
Kasem Eid Ragab
Department of Mechanical Engineering,

The American University in Cairo,

New Cairo 11835, Cairo, Egypt

e-mail: Kasemeid@aucegypt.edu

Lamyaa El-Gabry1

Department of Mechanical Engineering,

The American University in Cairo,

New Cairo 11835, Cairo, Egypt

e-mail: lelgabry@aucegypt.edu

Heat Transfer Analysis of the
Surface of a Nozzle Guide Vane
in a Transonic Annular Cascade
In the current study, a numerical analysis was performed for the heat transfer over the
surface of nozzle guide vanes (NGVs) using three-dimensional computational fluid
dynamics (CFD) models. The investigation has taken place in two stages: the baseline
nonfilm-cooled NGV and the film-cooled NGV. A finite volume based commercial code
was used to build and analyze the CFD models. The investigated annular cascade has no
heat transfer measurements available; hence in order to validate the CFD models against
experimental data, two standalone studies were carried out on the NASA C3X vanes, one
on the nonfilm-cooled C3X vane and the other on the film-cooled C3X vane. Different
modeling parameters were investigated including turbulence models in order to
obtain good agreement with the C3X experimental data; the same parameters were used
afterward to model the industrial NGVs. [DOI: 10.1115/1.4041266]

Introduction

Increasing the temperature of hot gases entering the turbine
improves the overall turbine efficiency as well as the ratio of the
positive turbine work to the negative compressor work, resulting
in higher specific work output and a smaller engine size [1]. A
key challenge in gas turbine engine development is having turbine
components that can withstand high temperatures, such as nozzle
guide vanes (NGVs). In addition to advanced materials and coat-
ings used in turbine manufacturing, NGVs are cooled by a combi-
nation of internal convective cooling passages and film cooling
holes on the surface of the vane. In film cooling, cooling air bled
from the compressor is passed over the vane forming a buffer
between the mainstream hot gases and the vane surface [2]. Film
cooling is crucial for the survival of NGVs as it prevents exces-
sive heat from being delivered to the hot gas path components,
however, film cooling increases aerodynamic losses since it inter-
acts with the mainstream hot gases resulting in substantial changes
in the flow turbulence, transition, and boundary layer characteris-
tics [3].

The demand for high performing vanes at extremely high tem-
peratures have brought film cooling studies to the forefront during
the last three decades. From an aerodynamic perspective, Haller
and Camus [4] provided loss measurements for film-cooled tran-
sonic gas turbine blades employing a mixture of carbon dioxide
and air. They studied the effect of blowing ratio and exit Mach
number on aerodynamic loss and compared their results with the
boundary layer code predictions. Prethroat suction side film cool-
ing rows were found to be responsible for the majority of losses.

Vane Heat Transfer Without Film Cooling. Although most
of the gas turbines are film cooled, heat transfer experiments and
computational modeling of nonfilm-cooled vanes are widespread
and form the basis of the majority of computational fluid dynam-
ics (CFD) simulations. Turner [5] presented an experimental tech-
nique to estimate the local heat transfer coefficient (HTC) on the
turbine blade surface. Laminar to turbulent transition was detected
at the suction surface, while at the pressure side no transition was
observed. Hylton et al. [6] studied the heat transfer over the

surface of an internally cooled high pressure turbine vane (NASA
C3X) in a straight cascade. The results of the Hylton [6] experi-
ment have served as test case for numerous computational
models.

An early simulation was presented by Bohn et al. [7] who com-
bined the flow field in which three-dimensional Navier–Stokes
equations are solved and the solid field (vane material) in which
the Fourier conduction equation is solved. York and Leylek [8]
modeled the NASA C3X internally cooled vane using an unstruc-
tured 7 million node conjugate heat transfer model. In the study,
they compare the results of different k–e turbulence model varia-
tions. Luo and Razinsky [9] also modeled the same experiment
and produced numerical results in close agreement with the exper-
imental data when the V2F turbulence closure was employed. The
results were superior to those obtained with low Reynolds number
and nonlinear quadratic k–e models.

Vane Heat Transfer With Film Cooling. Experimental and
numerical studies of heat transfer of a film-cooled nozzle guide
vane are the natural progression of the nonfilm-cooled studies.
Turner et al. [10] experimentally and analytically investigated the
heat transfer over the surface of a showerhead film-cooled vane.
Their work aimed to test a time-averaged Navier–Stokes numeri-
cal code against experimental data. The experiment was con-
ducted on the C3X vane used in Hylton [6] experiment with a
modification at the leading edge to include the showerhead film
cooling. Hylton et al. [11] studied the effect of the leading edge
and the downstream film cooling on the vane surface heat transfer.
Their work was a continuation of the experiments conducted by
Turner et al. [10] and Hylton et al. [6]. The experiments were per-
formed on a two-dimensional cascade with three vanes. The test
vane had film cooling rows at the leading edge: two at the suction
side and two at the pressure side. A thermal barrier insulated the
aft vane from the conduction effects in the forward vane where
the film cooling plenums existed. The study primarily aimed to
investigate the effect of the downstream film cooling in the
absence and presence of the showerhead film cooling. Two com-
peting mechanisms were found to affect the heat transfer to the
vane, a decrease in the heat transfer due to the dilution effects of
the cold fluid and an increase due to the increase in turbulence
caused by the injected fluid; the effect was improved cooling
properties of the vane.

In terms of numerical modeling of film-cooled vane, the goal is
to be able to match experimental data before proceeding with the
use of numerical tools for design. Garg and Gaugler [12] used a
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three-dimensional Reynolds-averaged Navier–Stokes code to
study the effect of the coolant temperature and the mass flow rate
on the adiabatic effectiveness of the VKI rotor blade. They found
a decrease in the film effectiveness with higher flow rates for both
pressure and suction sides, while the effectiveness decreased with
the increase in the coolant temperature on the pressure side and
increased on the suction side.

