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Abstract

Accurate prediction of film cooling flow is a necessity in the design of high-
pressure turbine components given the temperature of hot gas exceeds the
melting point of the component material to achieve high thermal efficiency.
Nowadays, Computational Fluid Dynamics (CFD) methods are becoming
increasingly popular to predict film cooling flows. When compared to large
eddy simulation (LES) and direct numerical simulation (DNS), Reynolds
Averaged Navier-Stokes (RANS) method is most frequently employed due to
its much lower computational cost, though it struggles to accurately solve
the highly three-dimensional and anisotropic cooling flows. However, few
publications have focused on the mesh sensitivity problem of RANS simu-
lations. And yet mesh generation is fundamental to CFD simulations and
directly affects the accuracy of solution. Two typical film cooling hole ge-
ometries, namely cylindrical and fan-shaped, are utilised to investigate the
mesh sensitivity of RANS simulations with low, medium, and high blowing
ratios. Seven mesh sizes ranging from super coarse to super fine (4000 times
denser) are employed for analysis. In general, the comparisons show that
the computational results are close to the experimental film feature and av-
eraged effectiveness while mesh convergence becomes challenging for RANS
modelling, especially for the fan-shaped hole.

Keywords: mesh sensitivity, mesh convergence, film cooling, heat transfer,
Reynolds Averaged Navier-Stokes (RANS), Computational Fluid Dynamics
(CFD)
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Highlights:

e RANS solutions with a medium size mesh are close to the experimental
data;

e The surface film effectiveness of the cylindrical hole converges well,
though the 3D spatial variables are challenging;

e Mesh convergence of fan-shaped hole is more difficult than that of a
cylindrical counterpart.

e Mesh convergence at high blowing ratios provides a greater challenge
than at lower blowing ratios;

1. Introduction

Turbine entry temperature (TET) is continuously increasing in pursuit of
improving the thermal efficiency of the gas turbine and jet engine. Currently,
temperatures already exceed the melting temperature of the blade materi-
als [1]. Cooling technologies are necessary in permitting turbine components
to survive the high-temperature hot gas and provide adequate component
lifespan. Film cooling provides one such major cooling method. Cooling
is achieved through the formation of a thin, low-temperature film between
the hot mainstream flow and turbine component thereby protecting the sur-
face. An accurate prediction of blade temperature is critical for the design
process. Blade lifespan may be reduced by up to 50% by under-predicting
the temperature by 30 K [2]. However, the film cooling flow is challenging
to accurately predict due to the inherent physical complexities surrounding
boundary layer modelling, heat transfer, turbulence mixing, and separation
amongst others.

The physics surrounding jet flow is an established research topic. Fric
and Roshko [3] studied the structure of jet flow formed by the interaction of
a turbulent jet into a uniform stream. The flow was fundamentally different
from the phenomenon of vortex shedding from a solid bluff body. The wake
structure was orderly and the corresponding wake Strouhal number of 0.13
was most sharply defined for jet/crossflow velocity ratios near the value 4.
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The mixing characteristics associated with a round jet injected into cross-flow
was quantified in [4]. The comparisons demonstrated that jet-to-cross-flow
density ratios below unity tended to mix less well than for uniform density
conditions, demonstrated to result from differences in the nature of higher-
density cross-flow entrainment into lower-density shear layer vortices. The
near-field flow developments of jets in cross-flow was investigated by Zang
and New [5]. Both laser-induced fluorescence and particle-image velocimetry
measurements were employed. It was observed that there existed substantial
flow shear stresses as the pair of inner vortices interacted. A comprehensive
review of the individual flow features of steady jets interacting with a cross-
flow was provided by Mahesh [6].

Film cooling flows are typically studied via either experiments or CFD.
The Pressure Sensitive Paint (PSP) technique was employed to study the
effect of rotation on leading-edge film cooling of a turbine blade [7]. It was
found that the rotation speeds significantly changed the film cooling traces.
High-resolution infrared measurements were used to study the inlet geome-
try of a laidback fan-shaped film cooling hole [8]. The comparisons showed
that the inlet geometry of the cooling hole significantly affected cooling per-
formance. One of the advantages of experimental research is the physical
flow provided by the wind tunnel, although the veracity of the results is de-
pendent upon the accuracy of the measurement technique. An alternative
to conducting experiments is the use of CFD simulation which have become
increasingly popular with the fast development of computer science and CFD
methods. The use of CFD allows for the prediction of a detailed flow-field
aiding understanding of the physics behind the cooling flow. However, film
cooling flows still provide a significant challenge for CFD to efficiently and
accurately predict.

Large-eddy simulations (LES) were used to study round jet flow in [9].
The obtained mean and turbulent statistics provided good agreement with
experimental data. Large-scale coherent structures were accurately repro-
duced in the simulations. Direct numerical simulations (DNS) were employed
in [10] to study a round turbulent jet. Comparisons showed good agreement
between computational results and experimental data. Examination of the
turbulent kinetic budgets showed that the near field was far from a state of
turbulent equilibrium. The results were used to comment upon the difficulty
involved in predicting this flow using RANS computations. The flow struc-
tures of an inclined round jet were investigated in [11]. Results showed that
the blowing ratio affected the cooling jet flow structure significantly. The
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effect of vortical structures on the film cooling effectiveness was also stud-
ied. DNS was employed to study the effects of mainstream Reynolds number
on film cooling flows employing a fan-shaped hole [12]. Higher mainstream
Reynolds numbers were observed to improved the film cooling effectiveness
with a corresponding decrease in hairpin vortices. Mainstream turbulence in-
tensity was also observed to affect the film cooling effectiveness. A round film
cooling hole embedded in a contoured crater was investigated by Kalghatgi
and Acharya [13] who comprehensively studied the unsteady flow physics of
film cooling. Time-averaged and instantaneous flow structures were shown in
an effort to investigate the mechanisms of anti-counter rotating vortex pairs
and attenuating counter-rotating vortex pairs. The modal analysis showed
a loss of coherence and increased time scales of shear layer structures as the
crater depth was increased.

Given the constraints on computational resources and simulation times,
LES and DNS are still unfeasible for simulating the film cooling flow with
many holes, even considering their benefits in providing more accurate results
and greater physical understanding of the flow fields. Realistic configurations
of high-pressure turbines require hundreds of cooling holes per blade. The
complex geometries and high Reynolds numbers are considerably challenging
for LES and DNS methods. Therefore, RANS methods remain the major
CFD technique utilised for film cooling studies even though there is still an
associated time cost when compared to some model-based methods [14, 15].

