1) of 5 to 6. This characteristic frequency is
observed at all the monitoring locations. On application
of the TVP condition, in addition to the same characteristic
frequency, f, between 5 and 6, which now is not as domi-
nant as with CVP, additional energetic modes are also
observed at f = 1, 2, 3 in the outer shear layer. These fre-
quencies are a result of the artificial cycling introduced
for TVP at f = 1. To explore this aspect further, the PSD
of the axial velocity in the coolant jet about 0.5D from
its exit is compared to the experiments of den Toonder
and Nieuwstadt (1997) (Fig. 9). The frequency in this case
is non-dimensionalized by the coolant flow bulk velocity
and pipe diameter to match the experiments. While the
experimental location is at y+ � 12, the approximate loca-
tion in terms of y+ in the coolant pipe is calculated to be 6.
A number of low frequency peaks are observed in the spec-
trum, which are characteristic of the fundamental cycling
frequency introduced at the pipe inlet. However, in spite
of the energy being concentrated at select low frequencies,
the energy distribution in the coolant jet is quite similar to
the energy content in a fully-developed pipe flow. The sim-
ilarity is more apparent when the experimental results are
compared with the smoothed (averaged) numerical data2.
4.3. Near wall coolant–mainstream mixing mechanism

The mixing mechanism of coolant and mainstream,
coherent structures and their role in entrainment of hot
gases underneath the coolant are similar for both domains,
and for both boundary conditions at the coolant pipe inlet.
To describe this process, the following definition is used to
describe the location of flow/structures from this point for-
ward: in the lateral direction, the side that the jet blows
from is specified with prefix ‘‘aft’’ and the side the jet blows
to, specified with prefix ‘‘fore’’. In the stream-wise direction
along the blade surface, ‘‘leeward’’ is used to denote the
downstream side of the jet and ‘‘windward’’ the upstream
side of the jet. All distances are measured from the hole
center. Fig. 4 shows the notation used.

The dominant coherent structures for a classical jet in
cross flow are: counter-rotating vortex pair in the wake
of the jet, horseshoe vortex on the windward side of the
jet, and shear layer vortices [Tyagi and Acharya (2003),
Iourokina and Lele (2005)]. To identify the coherent struc-
tures in the present study, the vortex eduction technique
proposed by Chong et al. (1990) is used. In this method,
in regions dominated by vortical motion the velocity gradi-
ent tensor exhibits two eigenvalues which are complex con-
jugate. The magnitude of the eigenvalue is indicative of the
strength of the vortex. The structures identified by this
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method are referred to as ‘‘coherent vorticity’’ in this
paper, and the magnitude of the eigenvalue as the strength
of the vortices.

Fig. 11 shows an instantaneous snapshot of coherent
vorticity. An immediate observation is the complete
absence of a horseshoe vortex. This is due to the combina-
tion of the low injection ratio and the compound angle
injection. Pressure contours in planes normal to the surface
and at the leeward-side of the hole at s/d = 1.0, show a low
pressure region at the hole centerline (Fig. 10). This low
pressure region is responsible for creating a strong coun-
ter-rotating vortex pair which entrains hot mainstream
gases underneath the coolant jet. The primary structure
forms immediately at the leeward edge of the hole
(Fig. 11) and is transported downstream to form packets
of hairpin vortices. This agrees with the observations of
Tyagi and Acharya (2003) for a jet in cross flow in a flat
plate boundary layer. However, as we can see in the pres-
sure contours in Fig. 10, the strength of these counter-
Fig. 10. Pressure contour at s/d = 1.0 downstream of the coolant hole.

Fig. 11. Instantaneous coherent structures.
rotating vortices is not equal, and the structure at the aft-
side of the jet has considerably higher strength and size
due to the lateral direction of coolant injection. Compared
to a classical jet in cross flow, additional structures in the
form of vortex tubes form at the windward side of the cool-
ant hole. They are produced by the interaction of the trans-
verse jet velocity and the mainstream flow. These vortex
tubes bend towards the mainstream direction, on top of
the hairpin vortices. It is noted that the vortex tubes are
not stationary structures but constantly move fore-to-aft
along the windward rim of the hole. Vortex tubes on the
top of the jet break down quickly and assimilate with the
vortex packet within 1–2 diameters downstream of the
jet, while the structures at the aft- and fore-edge of the hole
are stronger and directly participate in the jet–mainstream
dynamics. One of these tubes is seen to extend at least 6d

downstream of the jet, aiding the entrainment of hot gases.
Fig. 12 explains the jet–mainstream interaction mecha-