Hall et al. [13] modeled the experiments of Turner et al. [10]
using a two-dimensional CFD code taking advantage of periodic
boundaries in the spanwise direction; their computations for the
heat transfer coefficient were unsatisfactory and numerical results
deviated significantly from the experimental values. Laskowski
et al. [14] conducted a conjugate heat transfer analysis using an
unstructured grid with about 7 million nodes to model the experi-
ments of Hylton et al. [11]. Their work included an inverse
method to compute the internal cooling flow data which were
missing in the original experiment report. These data were used
along with the experimental measurements by Mangani et al. [15]
who assessed several turbulence models of an object-oriented
code specific for turbomachinery applications.

Annular Sector Cascade Research. Much of the experimental
research either on the nonfilm-cooled or the film-cooled vane heat
transfer are carried out in linear cascades which are 2D in geome-
try but produce 3D flow. Abhari and Epstein [16] tested this sim-
plification by comparing heat transfer results for a fully cooled
rotating transonic turbine to the results of a linear cascade at the
same operating conditions; the results were similar over 75% of
the span. They also provided a comparison between the heat trans-
fer coefficient at the suction surface for the film-cooled and the
uncooled rotor blades and showed a 60% decrease in the HTC in
the film-cooled case. So clearly film cooling has a significant
impact on heat transfer, and though the linear cascade is fairly
similar, there are differences that warrant considering a 3D alter-
native to the linear cascade. A compromise between the complex-
ity of a rotating annular rig (which requires significant airflow to
match the flow conditions in the passage) and the simplification of
the linear cascade which may miss out on capturing highly 3D
regions of the flow is the annular sector cascade (ASC). The annu-
lar cascade uses 3D geometry and models a sufficiently large sec-
tor to ensure periodicity. The present study makes use of test
geometry and data from an ASC at KTH (The Royal Institute of
Technology, Sweden) on a modified design of a gas turbine nozzle
guide vane. The research project on the ASC initially involved
reducing vane count by 24% (from 50 to 38 vanes). Although
reducing vane count would increase the load per vane, other
advantages are expected to result from it like less material, and
consequently, lower weight and cost in addition to the positive
impact expected on the efficiency due to the use of less cooling
air [17]. A series of experiments have been conducted on the
annular sector cascade shown in Fig. 1 in order to investigate the
performance of the improved gas turbine design.

Experimentally, Putz [18] studied the effect of film cooling on
the secondary flow and the turbulence intensity of the cascade
finding a great impact of the leading edge film cooling on the
development of the secondary flows at the endwall region. Saha
[19] investigated the effect of NGV leading edge contouring on
the aerodynamics of the flow in the cascade, this work was also
studied numerically by Mitrus [20]. The effect of suction side and
pressure side film cooling on the vane aerodynamic performance
was studied experimentally by Saha et al. [21] and numerically by
Alameldin et al. [22]. They found that the suction side film cool-
ing significantly increases the aerodynamic losses, especially for
high blowing ratios.

The objective of the present research is to study numerically
the heat transfer on the film-cooled nozzle guide vane in the annu-
lar sector cascade. The experiment is not equipped with heat trans-
fer measurements so in order to validate the CFD results, models
of the C3X vane are developed and compared with experimental
data. The methods that prove adequate in predicting the C3X
results are employed to predict the heat transfer on the annular
sector cascade. Results for the ASC are also compared to a bound-
ary layer code which is commonly used in industry with empirical
correlations and correction factors in the simulation of the turbine
vane.

Methodology

In the present work, three-dimensional computational models
were used to predict the heat transfer over the surface of nozzle
guide vanes in a transonic annular cascade. The analysis has been
conducted for the nonfilm-cooled and the film-cooled vane config-
urations. Due to the unavailability of heat transfer experimental
measurements for the annular cascade, the validation has been
carried out on the NASA C3X vane for both the nonfilm-cooled
and film-cooled cases. Among several experiments performed on
the NASA C3X vane, two sets of data have been selected: one for
the nonfilm-cooled and the other for the film-cooled study. The
methods that found to yield the best agreement for the C3X are
adopted for analyzing the annular cascade model.

Internally Cooled NASA C3X. Hylton et al. [6] produced
extensive aerodynamic and heat transfer experimental data using
the NASA C3X vane cascade. The test section of the internally
cooled C3X experiment is a linear cascade with three vanes of
constant cross section and no twist, each of them is internally
cooled via ten radial cooling holes distributed along the camber
line except the first and second holes which are spaced equally
from the camber line near the vane leading edge. Figure 2 shows a
cross section at the vane.

A schematic of the cascade is shown in Fig. 3; it is equipped
with turbulence augmentation rods at station 1, total pressure and
total temperature racks at station 2, and laser doppler anemometry
measurement volume at station 4. Inlet and exit static pressure
taps are placed at stations 3 and 6, respectively.

The static pressure and temperature on the vane surface are
measured at the midspan by static pressure taps and thermocou-
ples distributed at the vane surface. The cooling holes are supplied
from a common plenum, however, the mass flow rate of the air
flowing in each tube connected to the middle vane cooling holes
is independently measured using a calibrated orifice [6].