Garg [16] utilised a 3D Navier-Stokes code to simulate the heat transfer
coefficient on a film-cooled rotating turbine blade by using Wilcox’s k—w tur-
bulence model, Coakley’s ¢ —w model, and the zero-equation Baldwin-Lomax
(B-L) model. The results indicated that the ¥ — w model compared most
favourably with the experimental data. Hoda and Acharya [17] investigated
seven different turbulence models for the computation of film cooling flow.
They observed that close agreement with experimental results was obtained
at the jet exit and far downstream of the jet injection region, but all models
typically over-predicted the magnitude of the velocities in the wake region be-
hind the jet. Azzi and Lakehal [18] compared the performance of two classes
of turbulence models for reproducing near-wall cooling flow physics and heat
transfer, namely, DNS based two-layer approaches and quadratic and cubic
explicit algebraic stress formulations. The comparison demonstrated that
only the anisotropic eddy-viscosity /diffusivity model could correctly predict
the spanwise spreading of the temperature field and reduced the strength of
the secondary vortices.
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Miao and Ching [19] used CFD methods employing the standard k — ¢
turbulence model to predict the 3D flow and heat transfer of a concave plate
which was cooled by two rows of film-cooling holes. The effect of Reynolds
number, angular locations of the two rows of film holes and blowing ratio
were investigated. It was found that the laterally averaged film cooling ef-
fectiveness over the concave surface with a straight-blow plenum was slightly
greater than that of a cross-blow plenum at all test blowing ratios. Han et
al. [20] utilised the Reynolds stress model to predict the film cooling effec-
tiveness and the associated heat transfer coefficient in a 1-1/2 turbine stage.
The authors’ observed that the tilted stagnation line on the rotor leading
edge moved from the pressure side to the suction side, and the instantaneous
coolant streamlines shifted from the suction side to the pressure side with
increasing rotational speed. The Reynolds-averaged Navier-Stokes equations
closed by the k —w SST turbulence model was used to investigate a film cool-
ing geometry with high hole pitch to diameter ratio [21]. The experimental
data was successfully reproduced using the CFD method.

Ma et al. [22] studied the effect of cooling flow on a transonic squealer
tip using both experiments and CFD. Two turbulence models, namely the
SpalartAllmaras (SA) model and k£ — w SST model, were employed. The
trends obtained from both experiment and CFD compared favourably. The
k—w SST model demonstrated a greater ability in capturing the flow physics
when compared to the SA model. Yan et al. [23] investigated the heat trans-
fer and film cooling characteristics on a squealer-winglet blade tip by utilising
the k —w turbulence model. The comparison indicated that the £ —w model
showed better overall agreement with experiment than the other models in-
vestigated. Four turbulence models, namely the Realizable £ — ¢ model,
Standard k —w model, Shear Stress Transport (SST) model, and transitional
SST model, were compared in [24]. It was observed that the Realizable k — ¢
model showed the strongest agreement with experimental data.

Different cooling configurations, ranging from a single hole to two rows of
multiple holes, were systematically studied using RANS in [25]. The k& — w
SST turbulence model was employed in the simulations. A strong, non-linear
effect, resulting from the interaction between coolant jets was demonstrated.
The study indicated that surface curvature and rotation significantly affected
the film cooling effectiveness and jet interactions. Ravelli and Barigozzi [26]
utilised the heat/mass transfer analogy in an investigation on leading-edge
film cooling on a first-stage vane. The Realizable k — ¢ turbulence model
with enhanced wall treatment was used as the turbulence closure. Murray



147

148

149

150

151

152

154

155

156

157

158

159

160

161

162

163

164

165

166

167

171

172

173

174

175

176

177

178

et al. [27] applied CFD simulations to understand the flow-field in double-
wall effusion, cooling geometries. The computational area-weighted averaged
overall film cooling effectiveness agreed well with experimental data. Chen
et al. [28] used the CFD method with the & — w SST turbulence model to
investigate the cooling flow. The pressure obtained by the CFD simulations
and experimental data were in good agreement.

Despite the remarkable success of RANS applications on film cooling sim-
ulations, few publications concentrate on one of the fundamental problems
of CFD methods — mesh sensitivity. Mesh convergence is a fundamentally
important consideration in CFD simulations. The accuracy of CEF'D solutions
would be expected to improve when the mesh resolution is increased. The
predicted result gradually converge to a certain value as the mesh spacing is
decreased.

However, mesh convergence remains one of the great challenges when
RANS method is used to solve the complex turbulence beyond the capa-
bility of its mathematical model. For example, a relatively small junction
separated-flow region can cause a serious mesh convergence issue that was
concentrated by ATAA Drag Prediction Workshop series already held six
times from 2001 to 2016 [29-31]. Moreover, film cooling flow is a well-known
jet-in-crossflow problem. It is highly three-dimensional and anisotropic such
that RANS modelling is typically inadequate in accurately solving the flow [32].

Due to the reality RANS method is widely used on film cooling flow sim-
ulations, it is therefore necessary to particularly study the mesh sensitivity.
A single film hole is explored such that an extremely fine mesh much denser
than that used by LES can be generated for the detailed comparisons. It is
systematically investigated for different blowing ratios via a typical flat plate
film cooling configuration with both cylindrical and fan-shaped holes.

2. RANS Method

The integral form of Reynolds Averaged Navier-Stokes (RANS) equations
can be written as follows:

[ [ e f[ s

where ¢t stands for time. €2 and 0f) are the space and boundary of a discrete
control volume respectively. n denotes the unit outward-normal vector of
the control volume face 0€2. V is the volume of 2. S represents the area of
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Q. Q is conservative flow variable vector. F(Q) and F"*(Q) are inviscid
flux vector and viscous flux vector, respectively. Meanwhile, the turbulent
viscosity is solved by the widely-used k — w SST turbulence model [33].