nism by means of instantaneous temperature contours
Fig. 12. Temperature contour and velocity vectors on cross-sectional
planes normal to the surface and downstream the hole.
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and velocity vectors in planes normal to the blade surface
and downstream of the jet. At s/d = 1.0, one can identify
vortex tubes on the top and sides of the counter-rotating
vortex pair. The strength of the main counter-rotating vor-
tex aided by the outer vortex tubes near the aft-side causes
the bulk of the hot gas entrainment. As the jet travels
downstream (s/d = 2.0), the strength of the primary coun-
ter-rotating vortex decreases. Eventually at s/d = 4.0, the
weak component of the counter-rotating vortex pair, at
the fore-side of the jet, disappears. As mentioned earlier,
vortex tubes travel on the top and sides of the primary vor-
tex structure. The tubes located at the top join with the
stronger component of the counter-rotating vortex pair
and contribute to entraining hot gas into the coolant from
the aft-side. Vortex tubes located at the sides of the pri-
mary structure remain intact and separate. At s/d = 2.0,
the vortex tube on the fore-edge of the coolant jet is seen
to entrain hot gases. The side vortex tubes periodically
cause the coolant flow to break off and join again with
the main portion of the coolant jet. Due to the lateral
velocity component of the coolant, it is observed that at
s/d = 6.0 the jet completely shifts to the fore-side.
Fig. 14. Time-averaged temperature profile normal to the wall at jet
centerline for CVP and TVP conditions.
4.3.1. Mean profiles

Fig. 13 shows the mean velocity profiles of flow parallel
to the surface of the cylinder at four locations downstream
of the coolant hole and along its centerline. The profiles are
plotted versus the normal distance from the surface nor-
malized by the coolant pipe diameter. The velocity distribu-
tion at s/d = 1.0, in the immediate wake of the jet is
characterized by a large velocity defect and the beginning
of a boundary layer which results from lateral flow entrain-
ment into this region. At this location, the maximum veloc-
ity at 0.325–0.35d from the surface is representative of the
center of the coolant jet penetration into the mainstream
and coincides with the location of minimum temperature
(at jet centerline) in Fig. 14. By s/d = 2.0, a turbulent
boundary layer is established as the mainstream flow accel-
erates. Interestingly, very minor differences are observed
Fig. 13. Mean velocity profiles parallel to the surface of the cylinder.
between CVP and TVP, chief among them being the
slightly larger penetration of the coolant jet with TVP.

Fig. 14 shows non-dimensional wall adiabatic tempera-
ture profiles at the centerline and downstream of the hole
for the adiabatic effectiveness calculations. A high wall tem-
perature in Fig. 14 implies lower effectiveness. At s/d = 1.0,
for both inlet conditions, CVP and TVP, the wall tempera-
ture is approximately 0.45–0.5. This confirms the strong
unsteady hot gas entrainment underneath the coolant jet
shown in Fig. 12 at s/d = 1.0 and confirmed by the mean
velocity profile in Fig. 13. However, a notable difference
between the two is the recovery of the wall temperature at
s/d = 2.0. While for the CVP inlet, the wall temperature
decreases, pointing to coolant diffusing into this region
between s/d = 1.0 and s/d = 2.0, with the TVP condition,
the recovery does not occur and the wall temperature
increases monotonically with stream-wise distance.
Another notable difference between the two coolant pipe
inlet conditions is the extent of the thermal mixing layer.
A thicker thermal layer is present with TVP indicating more
mixing between the coolant and mainstream. The enhanced
mixing can also be deduced from the profiles themselves,
which are somewhat flatter with TVP. The increased mixing
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with TVP is consistent with the earlier observation in Fig. 8
that the outer shear layer between the jet and the main-
stream is more turbulent.

4.3.2. Turbulent statistics and kinetic energy

Turbulent kinetic energy behavior along the stream-wise
direction is shown in Fig. 15, and Fig. 16 shows the rms
distributions. The distributions are along the hole centerline,
normal to the surface and are only shown at four locations,
and as such, do not give a complete picture but only aid in
identifying the major features of the turbulent field. At s/
d = 1.0, two peaks appear in the T.K.E distribution, one
very close to the surface and another between 0.1 and
0.2d. The inner maximum close to the wall results from
the strong lateral entrainment of fluid into the wake of the
jet and is supported by the high values of wrms at the same
location. The outer maximum is a result of the interaction
between the main body of the coolant jet with the main-
stream. While this peak steadily decreases further down-
stream from the injection location as the coolant jet loses
momentum, the inner peak increases up to s/d = 2.0 and
then settles down to a near constant value, typical of turbu-
lent boundary layers between 0.015 and 0.02 U 2

1. A notice-
able difference between CVP and TVP is observed in the
Fig. 15. T.K.E profile along stream-wise for CVP and TVP conditions.
T.K.E profiles in the outer part or in the region of jet–main-
stream interaction. At all locations, TVP exhibits higher val-
ues of T.K.E. For example, at s/d = 2.0 and n/d = 0.2, the
respective T.K.E. values are 0.018 versus 0.008 for TVP
and CVP, respectively. This trend is present at all stream-
wise locations and the differences are particularly evident
in the outer part of the jet–mainstream interaction zone.
These observations are consistent with earlier observations
made in Figs. 8 and 14.