Fig. 1 KTH’s annular sector cascade Fig. 2 Cross section at the internally cooled C3X vane [6]
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An experimental data acquisition system was used to monitor
the running parameters to establish the desired operating condi-
tions then to store the steady-state data. After the steady-state
operating conditions are achieved, the aerodynamic and heat
transfer data are sampled, averaged, and stored. The vane surface
pressures are averaged to establish the vane static distribution,
then the thermocouples temperatures are monitored until reaching
thermal equilibrium. In the last step, the coolant mass flow rate
and the inlet and exit temperatures are measured. The midspan
temperature of the coolant at each hole is estimated assuming that
the temperature is increasing linearly through cooling hole. The
vane surface heat transfer coefficient is calculated through the
solution of 2D Laplacian heat conduction equation for the vane
using the measured vane surface and coolant temperatures.

The CFD model for this experiment was built and analyzed
using the commercial CFD software package ANSYS CFX 15. The
inlet plane was placed 105.1 mm upstream of the leading edge,
and the outlet was placed at the same distance from the trailing
edge. Two periodic boundaries were used at 50% of the vane
spacing in order to reduce the size of the computational grid. The
mesh used was a multiblock structured mesh that provides an
opportunity to refine the mesh locally whenever needed. The total
number of mesh elements is about 3 million with 75% for the
mainstream fluid domain, 7% for the solid domain, and 18% for
the coolant domains. The geometry and the mesh of the model are
shown in Fig. 4.

An O-grid was used for the region around the vane as well as
for the coolant holes. To capture the boundary layer physics, the
grid has been refined until the dimensionless wall distance yþ

reached unity adjacent to the vane surface. Figure 5 illustrates the
mesh at the vane leading and trailing edges, respectively. In order
to check mesh sensitivity, three grids ranging from 2.3 to 3 mil-
lion cells were considered, results for vane pressure loading were
found identical, while the change in the vane surface temperature
results was within 1%. The dimensionless wall distance yþ was
kept constant for the three grids by using nonuniform cell size.

Improving mesh quality and smoothing the transition from
smaller to larger cells and vice versa are essential for CFD simula-
tions to enhance the computability and the numerical accuracy, and
consequently, the robustness of the simulation. After the mesh had
been created, multilevel smoothing was applied. Laplace smoother
was used to improve the mesh transition, this smoother applies the
node point averaging method via solving the elliptical Laplace

equation assuming that the scalar variable is the distance between
the calculation node and the adjacent nodes [23].

The boundary conditions are extracted from Hylton et al. [6]
for the run number R112 (code 4422). The experimental exit static

Fig. 3 C3X test section and vane coordinates [6]

Fig. 4 Geometry and mesh of the mainstream, solid vane, and
coolant grids

Fig. 5 Mesh topology at the leading and trailing edges of the
C3X vane
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pressure (at station 6) was calculated from the exit Mach number
using the isentropic relation; the full boundary conditions are
given in Table 1.

Due to the high temperature of the fluid regime, air is treated as
an ideal gas with temperature-dependent properties in the simula-
tion. The dynamic viscosity and the thermal conductivity were set
as functions of temperature using Sutherland equation. The spe-
cific heat of air at constant pressure Cp was set to a polynomial
function of temperature. The solid region material (Stainless Steel
310) characteristics were set as the following:

Density qð Þðkg=m3Þ 7900

Specific heat Cð ÞððkJ=kgÞKÞ 582

Thermal conductivity jð Þ½W=ðmKÞ� [24] 6.13þ 0.0182T
The shear stress transport (SST) turbulence model was selected

for this study because it combines the main features of k � e and
k � x models. The formulation of the SST model can be inte-
grated down to the wall, and therefore, does not require the use of
damping functions [25], while in the free stream it switches to k �
e formulation which makes it nonsensitive to inlet turbulence
intensity. The SSTk � x is a two eddy viscosity equation model,
one for the kinetic energy k transport and the other for the trans-
port of specific dissipation rate x; the switch to k � e formulation
is achieved by auxiliary relations for closure coefficients [26].

The SST turbulence model was employed with an automatic
wall function. This option allows the code to switch from wall
function to the low-Reynolds near-wall formulation whenever
possible, however since yþ is less than one in the present simula-
tion, the turbulence closure is forced to use the low-Reynolds
near-wall treatment. To get better predictions for the vane surface
temperature, SST with curvature correction (SST-CC) was used.
The curvature correction multiplier limits the production term in
the turbulence model when overgeneration of eddy-viscosity is
expected due to excessively curved regions [27].

At certain areas of the studied domain, the heat transfer results
were unsatisfactory because of the presence of laminar to turbu-
lent transition phenomenon. In order to overcome the deficiency
of the turbulence model in the transition zone, the Gamma–Theta
(c� RehÞ transition model was used to predict the transition onset
and improve the results at that region. The c� Reh is a two trans-
port equation model based on imperial correlations, one equation
for the intermittency c and one for the transition onset criteria,
which is defined by the momentum thickness Reynolds number
Reh [28]. At the laminar region, the intermittency is set to zero,
when the momentum thickness Reynolds number reaches a criti-
cal value, the intermittency starts to increase in the boundary layer
adding more kinetic energy, the fully turbulent model takes place
as the intermittency reaches unity. Two convergence criteria were
employed: First, the root mean square residuals from each conser-
vation equation shall plateau below 1e� 4. The second criterion
was monitoring the change in vane surface temperature at fixed
points, and convergence is achieved when there is no more change
in the temperature.

Nonfilm-Cooled Annular Sector Cascade. The second part of
the study has been carried out on the geometry of the transonic
ASC facility in the division of heat and power technology in KTH
(Royal Institute of Technology). The geometry is actual geometry
from an industrial gas turbine. The test section shown in Fig. 6
consists of three NGVs labeled NGV-1, NGV 0, and NGVþ 1.
Surface measurements are taken from NGV 0.