The finite volume method is used for the discretization of the Navier-
Stokes (NS) Equations (1). A 2D example of control volumes m and n is
shown in Figure 1. Suppose that control volume n is the p-th neighbor of
control volume m. The semi-discrete form of the NS equations for control
volume m can be written as

d(Q .
AQn¥) Z (Qup) - ASmp = > F™(Quy) - ASp,  (2)

PpEE(M)

where AS,, , is the area vector of the p-th face of control volume m.
The Roe’s scheme [34] is used to calculate the inviscid fluxes

F(Qump) = F* Q0 Qmy) (3)

where Qf, , and Qf & are the left- and right-hand side values of the face,

respectively. For the second-order finite volume method, both are linearly

reconstructed through the gradient of the control volume. For a flow variable

q, the reconstruction is given by

Q’rlr/z,p = G + Om[Vam - (Xmp — Xm)] (4)
qr}EL,p =(qn+ ¢n[VQn : (Xm,p - Xn)]

where Vg represents the flow gradient obtained by the Green-Gauss method.
Xmp 18 the coordinate vector of the face center. x,, denotes the coordinate
vector of the centroid of control volume m. Subscript n stands for the p-th
neighbor of control volume m. ¢ is the limiter function.

The viscous fluxes are discretized by using the central difference scheme.
The numerical methods are implemented in the Rolls-Royce in-house code
HYDRA which is a node-based finite volume solver and has been validated
for both aerodynamics and heat transfer applications [25, 35-39]. All the
presented simulations are fully turbulent and steady, and wall functions are
not used.

3. Geometry and CFD Setup

The test cases chosen here are based on four principles:

7



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

238

239

240

e The geometry is representative of typical film cooling configurations;

e The geometry is simple such that it is easy to generate a high quality
mesh;

e Structured mesh is preferred because it allows us to change the mesh
resolution in non factor of two refinements while creating meshes of
similar local quality;

e Flow conditions, such as Reynolds number, density ratio, and blowing
ratio, are representative of typical values employed in the film cooling
of high-pressure turbine components.

A flat plate with a single hole is therefore employed to study the mesh
sensitivity of RANS simulations on film cooling simulations. The geometry
and flow conditions are based on the experiment reported in [40]. Two typical
hole geometries are used in the present study, namely cylindrical and fan-
shaped holes depicted in Figures 2 (a) and (b). The hole diameter D is 10
mm. Hole length is 60 mm. Thus, hole length-to-diameter ratio is 6. And
the inclination angle of the hole is 30°. For the fan-shaped hole, the diffusion
angle is 14°.

The computational domain is shown in Figures 2 (¢) and (d). Mainstream
flow Mach number is 0.3 and the Reynolds number is 32000 based on the film
hole diameter of 10 mm. Inlet turbulence intensity is 5.2% while the bound-
ary layer thickness is 0.065D. Inlet boundary conditions for the mainstream
channels are specified as total pressure and temperature, namely, 1 bar and
540 K, respectively. The total temperature at inlet of the coolant channel
is 340 K while the total pressure varies to match the specific blowing ratios.
Inlet turbulence intensity of the coolant is also 5.2%. Moreover, all walls are
specified as adiabatic conditions.

Meshing is the foundation of the numerical discretization of the complex
NS equations. The accuracy of CFD simulations is significantly affected by
mesh size, mesh quality, numerical methods and turbulence among others.
Only the effect of mesh size with similar quality is studied in this paper. It
is therefore critical to define the rules of the mesh refinement for the mesh
sensitivity study. Ideally, the mesh cells can all be locally scaled by the same
factor while maintaining the mesh quality. To this end, the study employs a
hexahedral mesh which is generated via a multi-block structured mesh. The
basic partition of blocks depicted in Figure 3 is maintained whilst the mesh

8



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

266

267

268

269

270

271

272

is refined or coarsened. Changes in the structured mesh size can maintain
good local spacing scaling in each direction (z,y, and z). Thus a family of
self-similar meshes are generated. A fine mesh is shown in Figure 4 for both
cylindrical and fan-shaped cooling holes. In the boundary layer, there are 46
nodes with a y™ of 0.2 and height ratio of 1.1 at the wall normal direction.

4. Results and Discussion

Details of the flow-field, heat transfer, and film cooling effectiveness are
analyzed for the different mesh sizes. Three typical blowing ratios (low,
medium, and high) for each hole geometry are investigated. The blowing
ratio (M) is defined by

Pele
5)
P (5)

where p is the density and u denotes the velocity. The subscript ¢ and m
represent the coolant flow and mainstream, respectively. It should be noted
that the density and velocity of coolant are measured as the cross-section
averaged value inside hole. For the fan-shaped hole with non-constant cross-
section, these quantities are evaluated in the cylindrical part.

Seven mesh sizes ranging from super coarse to super fine are employed for
the mesh sensitivity study. The number of mesh nodes in the finest mesh is
more than 4000 times of that of the coarsest one. For the cylindrical hole, the
coarsest mesh uses only 6 nodes around the cooling hole while the finest mesh
utilises 472 nodes/hole. The intermediate mesh sizes are 14 nodes, 28 nodes,
58 nodes, 118 nodes, and 236 nodes around the film hole. The corresponding
sizes of entire mesh nodes are 0.012 million (M) (super coarse), 0.042M (extra
coarse), 0.161M (coarse), 0.670M (medium), 2.94M (fine), 12.4M (extra fine),
and 52.4M (super fine), respectively. It should be noted that the mesh size
suitable for a LES simulation is around 10 million for this kind of cooling
flow.

For the fan-shaped hole, only 10 nodes are utilised around the film hole
in the coarsest mesh with 656 nodes employed for the finest mesh. Between
these extremes, the other meshes use 20 nodes, 40 nodes, 80 nodes, 164 nodes,
and 328 nodes around the film hole. The respective mesh sizes are 0.016M
(super coarse), 0.057M (extra coarse), 0.242M (coarse), 0.980M (medium),
4.10M (fine), 17.3M (extra fine), and 72.8M (super fine), respectively.

M =
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The meshing is based on the fine mesh by coarsening & refining the
spacing at walling normal, streamwise, and lateral directions. The factor of
mesh nodes change is 20% at wall normal direction while it is 2 at the others.
The interval mesh size is changed by the factor of around 4 instead of 4.8
because the O-type topology is used around the film hole. It should be noted
that the y™ of the coarsest mesh is 1 and that of the finest one is 0.07.

4.1. Basic Flow Features of Film Cooling

The CFD results obtained using the fine mesh shown in Figure 4 is utilised
for the below discussion. The basic features of film cooling flow are demon-
strated in Figures 5 and 6. The figures demonstrate a parallel plane 0.002D
from the film cooled wall surface, along with seven perpendicular slices spaced
equally downstream of the cooling hole. Specifically, these are located 1D,
3D, 5D, 7D, 9D, 11D, and 13D downstream of the hole where the distance is
measured from the centre of the leading edge and trailing edge of the cooling
hole exit. Thus the position of 1D is located at the trailing edge of hole exit.
Meanwhile, there is blanking in the lateral and normal directions.