Turbulent statistics show maximum rms values at 0.2d

from the surface in the region of coolant–mainstream inter-
action at the centerline (z/D = 0.0) and s/d = 1.0 for urms and
vrms

3. However, wrms exhibits two peaks, representative of
the jet–mainstream interaction and the turbulence generated
by the lateral entrainment of hot gases in the near wall
region. Further downstream, as in the T.K.E. profiles, the
maximum rms values shift to the near wall region, where a
turbulent boundary layer is developing. In the near wall
region at s/d = 1.0, the turbulence exhibits strong anisot-
ropy. While urms and vrms values show somewhat similar
values and profiles, wrms shows a very different distribution
and higher magnitude, due to the strong lateral entrainment.
As the coolant travels downstream, the stress components
become more isotropic in the outer part. As was observed
in the T.K.E. profile, the rms values are higher farther from
the wall with TVP condition and downstream of the coolant
hole compared to the results with CVP condition.

T.K.E. contours in the span-wise direction also give use-
ful information on the effect of inlet turbulence on the effec-
tiveness in Fig. 17. The three locations correspond to the
aft edge (z/D = � 0.015), center (z/D = 0.0) and fore-side
(z/D = 0.015) of the coolant hole. The contours show that
the maximum values of T.K.E. occur at the leeward and
aft-side of the coolant hole. The jet–mainstream interaction
shear layer thickness is thicker and more elongated with the
TVP condition. Also, the T.K.E. contained in the aft vor-
tex tube and on the top center of the coolant hole have
higher values with TVP condition. The higher T.K.E on
the aft-side of the coolant jet results in more entrainment
of mainstream fluid which results in lower adiabatic effec-
tiveness distribution and narrower coverage. Conversely,
on the fore-side, the CVP condition results in higher
T.K.E. values in the vortex tube.
4.3.3. Adiabatic effectiveness

Adiabatic effectiveness is used to quantify the attach-
ment of the coolant to the blade surface given by:

g ¼ T �aw � T �1
T �c � T �1

or g ¼ 1� haw ð6Þ

Fig. 18 compares the distribution of adiabatic effective-
ness with TVP and CVP inlet conditions. At the low blow-
ing ratio studied, the adjacent holes in the span-wise
3 The directions of urms and vrms coincide with the flow direction and the
direction normal to flow, respectively, and not with the x- and y-axes.



Fig. 16. Turbulent statistics’ profile along stream-wise direction for CVP and TVP conditions.

A. Rozati, D.K. Tafti / Int. J. Heat and Fluid Flow 29 (2008) 1–17 13
direction have no effect on each other and the coolant does
not provide good coverage to the full pitch, but is washed
down with the strong mainstream flow for both coolant
pipe inlet conditions. In the near field immediately down-
stream of coolant ejection, the TVP condition results in
lower effectiveness at the fore-lee side of the jet because
of increased mixing with the turbulent jet. Another
observed difference is the narrower spread of the jet on
the leeside as it diffuses downstream with the TVP condi-
tion. A quantitative comparison with Ekkad et al. (1998)
is made in Fig. 19 which plots the span-wise averaged adi-
abatic effectiveness downstream of coolant injection. As
observed earlier, the CVP condition calculates a higher adi-
abatic effectiveness than TVP, whereas, the TVP inlet cool-
ant condition compares very favorably with the
experiments. While the experimental jet inlet conditions
are not documented, it is our expectation that the coolant
issuing from the exit will be turbulent due to the sharp
shear layers which usually form at the entrance to the cool-
ant pipe from the plenum.

4.3.4. Heat transfer coefficient

The heat transfer coefficient is expressed in terms of the
Frossling number, Nu/Re1/2. Based on the non-dimension-
alization used, the Nusselt number is calculated as

Nui ¼
1

hw � href

ð7Þ

where hw is the wall temperature subjected to a non-dimen-
sional heat flux of unity, and href is the reference tempera-



Fig. 17. T.K.E. contours in span-wise direction for CVP and TVP conditions.
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ture equal to the mainstream bulk temperature (href = 0.0).
Fig. 20 shows the surface distribution of Frossling number
for the two coolant pipe inlet conditions CVP and TVP.
Unlike the large differences in adiabatic effectiveness, min-
or differences exist between the two, which at first seems
counter intuitive. However, as noted earlier in the distribu-
tion of turbulence, the TVP condition mostly affects turbu-
lence in the outer layer and not so much near the wall.
Hence, its effect on lowering adiabatic effectiveness comes
from enhanced mixing between the coolant and the main-
stream away from the surface which increases the adiabatic
wall temperature. On the other hand, the heat transfer
coefficient is strongly dependent on turbulence in the near
wall region, which does not change substantially between
the two cases (see Figs. 15 and 16). The conclusions
reached are very similar to the effect of free-stream turbu-
lence, which at low blowing ratios decreases the adiabatic
effectiveness but has a small effect on heat transfer coeffi-
cients [Ekkad et al. (1998)].