The ASC has been modeled using the same geometry and
meshing strategies implemented in the C3X, periodic boundaries
were used to reduce the size of the domain. The domain for NGV
0 was constructed with a structured grid and O-grid around the
vane, the geometry and mesh topology at the leading and trailing
edges are shown in Fig. 7.

The boundary conditions of the annular sector cascade are
shown in Table 2. These conditions are taken from the experimen-
tal results of Saha et al. [21] of the nonfilm-cooled vane in order
to validate the ASC simulation aerodynamically before exploiting
it for the heat transfer predictions.

Film-Cooled NASA C3X. For prediction of the heat transfer
over the film-cooled annular sector cascade, the validation of the
CFD model has been performed using the experimental data

Table 1 Mainstream flow conditions of nonfilm-cooled C3X

Parameter Value

Inlet total pressure, Pt1 (kPa) 321.70
Inlet total temperature, Tt1 (K) 783.00
Inlet Mach number, M1 0.17
Inlet Reynolds number, Re1 530,000
Inlet turbulence intensity, Tu1 8.3%
Exit Mach number, M2 0.90
Exit Reynolds number, Re2 2,010,000
Exit static pressure, Ps2 (kPa) 190.20
Tw=Tg 0.84

Fig. 6 KTH’s annular sector cascade [29]

Fig. 7 Domain geometry and mesh for the ASC
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produced by Hylton et al. [11]. Similar to the internally cooled
NASA C3X experiment, Hylton et al. [11] performed their study
on a film-cooled C3X vane of the same dimensions and main geo-
metrical characteristics.

The film-cooled vane has constant cross section with no twist.
In addition to ten internal cooling holes, the vane is film cooled
with two rows of holes at the suction side, two rows at the pres-
sure side, and five rows equal spaced at the vane leading edge. A
cross section for the vane is presented in Fig. 8 depicting the holes
configuration and finite element model used in the experiment.
Table 3 gives the locations of the radial cooling holes and film
cooling holes; detailed film holes geometrical data are given in
Table 4.

The vane nose, which includes the film cooling passages, was
thermally isolated from the rest of the airfoil. A sealed air gap,
achieved by cutting the vane into two parts, provided a thermal
barrier [11]. The aim of the thermal barrier was to simplify the
conduction problem by eliminating the interaction of the vane
nose and film cooling passages; therefore, measuring the surface
temperature at the vane tail and thermal barrier side is sufficient to
solve the 2D Laplacian conduction equation. Figure 9 illustrates
the thermocouples distribution over the C3X vane surface and
thermal barrier.

The experiment has been conducted on the same cascade that
was previously used for the nonfilm-cooled C3X experiment. The
test section is a linear cascade equipped with three vanes; the mid-
dle vane was replaced with the new film-cooled vane depicted
above, a schematic for the cascade is shown in Fig. 10. Inlet total
pressure and total temperature were measured at station one,
located 200.7 mm upstream of the vane leading edge, using two
total pressure rakes and two total temperature rakes, while the
inlet static pressure was measured at station two, located 111 mm
upstream of the vane leading edge, using 18 endwall static pres-
sure taps. At station four, located 90.2 mm downstream of the
vane leading edge, 37 static pressure taps are distributed to mea-
sure the exit static pressure

The geometry and meshing of the film-cooled NASA C3X
model was challenging because of the complexity of the vane
which includes ten radial cooling holes and 144 one mm diameter
film cooling holes distributed at the suction side, the pressure side,
and the leading edge of the vane. A cross section at the vane is
given in Fig. 11 showing all cooling holes and the thermal barrier
described earlier in the experiment description

Table 2 Boundary conditions of the annular cascade

Parameter Value

Inlet total pressure, Pt1 (kPa) 170
Inlet total temperature, Tt1 (K) 303
Inlet turbulence intensity, Tu1 5%
Exit Mach number, M2 0.89
Exit Reynolds number, Re2 2,600,000
Exit static pressure, Ps2 (kPa) 101.30

Fig. 8 Cross section at the film-cooled C3X vane [11]

Table 3 Vane radial and film cooling locations

Radial cooling holes Film cooling holes

Hole no. U (mm) V (mm) D (mm) Cr Hole no. U (mm) V (mm)

1 28.70 29.92 6.30 1.118 11 35.92 20.24
2 27.33 39.98 6.30 1.118 12 35.56 16.31
3 25.55 49.91 6.30 1.118 13 4.98 5.41
4 13.64 47.88 6.30 1.118 14 2.11 8.28
5 18.69 61.82 6.30 1.118 15 0.41 11.96
6 16.66 77.47 6.30 1.118 16 0.05 16.00
7 14.12 92.35 4.70 1.090 17 1.09 19.94
8 10.87 107.59 3.10 1.056 18 5.59 35.05
9 7.37 122.53 3.10 1.056 19 6.43 38.91
10 3.45 137.57 1.98 1.025

Table 4 Flow conditions of radial cooling holes

Hole no. _m (g/s) Temperature (K)

1 7.84 425.25
2 7.93 367.06
3 7.94 350.79
4 8.26 402.94
5 7.48 325.1
6 6.91 326.76
7 7.52 360.59
8 7.70 422.46
9 4.73 379.99
10 3.57 421.32

Fig. 9 Surface and thermal barrier thermocouple locations for
film-cooled C3X [11]

Fig. 10 Schematic of the test section showing instrumentation
positioning [11]

Fig. 11 Film-cooled NASA C3X vane cross section
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The two suction surface film cooling rows are angled at 35 deg
to the surface in the chordwise direction, while the pressure side
holes are angled at 20 deg. The leading edge film cooling holes
are angled by 45 deg in the spanwise direction. In order to have
the same length to diameter ratio of all film cooling holes, the
length of the holes is kept constant although each row of holes has
different angles with the vane surface; this was achieved by
changing the vane thickness at each film cooling slot.