The non-dimensional vorticity in the wall normal direction is compared
for both cylindrical and fan-shaped holes in Figure 5. The non-dimensional
w’ of vorticity w is given by

D

W = i (6)

where U represents the mainstream flow speed. The colourbar legend is dis-
played at the bottom of images. For the cylindrical hole, a counter rotating
pair with opposite vorticity can be seen at a blowing ratio (M) of 0.5. The
strength of these vortices decreases as the coolant moves downstream. As
the blowing ratio is increased, the strength of these vortices is seen to also
increase. This trend is also observed in the parallel plane of the hole exit due
to the higher momentum coolant jet. Furthermore, the high momentum jet
also causes a small accompanying vortex pair near the viscous wall. For the
fan-shaped hole, the cooling film becomes much wider with a corresponding
reduction in the strength of vorticity when compared with that of the cylin-
drical hole. Moreover, there now exist two pairs of opposite vorticity. The
strength of these is weak when the blowing ratio (M) is 0.5 with a rapid de-
cay as the coolant moves downstream. The higher blowing ratio significantly
enhances the strength of the vorticity downstream.

10
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The non-dimensional temperature field is demonstrated in Figure 6. The
non-dimensional temperature defect is given by

-7 g

T &
where T, is the recovery temperature of hot gas; T stands for the local
temperature; and 7T, denotes the coolant temperature. A pair of vortices is
clearly exhibited for the cylindrical hole as shown in Figures 6 (a), (c), and
(e). The vortex pair is observed to be approximately symmetrical about the
hole centreline. For a blowing ratio (M) of 0.5 demonstrated in Figure 6 (a),
the size of the vortices increases significantly as the film travels downstream
from positions 1D to 5D. At this blowing ratio, it is found that the coolant
jet adheres well to the wall such that it is protected from the hot gas. For
blowing ratios (M) of 1.0 and above, due to the higher coolant jet momentum
after ejection, the distance over which the size of vortices grow increases
when compared with that of the lower blowing ratios. Moreover, the lowest
temperature moves away from the wall such that the wall temperature is
higher than that of the lower blowing ratio.

For the fan-shaped hole, contours and streamlines at three blowing ratios
are shown in Figures 6 (b), (d), (f). The film coverage is visibly improved
compared with those obtained from the cylindrical hole, with a much wider
low-temperature region observable. The effect of blowing ratio on the vortices
and temperature is again demonstrated, however, the features are different
from those of cylindrical hole. The increase of blowing ratio not only increases
the size of vortices but also changes the locations of vortices which move
laterally due to the enhancement of coolant momentum with a more complex
flow pattern.

s(T)

4.2. Mesh Sensitivity of Film Effectiveness

Figures 7 and 8 demonstrate the mesh sensitivity of adiabatic film cool-
ing effectiveness for cylindrical and fan-shaped holes, respectively. The film
cooling effectiveness (n) is defined by

Tun - Tc
where T, represents the adiabatic wall temperature without cooling, T, sig-

nifies the local wall temperature with cooling and T, denotes the temperature
of coolant. On the uppermost row, the number n/hole represents the number

T]:

11
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of mesh nodes around a film cooling hole and N M denotes the number of
entire volume mesh nodes with M standing for million nodes. The experi-
mental images of film cooling effectiveness are shown in the leftmost column.
Both lateral and streamwise directions are normalized by the hole diameter
D.

4.2.1. Film Effectiveness of the Cylindrical Hole

Figure 7 shows the mesh sensitivity of film cooling effectiveness for the
cylindrical hole. For the case of the coarsest mesh, there is only one cell on the
wall surface downstream of the cooling hole with 6 nodes around the cooling
hole. The mesh is too coarse to provide an accurate assessment of the effect
of varying film blowing ratios with little variation in cooling effectiveness
observed as the blowing ratio was increased, and little observed decay in film
cooling effectiveness downstream. The results are much improved when the
number of nodes around the cooling hole is doubled. In this case, the film
is observed to differ as the blowing ratio is varied, even though the results
are still inaccurate. The effect of blowing ratio becomes clearer still when
the mesh is further refined. The film cooling effectiveness at varying blowing
ratios demonstrates different features.

For a blowing ratio (M) of 0.5, the result obtained by the coarsest mesh
fails to show the decay of film cooling effectiveness. Meanwhile, the coolant
lift-off phenomenon is observed for the solution obtained by the meshes with
14 nodes and 28 nodes around the cooling hole. The coolant is seen to lift off
at the point of ejection before reattaching downstream. This incorrect trait
is not observed in the result solved by the super coarse mesh. It indicates
that a finer mesh may obtain a worse film trend when compared to a coarser
mesh. That demonstrates that refining a mesh does not always result in a
more accurate cooling film solution. The mesh convergence of film images
performs favourably. The film solved by the mesh with 58 nodes/hole is
in close agreement to that captured by the finer meshes. Generally, the
centreline effectiveness of CFD solutions is observed to be greater than that
of experiments, with films generally demonstrating less spanwise diffusion.

At a blowing ratio (M) of 1.0, the phenomenon that the coolant lifts off at
the point of ejection before reattaching downstream is successfully captured
by all the mesh sizes. However, the point of reattachment exhibits great dis-
crepancy. When the mesh is refined, this point gradually moves downstream
then moves upstream. The solution by 28 nodes/hole appears excessively
far from the cooling hole. The trend from the simulated film approaches

12
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that of experimental measurements when the mesh size is increased to 12.4
million. It indicates that capturing jet lift-off presents a significant challenge
for RANS simulations, with high mesh resolution required. Furthermore, the
film detail is still changed when the mesh is further refined to 472 nodes/hole.

When the blowing ratio (M) is further increased to 1.5, the trend of mesh
size effect is similar to that of blowing ratio 1.0. The super and extra coarse
meshes significantly over-predict the film effectiveness. The reattachment
point is also captured. But this phenomenon is not clearly observed by the
other meshes. On the contrary, these solutions demonstrate a strong lift-off
flow feature and a little film is solved. Meanwhile, the comparison indicates
that a mesh independent film solution is not achieved for this high blowing
ratio, even though the solution obtained by the mesh of 12.4 million nodes
is close to that by 52.4 million.