Three regions of high heat transfer coefficients located at
the aft- and fore-side of the coolant hole are observed, all of
which can be directly related to near wall coherent struc-
tures. Fig. 21 shows the mean structures identified by taking
the time mean of the instantaneous coherent vorticity mag-
nitudes. The mean structures identified in the figure mani-
fest the persistent instantaneous coherent vorticity. The
region of high heat transfer which begins at the aft edge
of the jet and which shifts towards the centerline of the hole
in Fig. 20 results from the entrainment dynamics of the
stronger component of the counter-rotating vortex pair,
which is represented by the blob of coherent vorticity imme-
diately downstream of injection. The regions of high heat



Fig. 22. Span-wise averaged Frossling number distribution.

Fig. 18. Surface distribution of adiabatic effectiveness for CVP and TVP
conditions. Fig. 21. Effect of mean coherent structures on heat transfer coefficient.

Fig. 20. Surface Frossling contours for CVP and TVP conditions.

Fig. 19. Span-wise averaged adiabatic effectiveness distribution.
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transfer coefficients at the fore and aft edges of the holes are
a direct result of the instantaneous vortex tubes which are
shown at these locations in Figs. 11 and 12. These structures
are temporally persistent and have a strong identity in the
mean and their proximity to the wall produces strong tem-
perature gradients. A quantitative comparison is obtained
with the span-wise-averaged Frossling numbers in Fig. 22,
which show excellent agreement.
5. Summary and conclusions

A representative leading edge film cooling geometry has
been modeled with large eddy simulation to analyze the
coolant–mainstream flow interaction at a free-stream Rey-
nolds number of 100,000 and a blowing ratio of 0.4. Two
rows of compound angle injection holes are located ±15�
from stagnation. The calculation (i) investigated the effect
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of coolant pipe inlet condition on film cooling effectiveness
and heat transfer coefficient, (ii) identified the important
coherent structures and their effect on adiabatic effective-
ness and the heat transfer coefficient, (iii) described the
coolant mixing process with the mainstream and main flow
entrainment, and (iv) provided turbulent statistics and
detailed adiabatic effectiveness and heat transfer coefficient
distributions.

The results show the existence of an asymmetric coun-
ter-rotating vortex pair in the immediate wake of the cool-
ant jet. The driving mechanism for the formation of these
vortices is a low pressure zone in the wake which entrains
mainstream flow laterally into this region. The vortex on
the fore-side of the jet is much weaker and quickly loses
its identity within s/d = 2.0 downstream of the injection.
In addition to these primary structures, the lateral injection
of the coolant and its interaction with the mainstream flow
result in the formation of tube vortices on the windward
side of the coolant hole which are convected downstream
over and to the aft- and fore-side of the counter-rotating
vortex pair. While some of the vortex tubes merge with
the counter-rotating vortex pair quickly, others located
aft and fore of the jet maintain a separate identity and play
a dominant role in the entrainment of hot gases and in aug-
menting the heat transfer coefficient.

Two coolant pipe inlet conditions are studied: a constant
velocity profile at the inlet with no turbulence, and a turbu-
lent profile. In the former, in spite of the absence of turbu-
lence in the mainstream and the jet, the jet–mainstream
interaction results in the flow becoming turbulent immedi-
ately downstream of the jet with the formation of a turbulent
boundary layer. A characteristic low frequency interaction
between the jet and the mainstream is clearly identified at a
non-dimensional frequency (based on D and u1) between
5 and 6. On introducing turbulence in the coolant jet, mixing
with the mainstream in the outer region of the jet is
increased. However, the jet turbulence does not directly
impact near wall turbulence which is dominated by three-
dimensional entrainment in the wake of the jet. As a result,
adiabatic effectiveness decreases due to greater mixing
between the jet and the mainstream, whereas, the heat trans-
fer coefficient is not affected significantly.

The comparison of span-wise averaged adiabatic effec-
tiveness and Frossling number showed excellent agreement
with experimental data. Surface distributions of adiabatic
effectiveness show that the coolant does not provide full
coverage in the span-wise direction at the low blowing ratio
studied. Surface distributions of time-averaged Frossling
number show that regions of high heat transfer coefficients
can directly be related to coherent structures in the imme-
diate wake of the jet.
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