The geometry of the cascade was built for the middle vane con-
sidering two periodic boundaries in order to save the computa-
tional capability. The inlet boundary was located at 111 mm
upstream of the vane leading edge where the inlet static pressure
had been measured in the original experiment. The exit plane in
the model was located at 100 mm downstream of the vane trailing
edge, however, exit static pressure was iterated until the value of
the average static pressure at station 4 reached the value quoted in
the experiment. Figure 12 presents the model geometry illustrat-
ing the inlet and exit boundaries, and the solid vane.

The mesh was generated using ANSYS ICEM CFD. Fully structured
hexagonal mesh was used for all fluid and solid domains. The total
number of grid elements is about 4.3 million: 87% for the main-
stream and film cooling holes, 9% for the solid vane, and 4% for
the internal cooling air. Compared to the nonfilm-cooled vane
model discussed earlier in this section, the grid of the film-cooled
model had large number of elements due to the dense mesh at the
film cooling areas. As shown in Fig. 13, the 0.99 mm diameter
film cooling holes were explicitly modeled.

Total pressure and total temperature were set at the inlet plane
and static pressure was set at the exit. The boundary conditions of
the radial internal cooling were not given in the Hylton et al. [11]

report, however these data were taken from Laskowski et al. [14]
who used an inverse method to estimate the mass flow rates and
inlet temperatures of the radial internal cooling holes. They
employed the produced heat transfer coefficient of a certain test
case (no. 44344) and formulated the problem inversely to generate
the boundary condition.

In the experiment, every film cooling array, suction side, lead-
ing edge, and pressure side, was separately fed from a plenum
through a metered line, therefore the blowing parameters for each
array can be independently controlled as well as the coolant sup-
ply temperature that was varied by piping the flow through an
electric heating system. The boundary conditions for the cascade
mainstream flow are given in Table 5.

Film-Cooled Annular Sector Cascade. The annular sector
cascade model was nearly the same one represented in the
nonfilm-cooled ASC section in terms of geometry and meshing,
the only difference was adding the film cooling holes to the vane
at the suction side, leading edge and at the pressure side. Figure
14 illustrates a cross section at the film-cooled ASC vane showing
the film cooling positions. The vane has a total of eleven rows of
film cooling holes: four at the suctions side, six at the shower
head, and one at the pressure side. The geometry and blowing
parameters of the film cooling holes are given in Table 6.

Unlike the film-cooled NASA C3X model depicted in, film
cooling holes for the annular cascade vane have not been explic-
itly modeled. Instead, every hole was represented by a surface
with a one cell deep having the same orientation of the original
hole, therefore, the boundary conditions applied to the outer

Fig. 12 Computational fluid dynamics model geometry of the
film-cooled NASA C3X vane cascade

Fig. 13 Grid of the film-cooled NASA C3X model

Table 5 Mainstream flow conditions of film-cooled C3X

Parameter Value

Inlet total pressure, Pt1 (kPa) 285.13
Inlet total temperature, Tt1 (K) 701.00
Inlet Mach number, M1 0.17
Inlet Reynolds number, Re1 540,000
Exit Mach number, M2 0.89
Exit Reynolds number, Re2 2,030,000
Exit static pressure, Ps2 (kPa) 190.00
Tw=Tg 0.79

Fig. 14 Annular sector cascade vane cross section showing
film holes distribution [22]

Table 6 Geometry and blowing parameters of film holes

Row
no. x=Cx

Angle
(deg)

No. of
holes

Mass-flux
ratio, Y (%)

Pressure ratio,
Pm=Pc

1 52.00 38.90 22 0.81 0.95
2 50.00 42.30 23 0.81 0.95
3 23.00 59.30 23 1.04 0.86
4 19.00 50.90 24 1.04 0.86
5 9.10 46.33 11 1.88 0.93
6 3.40 53.00 25 1.88 0.93
7 0.77 66.90 26 1.88 0.93
8 0.00 80.40 26 1.88 0.93
9 0.89 105.40 25 1.88 0.93
10 3.30 123.30 26 1.88 0.93
11 77.00 142.80 23 0.35 1.02
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surface will be translated at the vane surface with negligible loss.
This approach was introduced by Alameldin et al. [22] and proven
to produce results accurate to more than 90% for flow characteriz-
ing and almost the same temperature domain predictions given
when the film cooling holes are fully structured. Figure 15 shows
vane gird after inserting the film holes.

The boundary conditions for the film-cooled annular sector cas-
cade were the same as for nonfilm-cooled vane except for the
mainstream total inlet temperature which was assumed to be
250 K in order to have a temperature gradient forcing heat to
transfer from the vane to the mainstream air. Although this heat
flow direction is opposite to the real turbines, it should not affect
the heat transfer coefficient distribution over the vane surface.

Results and Discussion

In this section, the same sequence followed in the Methodology
section will be respected. First, the results from the nonfilm-
cooled NASA C3X model will be presented, analyzed, and com-
pared to experimental data; the physics and modeling parameters
used will be applied to the nonfilm-cooled annular sector cascade
thereafter. Likewise, the film-cooled annular sector cascade vane
will be studied using the modeling criteria and scales that proven
to yield reliable results for the film-cooled C3X vane.

Internally Cooled NASA C3X Results. The results of the con-
jugate heat transfer analysis are compared to the experimental
data of Hylton et al. [6]. The vane pressure was normalized by the
inlet total pressure Pt1 and compared to the experimental results
as shown in Fig. 16. Vane pressure loading was found to be in
close agreement with the measurements, no differences between
the predictions of the SST, SST-CC, and SST_c� Reh models
can be detected for the pressure distribution. The vane pressure

profile shows that the flow accelerates over the suction side and
the velocity peaks at about 40% of the axial chord length where
the pressure reaches a trough, then the pressure increases again to
reach an exit flow relative pressure of 0.6 corresponding to the
exit Mach number 0.9. For the pressure side, the flow acceleration
takes place at the last 25% vane axial chord.