In summary, the comparisons between images of experimental film effec-
tiveness and those obtained by the simulations for the fine mesh, indicate
that the basic flow features are in good agreement for the low and medium
blowing ratios investigated. The film cooling effectiveness decay rate is cap-
tured by the simulations as the coolant moves downstream. For medium
blowing ratio, the feature of lift-off at jet ejection and reattachment down-
stream is captured and the reattached point is obtained accurately. However,
it is observed that the width of the simulated film is narrower than that of the
experiment for the high blowing ratio. The film effectiveness is also slightly
lower.

4.2.2. Film Effectiveness of the Fan-shaped Hole

The mesh sensitivity of film cooling effectiveness obtained by the fan-
shaped hole for different blowing ratios is shown in Figure 8. For the coars-
est mesh with only 10 nodes around the film hole, the solved film cooling
effectiveness does respond to an increase in blowing ratio. The high mass
flow rate of coolant appears to enhance the effectiveness. This phenomenon
is different from that obtained by the cylindrical hole with the coarsest mesh.
It also is able to capture the decrease in film cooling effectiveness at a blow-
ing ratio of 0.5 as flow moves downstream. However, the mesh independent
solution of local film cooling effectiveness becomes difficult to achieve. The
mesh refinement is observed to change the local film distribution even when
the mesh size is already large.

For the blowing ratio (M) of 0.5, the coarsest mesh only utilises 10 nodes
around the film hole and therefore is not able to adequately represent the
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geometric complexity of the fan-shaped hole. The solution is dramatically
improved when it is refined to 20 nodes/hole with the hole geometry becoming
much more accurate. The obtained flow pattern becomes much closer to that
of the experimental observation. However, two wakes of the film can not be
observed at both sides when the mesh is refined to 40 nodes around the film
hole. As it is further refined to 80 nodes/hole, two wakes of the film are
evidently solved and the decay of film cooling effectiveness is much closer to
that of the experimental measurement. The local film cooling effectiveness
seems convergent when the mesh is refined to 236 nodes/hole.

For the blowing ratio (M) of 1.5, the decay of film cooling effectiveness is
captured by the coarsest mesh with only 10 nodes around the film hole. This
trend is adequately enhanced when the mesh is further refined to 20 nodes
per hole. But this coarse mesh still can not well obtain two wakes of the film
until the mesh is refined to 40 nodes/hole. The film obtained by a mesh with
80 nodes/hole is similar to that by 328 nodes/hole. However, that solved by
the further finer mesh with 164 nodes per hole becomes apparently different
and the effectiveness is significantly over-predicted. The trend indicates that
once again, mesh independence can not be confirmed even if the films solved
by the two largest mesh sizes are close.

For the blowing ratio (M) of 2.5, the mass flow rate of coolant becomes
high, thus the momentum is well enhanced. When the mesh is refined to 40
nodes around the film hole, it successfully captures this influence of mass flow
rate. However, the film cooling effectiveness still appears excessively great
with a slow decay rate and it is apparently wider that of the finer meshes.
When the mesh is further refined, the wakes of the film becomes narrower
compared to those at a blowing ratio of 1.5. Meanwhile, the width of the
entire film is also slightly decreased. It is found that the film effectiveness
significantly decreased when the mesh size is refined to 17.3 million with 328
nodes/hole. It suffers a much stronger lift-off coolant flow when compared
to a greater over-prediction solution solved by the mesh size of 4.10 million
at a blowing ratio of 1.5.

To summarize, the comparisons between simulated film cooling effective-
ness and the experimental data indicate that mesh independent film cooling
effectiveness for the fan-shaped hole is more challenging than that of a cylin-
drical hole. Film cooling effectiveness is over-predicted at blowing ratios of
0.5. The uniformity of the film is much reduced as the blowing ratio is in-
creased to 2.5. The results again indicate that obtaining an accurate solution
of film cooling effectiveness at a higher blowing ratio is a significant challenge
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for RANS simulations.

4.2.83. Comparison of Lateral Film Effectiveness

The lateral distribution of film effectiveness at 5D downstream of the
cooling hole (x/D=5) is utilised to investigate the mesh sensitivity of which
comparisons for different blowing ratios are exhibited in Figure 9. z denotes
the lateral direction. The mesh sensitivity of cylindrical and fan-shaped
holes is compared. The dot-markers on the curves represent the location of
a mesh node and thus its distribution signifies the mesh resolution in the
lateral direction. The width of fan-shaped hole exit is around 3 times that
of the cylindrical hole. Consequently, the spacing between the markers on
the cylindrical hole mesh is much smaller than that of the fan-shaped hole.
It should be noted that the number of nodes shown in the pictures is that
around the film hole rather than those across the film.

At the lowest blowing ratio of 0.5, the solutions from the cylindrical hole
(Figure 9 (a)) demonstrate good mesh convergence, whilst those from the fan-
shaped hole (Figure 9 (b)) do not successfully obtain a convergent film cooling
effectiveness solution. When the mesh is coarser than 28 nodes around the
cylindrical hole, the high gradient of film effectiveness between the centreline
and uncooled regions is not adequately resolved. The solution obtained by
the mesh of 58 nodes/hole can provide good agreement except in the location
of the peak where still greater fidelity if necessary. For the fan-shaped hole,
there exist two peaks of film cooling effectiveness and the non-symmetric
feature is also observed due to the slight crossflow in the coolant channel.
Meshes coarser than 40 nodes/hole do not demonstrate this feature. More-
over, mesh independent film cooling effectiveness is not achieved for any of
the meshes produced. The expansion of fan-shaped hole may enhance the
anisotropic turbulent mixing between the injected coolant and hot gas. It
causes a greater error with RANS modelling than the straight cylindrical
hole.

For the intermediate blowing ratios, namely, 1.0 for cylindrical hole (Fig-
ure 9 (c)) and 1.5 for fan-shaped one (Figure 9 (d)), the results of both
cylindrical and fan-shaped holes show an interesting phenomenon. For the
former, the solutions look convergent at a relatively fine mesh of 2.94 million
but those obtained by the still further refined meshes change slightly near
the peak. This trend is particularly important for numerical methods. It
should be noticed and needs further study. For the latter, the flow pattern
obtained by the mesh size of around 1 million with 80 nodes/hole is near that
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by 17.3 and 72.8 million. However, that by 4.10 million with 164 nodes/hole
exhibits much higher film effectiveness. Compared to the cylindrical hole ex-
hibiting gradual mesh convergence, the fan-shaped hole demonstrates large
oscillation with the mesh sizes of 0.242 million and 4.10 million. Therefore,
it is difficult to declare a mesh convergence even if the curves solved by the
328 nodes/hole and 656 nodes/hole are close.