The temperature of the vane external surface obtained from the
CFD model using the SST, SST-CC, and SST_c� Reh turbulence
closures was compared to the experimental data [19] and pre-
sented in Fig. 17. All turbulence models efficiently capture the
temperature distribution for the pressure side. For the suction side,
the experimental data show that the flow exhibits transition from
laminar to turbulent at about 37% of the axial chord. The SST
model overpredicted the surface temperature over the first region
of the vane where laminar to turbulent transition occurs; this is
because the SST model is not capable of predicting the onset of
transition. Therefore, the turbulence model assumes fully turbu-
lent flow, and consequently, produces more turbulence causing
excessive heat to be transferred from the mainstream to the vane.

Although the SST-CC is not able to predict the onset of transi-
tion, the temperature prediction over the transition region is closer
to the data than that of the SST model that has no curvature cor-
rection. This is a result of limiting the eddy-viscosity production
term in the turbulence model which shifts the estimation toward
the lower turbulence or transition zone. SST_c� Reh effectively
captured the transition at the suction side when compared to the
other models.

The temperature distribution on the blade surface is better illus-
trated by the contour plots in Fig. 18. The wavy pattern of the

Fig. 15 Annular sector cascade vane with film cooling holes

Fig. 16 Predicted and measured vane pressure loading
Fig. 17 Predicted vane external surface temperature at mid-
span compared to the experimental results
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temperature distribution over the vane surface is caused by the
internal cooling air which picks up heat at different rates accord-
ing to the coolant mass flow rate and the position of the cooling
holes. From the provided contours, it can be shown that the suc-
tion side encounters higher temperatures than the pressure side in
the forward half of the vane; nevertheless, this difference dimin-
ishes as the flow proceeds toward the trailing edge.

Figure 19 shows the gas bulk temperature based heat transfer
coefficient predictions of the SST, SST-CC, and SST_c� Reh
compared to the experimental data of Hylton et al. [6] Both SST
and SST-CC moderately captured the heat transfer coefficient on
the vane pressure side, however, they still encounter the weakness

of capturing the transition which resulted in an overprediction of
the HTC over about 40% of the suction side. The HTC predicted
by the SST with c� Reh transition capability overcame most of
the drawbacks associated with the other turbulence models’
predictions.

Nonfilm-Cooled Annular Sector Cascade Results. The same
methodology used in obtaining the C3X results was applied to the
annular sector cascade CFD model. Only SST-CC and
SST_c� Reh are utilized in the annular cascade modeling because
the SST and SST-CC were found somewhat similar as shown in the
Internally Cooled NASA C3X Results section. The aerodynamic
analysis of the test section is compared to the available experimen-
tal measurements made by Saha et al. [19]. Figure 20 shows the
Mach number distribution over the annular cascade NGV predicted
by the CFD models compared to the experimental data at 50%
span; close agreement was achieved for the vane loading parameter,
also no difference between different turbulence models can be
detected at this stage.

The annular cascade does not provide surface temperature or
heat transfer measurements; therefore, it will not be possible to
present a comparison of experimental and computational predic-
tions of heat transfer results for the ASC. Instead, the CFD-based
heat transfer results are compared to those obtained by the bound-
ary layer (BL) code TEXSTAN. Designers use boundary layer
codes for the nonfilm-cooled vane heat transfer analyses and
include cooling through empirical relations.

In addition to the inlet total temperature and the wall tempera-
ture, TEXSTAN requires two other parameters in order to calcu-
late the heat transfer for a certain profile: the free stream velocity
and the corresponding coordinate [30]. So, the inlet total pressure
is used to estimate the free stream velocity from the static pressure
at the corresponding coordinate using the isentropic relation

vx ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

k � 1

Pt1

Psx

� �k�1
k

� 1

" #vuut
(1)

where a is the speed of sound ¼
ffiffiffiffiffiffiffiffiffiffi
kRTx

p
.

Figure 21 shows a comparison of the surface heat transfer coef-
ficient predicted using the 3D CFD model employing SST-CC and
SST_c� Reh with the equivalent runs using TEXSTAN, the
boundary layer code. On the pressure side, both the CFD model
and the BL code baselines yield similar heat transfer results; the
heat transfer coefficient reaches its minimum value near the pres-
sure side of the leading edge and then increases toward the trailing
edge. The HTC values predicted by the SST_c� Reh are signifi-
cantly lower than the values predicted by the boundary layer code
with transition prediction capability. The downward shift in heat
transfer coefficient in pressure side can be attributed to the transi-
tion model that affects the suction side boundary layer, and

Fig. 18 Vane surface temperature distribution over the suction
side and pressure side

Fig. 19 Predicted vane external HTC compared to the experi-
mental results

Fig. 20 Annular sector cascade vane loading at 50% span
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consequently, pressures on that region. When the suction side is
altered, then the cross passage vortex, which moves from pressure
side to suction side, is also altered, and a reduction in suction side
pressure induces more flow from pressure side to suction side.
Therefore, changes in the suction side boundary layer will induce
changes in the pressure side results.

At the stagnation point, however, a notable difference can be
seen in Fig. 21; the BL code predicts a spike in heat transfer at the
stagnation point that is not present in the CFD results. This is
because the SST turbulence model does not produce excessive tur-
bulence at the stagnation point. On the suction side of the leading
edge, there are differences between the SST-CC results and the
BL code, particularly between X=Cx¼ 0 and 0.2, these differences
have been eliminated qualitatively when introducing the transition
to the SST model. Quantitatively, the transition onset seems to
shift downstream of the leading edge in the SST_c� Reh than
that with TEXSTAN. The unavailability of the experimental data
for the heat transfer in the annular cascade NGV restricts evaluat-
ing the prediction capability of the models so it is not possible to
ascertain whether the BL code or the CFD is more representative
of the actual heat transfer on the suction side surface.

Film-Cooled NASA C3X Results. In this section, that results
of the film-cooled NASA C3X conjugate heat transfer CFD model
will be presented and compared to the available experimental data
for Hylton et al. [11]. The aim of this study it to prove the applic-
ability of the previously depicted modeling parameters, physics and
turbulence model to the film-cooled vane in order to confidently
utilize them in the film-cooled ASC heat transfer predictions.

The midspan vane surface temperature resulting from the CFD
model using SST-CC and SST with c� Reh is presented in
Fig. 22 along with the experimental data for given in Hylton et al.
[11] report. As discussed earlier in the “Methodology” section,
the film-cooled C3X vane is split into two parts with a thermal
barrier to isolate internally cooled aft vane from the film cooling
passaged at vane head.

Both the SST-CC and SST with c� Reh predicted that the tem-
perature profile effectively at the pressure side of the vane with a
slightly better performance of the transition model can be noticed
at more than 50% of the plotted area of the pressure side, from
X=Cx ¼ �0:75 to �0:3. This difference between the two models
is clearly spotted at the suction side at X=Cx ¼ 0:6 where the lam-
inar to turbulent transition takes place; the SST_c� Reh superi-
orly detects almost every detail of the temperature profile.

Figure 23 shows the temperature contours on a radial cut plane
at the midspan for all domains, the mainstream flow, solid vane,
and the coolants. On the pressure side, the film coolant is fully
attached to the vane surface until the vane trailing edge. However,
on the suction side surface, the film diffuses and mixes with the
hot gas upon entry into the free stream and shows very little cov-
erage as compared to the pressure side. The aft vane can be seen
effectively insulated from the forward vane by thermal barrier
which prevents the studied part of the vane from being interrupted
by the conduction effects of the film cooling plenums at the vane
head. The effect of the film cooling on the vane surface is illus-
trated by the vane surface temperature contours presented in
Fig. 24.

Compared to the nonfilm-cooled C3X vane results presented
earlier, the film cooling appears very effective in cooling down
the vane tail. The wavy pattern that was noticeable in the nonfilm-
cooled vane diminishes here in the film-cooled vane indicating a
moderately balanced distribution of the cooling effects in the
spanwise direction.

The streamlines of the air ejecting from the film cooling holes
are shown in Fig. 25. Temperature is the variable used to plot the
streamlines in order to show the film cooling air temperature

Fig. 21 The HTC predictions for the annular cascade

Fig. 22 Midspan vane surface temperature of the film-cooled
C3X vane
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evolution within the mainstream flow. All air films seem confined
within the boundary layer along the vane surface except at the
pressure side of the leading edge where the film cooling air
encountered diffusion at the start before it reattaches. The air ema-
nating from the leading edge holes swiftly acquires heat from the
mainstream hot gases, while the pressure side film cooling air
appears attached to the vane surface and its temperature increases
gradually.

The nondimensional heat transfer coefficient results from the
SST-CC and SST_c� Reh turbulence models are presented in
Fig. 26 and compared to the experimental results from Hylton
et al. [11], the reference heat transfer value H0 used in the experi-
ment was 1135 W m�2 K�1. Both models produce very similar
HTC profiles along the vane surface; an increase is detected in the
heat transfer coefficient predicted by the SST-CC at the suction
side corresponding to the temperature rise at the same region
shown earlier in Fig. 22. The heat transfer coefficient profile
resulted from the SST_c� Reh model is in full agreement with
the experimental data in the suction side, whereas at the pressure
side the trough between X=Cx¼�0.7 and �0.3 diverges from
than the experimental points.

The effect of the film cooling on the heat absorbed by the vane
is illustrated by the wall heat flux map presented in Fig. 27. The
interaction between the internal cooling and the film cooling is
nicely represented by the knot shape near the vane trailing edge.

Fig. 24 Film-cooled C3X vane temperature contours

Fig. 25 Temperature streamlines of the film cooling air

Fig. 26 Dimensionless HTC over the vane surface at the
midspan

Fig. 23 Temperature contours at the midspan of the film-
cooled C3X vane

Fig. 27 Film-cooled C3X vane wall heat flux contours
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This heat load map at the pressure side characterizes the constant
area cylindrical film holes which cause very little lateral diffusion
[14].

Film-Cooled Annular Sector Cascade Results. The film-
cooled annular sector cascade was investigated utilizing the same
modeling parameters, turbulence models, and physics used in the
NASA C3X film-cooled vane. As noted earlier, no heat transfer
measurements are available for the annular cascade, so only the
CFD results will be presented and analyzed.

Figure 28 shows the annular sector cascade vane with the film
cooling air streamlines, the film cooling air appears to be well
with the boundary layer along the vane surface. Little diffusion
can be noticed in the film air at the pressure side of the leading
edge near the vane casing which may be caused by the twist in the
vane. The presented stream lines are an evident that the assump-
tion on which the film cooling holes are modeled is correct
because the film air behaves in a similar way to that the explicitly
modeled film does in film-cooled C3X.