The results of the cylindrical hole at the high blowing ratio of 1.5 are
shown in Figure 9 (e), where the curve of the super coarse mesh is not
presented because of its great discrepancy. The film cooling effectiveness
drops significantly due to the high momentum coolant flow severely lifting
off. The peak obtained from the meshes with both 28 nodes/hole is much
lower than those solved by the finer meshes as the reattachment process is
not captured. It is found that the mesh convergence is nearly achieved in this
section. For the fan-shaped hole at a high blowing ratio of 2.5 (Figure 9 (f)),
the film cooling effectiveness is still comparable to that at the intermediate
blowing ratio. The solution obtained by three coarsest meshes demonstrates
much higher effectiveness and solved peaks are relatively smooth from the
centreline. It is significantly improved as the mesh is refined to 80 nodes/hole.
Meanwhile, an apparent under-prediction is observed when the mesh size is
further refined to 328 nodes/hole. Consequently, again the mesh convergence
of local film effectiveness is not achieved for the shaped hole.

4.3. Mesh Sensitivity of Spatial Heat Transfer

The previous comparisons demonstrate that mesh convergence of the
cylindrical hole generally performs well, however, that of the fan-shaped hole
is apparently challenging. Thus mesh sensitivity of the spatial heat transfer
is further investigated for the cylindrical hole in this section.

4.3.1. Mesh Sensitivity of the Boundary Layer

The mesh sensitivity of the boundary layer profiles is exhibited in Figure
10. Three positions of profiles are demonstrated at locations 1D, 5D, and
10D downstream of the cooling hole. They are depicted on the top of Figure
10 (a), where the dashed line represents the centreline and three black crosses
denote the positions of profiles. It should be noted that a finer mesh around
the hole represents a finer nodes distribution across the boundary layer as
well. The markers on each of the plotted profile curves demonstrate the mesh
node distribution at the wall normal direction. The red line represents the
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results obtained by the coarsest mesh while that coloured black denotes those
from the finest mesh.

The first column of Figures 10 (a) to (c¢) demonstrates the normalized
velocity profile (u/U). The range starts from 0.4 to enhance the readability
of the interesting sections. The second column is the normalized turbulent
kinetic energy (k/K) that is normalized by the local maximum value solved
by the finest mesh. Furthermore, the non-dimensional temperature defect
(s) is shown in the third column. It should be noted that the current non-
dimensional temperature defect is slightly different from Equation (7). Here,
T, becomes the local highest temperature, T, denotes the lowest temperature,
and both are obtained by the finest mesh. Thus s = 0 denotes that the hot
flow is not cooled while s = 1 represents the best cooling effect.

The velocity profile (u/U) at blowing ratio (M) of 0.5 is demonstrated in
the first column of Figure 10 (a). It is apparent that the mesh fidelity signif-
icantly affects the resulting profile. At this low blowing ratio, the velocity of
the coolant is slower than that of hot gas in the boundary layer. This flow
pattern is not captured by the red curve representing the solution obtained
by the super coarse mesh with 6 nodes around the cooling hole. The result
is improved prominently when the mesh is refined to 14 nodes/hole. The
solution obtained when the mesh comprises 28 nodes around the hole is close
to those by the still finer meshes at the first position located at the trailing
edge of hole exit. The velocity profile obtained by the mesh of 118 nodes/hole
nearly achieves the mesh independent solution. For the present simulation,
that represents a mesh of 2.94 million nodes.

The corresponding turbulent kinetic energy (k/K) shown in the second
column of Figure 10 (a) demonstrate the challenges associated with jet-in-
crossflow simulations where there is a far greater sensitivity to the mesh size
than for the velocity field. It is observed that there are two peaks of k near
the trailing edge of hole exit. The second peak requires high mesh resolution
near half hole diameter away from the wall such that it is more difficult to
accurately capture. The super coarse mesh with 6 nodes/hole can not obtain
the second peak at all. It becomes much better when the mesh is increased
to 58 nodes/hole. However, different from the velocity profile, the current
investigated meshes can not obtain a mesh independent solution of turbulent
kinetic energy at the first location — trailing edge of the hole exit, even
though the mesh size is already as large as 52.4 million. It should be noted
that the mesh size for a large eddy simulation is around 10 million for this
case.
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The non-dimensional temperature profiles (s) is exhibited in the third
column of Figure 10 (a). The super coarse mesh does not obtain a correct
wall temperature at all three positions where the coolant just injects at the
first one, namely the trailing edge of the cooling hole exit. The solved tem-
perature is much higher than for the case of the other meshes. Moreover, the
temperature profiles solved by the mesh sizes among 0.042 million and 2.94
million nodes show the wrong trend at the position of 5D downstream. The
profile behaviour indicates that the lowest temperature is not on the wall
surface. The comparison indicates that the mesh should be refined to 118
nodes/hole to obtain a mesh independent solution of temperature profile.

When the blowing ratio (M) is increased to 1.0 (shown in Figure 10 (b))
the coolant momentum is increased and thus the velocity profiles (u/U) be-
have differently than for the blowing ratio of 0.5. The coolant ejection evi-
dently accelerates the boundary layer flow of the mainstream. However, the
super coarse mesh does not accurately capture this profile at the first loca-
tion, and the extra and coarse meshes can not do it at the second position.
Unlike for the lower blowing ratio case, there is an increased challenge in
achieving mesh independence for the velocity profile at all three positions.
This is also the case for the profiles of turbulent kinetic energy (k/K) shown
in the second column. However, if we ignore the result of the super fine
mesh, the mesh converges well on the velocity solution and a mesh with 118
nodes/hole nearly achieves the independent. Similarly, the mesh refinement
still significantly affects the temperature profile (s) presented in the third
column — something not seen for the low blowing ratio of 0.5, even the wall
temperature can not obtain a mesh independent solution.

Figure 10 (c) show the mesh sensitivity study for the blowing ratio (M) of
1.5. The wall-normal direction velocity gradient 1D downstream exhibited in
the first location with u/U is enhanced significantly due to the effect of high
momentum coolant ejection. Only the third location 10D downstream shows
the mesh convergence. The profile solved by 118 nodes/hole is near that
by 236 nodes/hole. However, the profiles of turbulent kinetic energy (k/K)
shown in the second column demonstrate that the mesh does not converge
at all three locations. The strong lift-off coolant is observed in the non-
dimensional temperature profiles (s) of the third column. This phenomenon
is captured by all the mesh sizes even if the solutions obtained by the coarse
mesh differ. For the comparison of wall temperatures shown by y/D = 0,
it is interesting to note that the solution obtained by a mesh as fine as 12.4
million with 236 nodes/hole is still significantly different from that solved by

18



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

the finest mesh.