The wall heat transfer coefficient predicted by the SST-CC and
the SST with Gamm–Theta transition models at the film-cooled
ASC vane midspan is given in Fig. 29. Unlike the nonfilm-cooled
vane, the difference between the two models’ predictions is minor
and can be only noticed at the vane leading edge from X=Cx¼
�0.1 to 0.15 approximately; these results conform with the film-
cooled C3X vane results which also encountered minor differen-
ces between the two models as shown in Fig. 26.

The heat transfer coefficient reaches its minimum value, about
200 Wm�2K�1, at the pressure side near the vane leading edge at
X=Cx¼ �0.35, while the maximum value, about 1000 Wm�2K�1,
occurs twice: one at the vane trailing edge and the other at almost
the middle of the suction side. At the vane leading edge, the SST-
CC produces more kinetic energy than the SST_c� Reh causing
the heat transfer coefficient to be considerably greater.

The vane surface HTC is illustrated by surface contours in
Fig. 30. The overall minimum value of the HTC exists at the pres-
sure side toward the vane cascade hub. The maximum heat trans-
fer takes place at the pressure side of the trailing edge and also at
the middle of the suction side. The blue spots at the leading edge
represent zero value of the heat transfer coefficient and may be a
result of the film holes approximation; the intersection between
the film holes and the vane surface needs to be restructured to
resolve these areas.

Fig. 28 Film cooling air streamlines for the ASC film-cooled
vane

Fig. 29 Annular sector cascade vane midspan heat transfer
coefficient predicted by the CFD model

Fig. 30 Heat transfer coefficient contours over the surface of
the film-cooled ASC vane
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Conclusions and Recommendations

A study of the heat transfer over the vane of transonic annular
cascade has been conducted. Two cases were studied, a nonfilm-
cooled nozzle guide vane and a film-cooled one; both in an ASC.
Since the annular sector cascade has no experimental heat transfer
data, two auxiliary conjugate heat transfer studies have been car-
ried out on the NASA C3X linear cascade: the first was conducted
on a nonfilm-cooled C3X vane serving as a validation for the
nonfilm-cooled ASC and the second was conducted on a film-
cooled C3X to provide the validation for the model intended to be
used for the heat transfer prediction in the film-cooled ASC.

For the nonfilm-cooled C3X, three variations of the SST turbu-
lence model were evaluated: the shear stress transport turbulence
model (SST), the SST model with curvature correction (SST-CC),
and the SST with c� Reh transition model. The curvature correc-
tion and transition model did not have any effect on the vane pres-
sure loading but the CC was found to slightly improve predictions
of the vane surface temperature and the heat transfer coefficient;
the improvement in predictions resulting from the c� Reh was
significant. Although the laminar to turbulent transition proved to
be a challenge for both SST and the SST-CC, the SST_c� Reh
effectively captured the transition onset.

The same approach used in the modeling of the nonfilm-cooled
C3X vane was applied to predict the heat transfer characteristics
of the nonfilm-cooled annular cascade. The CFD model results for
the annular cascade were compared to the results of the TEX-
STAN boundary layer code which is used by the gas turbine
designer to estimate the thermal load of the nonfilm-cooled vane.
The CFD results with the transition model qualitatively con-
formed with the boundary layer code.

The same procedure was applied to the film-cooled vanes; a
CFD model was assessed by comparing with the experimental
data of the film-cooled C3X vane then used in the predictions of
the film-cooled annular cascade. Only two variations for the SST
model were used, the SST-CC and the SST_c� Reh. Unlike the
nonfilm-cooled cases, the difference between the two models
results in the film-cooled cases was minor; this may be attributed
to the film cooling air which affects the laminar to turbulent tran-
sition in the boundary layer causing the fully turbulent model to
work properly.

The next steps are the following: first, to compare the results
from the CFD with the film cooling correlations used extensively
in the turbine design; the conjugate heat transfer may provide a
tool for the development of these correlations instead of the
expensive experiments; second, to equip the ASC with heat trans-
fer measuring capabilities and compare the CFD results to the
experimental data for the same annular cascade [29].

Nomenclature

ASC ¼ annular sector cascade
BL ¼ boundary layer

C ¼ chord length (mm)
Cp ¼ specific heat at constant pressure (J K�1 kg�1)
Cr ¼ Nusselt number correction factor

CC ¼ curvature correction
CFD ¼ computational fluid dynamics

D ¼ diameter
HTC ¼ heat transfer coefficient (W m�2 K�1)

k ¼ specific heat ratio
k ¼ kinetic energy (J kg�1)

KTH ¼ Kungliga Tekniska H€ogskolan (in Swedish)
LE ¼ leading edge

_m ¼ mass flow rate (g s�1)
M ¼ Mach number

N/A ¼ not applicable
NGV ¼ nozzle guide vane

p ¼ pressure (kPa)
PS ¼ pressure side

Re ¼ Reynolds number
Reh ¼ momentum thickness Reynolds number
SS ¼ suction side

SST ¼ shear stress transport
T ¼ temperature (K)

TE ¼ trailing edge
Tu ¼ turbulence intensity
U ¼ rotated y-axis
V ¼ rotated x-axis

VKI ¼ von Karman Institute
Y ¼ mass-flux ratio

yþ ¼ dimensionless wall distance quy
l

� �
c ¼ intermittency
e ¼ dissipation rate
h ¼ normalized wall temperature
j ¼ thermal conductivity (W m�1 K�1)
l ¼ dynamic viscosity (N s m�2)
q ¼ density (kg m�3)
x ¼ specific dissipation rate

Subscripts

a ¼ adiabatic
c ¼ coolant

exit ¼ value at the vane exit
g ¼ gas

hub ¼ hub
m ¼ mainstream

mid ¼ midspan
r ¼ recovery
s ¼ static

w ¼ wall
1 ¼ inlet value
2 ¼ exit value
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