4.3.2. Mesh Sensitivity of the Flow-field

The heat transfer attributes of film cooling flow significantly influence
their employment. The mesh sensitivity of non-dimensional temperature is
exhibited at various blowing ratios in Figures 11 to 13 which demonstrate
both iso-surfaces and contours for the cylindrical hole geometry. The solved
flow-fields are compared for the seven different mesh fidelities. The right-
hand side of the image demonstrates four normally oriented planes at loca-
tions, 1D, 5D, 10D, and 15D. The iso-surface demonstrated on the left-hand
side represents a temperature defect of 0.75 and is coloured based on the
aforementioned contour legend.

For the blowing ratio of 0.5 demonstrated in Figure 11, significant differ-
ences in the non-dimensional temperature field can be observed between the
super coarse and super fine meshes. The iso-surface of temperature defect
obtained by the super and extra coarse meshes is short due to the rapid rate
of film decay. The normally oriented slices also exhibit this phenomenon.
The bottom edge of the first slice, located at the trailing edge of film hole
exit, shows a region of low temperature (signified by the green contour band).
However, this region is not present in the other slices. The solution of tem-
perature field appears improved when the mesh fidelity is increased to in-
corporated 14 nodes around the film hole. The blue region of the contour
demonstrates the temperature is closer to that of the coolant as would be
expected in the region. When compared to the coarser mesh (that with 6
nodes/hole), the downstream slices also resolve lower temperatures. The iso-
surface of temperature demonstrates further improvement when the mesh is
increased to 28 nodes/hole; indeed, the iso-surface appears mesh indepen-
dent when 118 nodes are employed around the cooling hole. However, if we
focus on the first plane at the trailing edge of the hole exit, the blue region
of temperature pattern representing the coolant is still changed apparently
when the mesh size is refined to 52.4 million with 472 nodes/hole.

For a blowing ratio of 1.0 demonstrated in Figure 12, the iso-surface of
non-dimensional temperature still exhibits a rapid decay rate for the super
coarse mesh as shown in Figure 12 (a). In this case, it is interesting to note
that the decay rate is observed to be lowest when 28 nodes are utilised around
the film hole as shown in Figure 12 (c¢) with only one low-temperature spot
observed at the second slice downstream. This feature is at variance with
that solved for the finer mesh. It is observed that the coolant jet lifts off at
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the exit of the film hole before reattaching downstream. The location of this
reattachment moves upstream as the mesh is further refined. Additionally,
it is observed that the iso-surface of temperature with a mesh size of 12.4
million nearly achieves a mesh independent solution. It indicates the mesh
convergence at a blowing ratio of 1.0 is more difficult than that at the lower
blowing ratio case of 0.5. Meanwhile, the lowest temperature at each slice
moves away from the wall.

When the blowing ratio is increased to 1.5 exhibited in Figure 13, the
contours demonstrate that the coolant jet lifts off. This observation, however,
is not successfully captured for the super and extra meshes of which the wall
is over-cooled. Rather, 28 nodes around the cooling hole are required before
this lift-off is observed; however, reattachment is not observed. The iso-
surface of non-dimensional temperature shows a shorter length when it is
increased to the medium size mesh with 58 nodes around the cooling hole.
When mesh fidelity is further increased to 236 nodes around the film hole,
the flow is seen to reattach at around 5D downstream. Similar to the flow at
a blowing ratio of 1.0, the lowest temperature region is away from the wall.
Moreover, the shape of low-temperature region changes significantly between
the coarse to fine meshes. That indicates different mixing of the coolant and
hot gas flows. However, the mesh independent solution of temperature field
is not achieved. Mesh refinements are still observed to result in a change to
the flow pattern, even when the mesh is already as fine as 12.4M mesh nodes
with 236 nodes around a hole.

To summarize, compared to the film effectiveness discussed in Section
4.2, the accuracy of spatial flow variables becomes more sensitive to the
mesh size. The three-dimensional temperature field (shown in Figure 11)
can not achieve a mesh independent solution even at the low blowing ratio
of 0.5. It is also the case when we compare the profile of turbulent kinetic
energy (exhibited in the second column of Figure 10 (a)).

4.4. Mesh Sensitivity of Laterally Averaged Effectiveness

Figure 14 presents the comparisons of laterally averaged film cooling ef-
fectiveness. Note the black markers represent the experimental data. The
number shown in the images signifies the number of mesh nodes around the
cooling hole. The result solved by the finest mesh is presented in a solid
black line. x denotes the streamwise direction. The laterally averaged film
cooling effectiveness is defined by
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where z represents the lateral direction.

The film cooling effectiveness obtained by the cylindrical hole is much
lower than that by the fan-shaped hole at all three blowing ratios. The fan-
shaped geometry can efficiently decrease the coolant momentum at ejection.
Thus the coolant can adhere to the wall surface even when the blowing ra-
tio is high. As shown above, the film coverage obtained by the fan-shaped
hole is much greater and more uniform. The laterally averaged film cooling
effectiveness obtained by cylindrical hole gradually decreases as the blowing
ratio increases. In contrast, the film cooling effectiveness obtained by the
fan-shaped hole gradually increases with the blowing ratio.

4.4.1. Averaged Effectiveness from the Cylindrical Hole

Figure 14 (a) demonstrates the mesh sensitivity of laterally averaged film
cooling effectiveness for the cylindrical hole for a blowing ratio of 0.5. The
coolant jet remains attached to the external surface at this low blowing ra-
tio. The comparison demonstrates the attainment of mesh convergence as the
nodal count is increased and settles on a line that is in close agreement with
the experimental data. However, from the super coarse to coarse meshes, a
large discrepancy is observable between the experimental data and CFD so-
lutions. Indeed, in some cases the laterally averaged film cooling effectiveness
even indicates jet lift-off thereby alluding to the fact that such coarse meshes
may capture wrong flow features at the low blowing ratio. It is found that
a mesh with 118 nodes around the film cooling hole can provide a accurate
solution and the convergent effectiveness agrees well with experimental dots.
However, if we focus on the region close to coolant injection, the discrepancy
among three finest meshes still observable.

When the blowing ratio is increased to 1.0, the mesh convergence becomes
a greater challenge as demonstrated in Figure 14 (¢). The curve solved by the
coarsest mesh with 6 nodes/hole is not presented due to its much higher effec-
tiveness. The effectiveness obtained by 14 to 58 nodes/hole shows a gradual
increase trend of film effectiveness after liftoff. The decay is not captured. It
is also apparent that for the finer meshes (118 nodes/hole to 236 nodes/hole)
the calculated laterally averaged effectiveness appears convergent. Further-
more, the numerical film cooling effectiveness is slightly under-predicted when
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compared to the experimental data. As indicated previously, cases involving
jet lift-off provide an increased challenge for computational simulations to
accurately model.

For the high blowing ratio case of 1.5, shown in Figure 14 (e), the results
of the mesh study demonstrate that convergence is attained. The numeri-
cal film cooling effectiveness and exhibited trends solved by the extra coarse
mesh with 14 nodes/hole are significantly different from those obtained by
the finer ones. The comparison indicates that the simulated data does grad-
ually converge to the curve obtained by the finest mesh when the number of
mesh nodes is greater than 28 around the film hole with a good match to
experimental data with regard to the low effectiveness.

4.4.2. Averaged Effectiveness from the Fan-shaped Hole

Figure 14 (b) shows the mesh sensitivity of laterally averaged film cooling
effectiveness for the fan-shaped hole at a blowing ratio of 0.5. The decay of
the averaged film cooling effectiveness obtained by both 6 nodes/hole (red)
and 14 nodes/hole (green) is slower than those by the finer meshes. The
results for the meshes finer than 40 nodes/hole are seen to be in close agree-
ment with one another. Whilst the averaged effectiveness obtained by these
meshes is greater than that observed in the experiments, the film decay rate
is similar. Meanwhile, the comparison indicates that the laterally averaged
effectiveness does exhibit good mesh convergence with a mesh independent
solution achieved for the mesh with 80 nodes/hole.

For the intermediate blowing ratio of 1.5, demonstrated in Figure 14 (d),
the effectiveness data obtained by the meshes with 40 nodes/hole and fewer
are an over-prediction as the film coverage is wide with a slow rate of decay
as demonstrated in Figure 8. As the mesh is refined to 80 nodes/hole, the
solution becomes close to the experimental dots, even though the decay is
still similar to that of coarser meshes. Compared to these results, the simu-
lated averaged film cooling effectiveness by the meshes with 164 nodes/hole
captures a better decay even if it is apparently over-predicted. When it is
further refined to 328 nodes/hole, the CFD result is in close agreement with
the experimental data and to that of 656 nodes/hole. However, the result
solved by the finest mesh is slightly lower than the measurement. This trend
of mesh convergence is similar to that of the cylindrical hole at the blowing
ratio of 1.0.

For the high blowing ratio of 2.5, shown in Figure 14 (f), the challenge of
capturing the correct decay for three coarse meshes is increased due to the
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stronger coolant momentum. The averaged film cooling effectiveness calcu-
lated by the meshes coarser than 80 nodes/hole shows significantly slower
decay than the experimental data. The decay solved by the mesh of 4.10
million with 164 nodes/hole is in good agreement with that of the experimen-
tal curve, although the simulated curve is lower than the latter. However,
the solution becomes much worse when the mesh size is increased to 17.3
million with 328 nodes/hole. Therefore, it is difficult to confirm the mesh
convergence of averaged effectiveness, even though the averaged film cooling
effectiveness obtained by the finest mesh of 72.8 million with 656 nodes/hole
is in good agreement with that by 4.10 million.

5. Conclusions

Mesh generation is critical to the success of a CFD simulation and sig-
nificantly influences the accuracy of the obtained film cooling solution. The
mesh sensitivity of RANS simulations is studied by using the typical cylin-
drical and fan-shaped cooling holes. The multi-block structured hexahedrons
with good local spacing scaling are utilised to generate a family of similar
quality meshes. Seven mesh sizes are employed for each configuration with
the finest mesh size 4000 times greater than that of the coarsest.

The computational results are compared with those of experimental data.
The comparisons indicate that RANS solutions with a medium size mesh (58
nodes/cylindrical hole and 80 nodes/fan-shaped hole) can provide a rela-
tively accurate result. In general, it can obtain good agreement with the
experimentally observed features, especially for the laterally averaged film
effectiveness. Meanwhile, the RANS simulations can predict the effect of
blowing ratio change.

However, obtaining a mesh independent solution of film cooling flow is
challenging for RANS modelling at certain blowing ratios and certain param-
eters.

e For the cylindrical hole, mesh convergence of both local and averaged
film effectiveness generally performs well, however, that of the spatial
heat transfer provides a challenge;

e For the fan-shaped hole, only the averaged film effectiveness converges
well at the low blowing ratio of 0.5 as the local effectiveness shows
observable discrepancy;
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e Mesh convergence becomes more challenging at a higher blowing ra-
tio indicating stronger coolant momentum and the subsequent greater
anisotropic turbulent mixing flow with hot gas.

6. Acknowledgments

The authors would like to thank the Innovate UK and Rolls Royce funded
iCORE project and Engineering and Physical Sciences Research Council (EP-
SRC) for sponsoring this work and the permission to publish the paper.

Appendix: Mesh Sensitivity of Lateral and Streamwise Spacing

To avoid the influence of mesh spacing at the wall normal direction, this
section is additionally presented. The number of nodes at both lateral and
streamwise directions is still coarsened or refined by the factor of 2 while
the nodes distribution at the wall normal direction remains the same as
that of the fine mesh presented in Section 4 Results and Discussion. The
results of RANS simulations are presented in Figures A1, A2, and A3. The
comparison indicates that the film cooling flow is significantly affected by
both streamwise and lateral spacing. Comparing with the respective data
in Section 4, it is found that mesh convergence with the fixed wall-normal
nodes spacing behaves slightly better.

For the film effectiveness demonstrated in Figure A1, mesh convergence
with a fixed wall-normal nodes spacing exhibits nearly the same as that in
Section 4. It is also the case for the laterally averaged film effectiveness pre-
sented in Figure A2, with a slightly better mesh convergence at the blowing
ratio of 1.0.

For the boundary layer profiles shown in Figure A3, mesh sensitivity per-
formance is quite close to that presented in Section 4 when the blowing ratio
is 0.5 and 1.0. As the blowing ratio is further increased to 1.5, except the first
location x/D=1, mesh convergence becomes better for all three investigated
variables (velocity, turbulent kinetic energy, and temperature).
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