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A B S T R A C T

This work presents a case study of the relationship between temperature and cooling effective-
ness of a film-cooled vane under effect of coolant inlet temperature in two aspects based on the
actual and base coolant inlet temperatures. Results are conducted in terms of temperature,
cooling effectiveness, and heat transfer coefficient based on surface and volume analyses using
CFD/CHT approach. Sensitivity of the vane temperature and cooling effectiveness under this
effect is discussed also. The results show that for the surface basis, although the cooling effec-
tiveness obtained from the actual coolant inlet temperature is quite straightforward and follows
the definition of the cooling effectiveness directly, the cooling effectiveness obtained from the
base coolant inlet temperature is more understandable because it corresponds to the variation of
the surface temperature. Based on the volume basis and the base coolant inlet temperature, the
8% increase in the coolant inlet temperature causes the reduction of the average and maximum
cooling effectiveness, which corresponds to 18 K and 25 K increments in the average and
minimum temperatures, respectively. However, when the actual coolant inlet temperature is
used, the variation of the cooling effectiveness is rather insensitive due to the reduction of heat
flux on the hot-side wall.

1. Introduction

It is well-known that thermal efficiency and power output produced by a gas-turbine engine depend upon the turbine inlet
temperature. Ideally, the gas-turbine engine needs to operate under high turbine inlet temperatures to reach high thermal efficiency
and power output. Unfortunately, in reality, the allowable turbine inlet temperature is limited by the survivability of hot component
materials, especially airfoils of the 1st stage nozzle guide vane of high-pressure gas turbines. Following the operation at high tem-
peratures, the turbine airfoils suffer from thermal damage caused by heat transfer from high thermal loads, thereby reducing a
lifespan of the airfoils. Therefore, the turbine airfoils need effective cooling systems to prolong hour service. Presently, turbine airfoils
of a state-of-the-art gas turbine contain internal passages for coolant taken from the compressor. The cool air is used for internal
cooling and external cooling, called film cooling, to reduce the metal temperature. The film cooling is used to protect the external
surface which is under a complex flow field. These cause a variation of local heat transfer coefficient and local temperature on the
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hot-side wall and also lead to a variation of the airfoil surface temperature, including temperature gradient due to heat conduction
within the airfoil material. As described, heat convection from film cooling, internal cooling and heat conduction within the airfoil
material are intrinsically linked, thereby making the overall thermal problem complicated and difficult. Therefore, it is important to
understand the cooling performance of the turbine airfoils operating under the combined mode of heat transfer and fluid flow.
Cooling effectiveness is an important parameter used to describe the cooling performance due to the fact that this parameter reflects
on conductive heat within the vane material, including the thermodynamic temperature of the hot mainstream and coolant from the
hot and cold sources. So far, thermal prediction on the cooling performance of turbine airfoils has been conducted by many re-
searchers [1–7] using computational fluid dynamics (CFD) with conjugate heat transfer (CHT) analysis. Their results indicated that
CFD/CHT analysis can provide acceptable results in the airfoil temperature and heat transfer coefficient obtained from problems of
the three modes of heat transfer with fluid flow. Besides, several researchers also investigated the thermal sensitivity and the cooling
effectiveness under effects of aerothermal uncertainties in boundary conditions, especially from the coolant passage. For examples,
Reyhani et al. [5] studied sensitivity to coolant inlet pressure and temperature, including load variation to turbine blade temperature
calculation and life estimation. Alizadeh et al. [6] studied uncertainties on parameters that affect heat transfer parameters of turbine
blades such as turbine inlet temperature and pressure, and rotor coolant inlet pressure and temperature. Their results indicated that
the uncertainty of these parameters has significant impacts on the blade temperature. Kim et al. [8] evaluated sensitivity to operating
parameters on the predicted blade temperatures and stresses. Their results showed the spatially resolved sensitivity of the operating
parameters on blade temperature and stress distributions. Williams et al. [9] conducted sensitivity of overall effectiveness to film
cooling and internal cooling on the suction surface of a turbine vane. Their investigation showed that overall cooling effectiveness
increases at higher momentum flux ratios obtained from adjusting the coolant flow rate. Espinosa et al. [10] evaluated the effect of
cooling airflow rate reduction on the blade surface temperature distribution. Their results showed that the temperature distribution is
related to the cooling effectiveness, on the coolant flow rate in the cooling passages. Roos [11] carried out sensitivity analyses of the
trailing edge ejection slot width on cooling performance in a nozzle guide vane. His study indicated that the reduction in the slot size
causes a corresponding decrease in the coolant mass flow rate, thereby increasing in the blade temperature. Nathan et al. [12]
investigated the cooling effectiveness of a showerhead film-cooled vane under the effects of the momentum flux ratio. Their results
showed that the cooling effectiveness increases as the momentum flux ratio increases.

Although there have been several studies of cooling performance of the turbine airfoils so far, the investigation of effects of the
parameter uncertainties is still challenging, because overall thermal problems obtained from a turbine airfoil are complicated, as
mentioned previously, especially if a vane is cooled by intricate cooling systems. This work aims to propose a case study of char-
acteristics of the cooling effectiveness, which is commonly used for the cooling performance discussion of the turbine airfoils, under
the effect of coolant inlet temperature constrained by the compressor supply in two aspects i.e. actual and base coolant inlet tem-
peratures. A numerously film-cooled vane of the 1st stage nozzle guide vanes is used to carry out the vane temperature, cooling
effectiveness, and heat transfer coefficient based on the analysis of the surface and volume bases by means of CFD/CHT approach.
The sensitivity of the vane temperature and cooling effectiveness under the effect of coolant inlet temperature is discussed also.

2. Vane model and numerical technique

In this work, the 1st stage high-pressure turbine vane reported by Halila et al. [13] is adopted. This vane consists of two coolant
passages where are connected to 217 film holes from 13 rows for film cooling protection on the vane surface. In addition, a baffle
with 131 and 216 impingement holes is inserted within the forward and real passages, respectively, for heat transfer enhancement.

Fig. 1. (a) Configuration of film holes at midspan, (b) computational mesh, (c) location of six-point monitor and (d) boundary conditions.
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All film hole rows are placed orderly, namely, R1 – R4 on the suction surface (SS), R5 – R6 on the leading edge (LE), R7 – R12 on the
pressure surface (PS) and R13 on the PS close to the trailing edge (TE), as seen in Fig. 1(a). More details about the film holes can be
seen in Halila et al. [13].

ANSYS ICEM is used to generate the mesh for the whole computational domain. The mesh is divided into fluid and solid domains.
In the fluid domain, meshes are mainly H-type meshes and meshes close to the sold domain are stretched with 8–12 layers which
suffice to resolve flow in the boundary layer. The computational mesh used in this work is the same as studied by Zhang et al. [14].
The mesh independence was approved by comparing the surface temperature at the midspan using three numbers of mesh elements
i.e. 7, 11 and 16 million. It was found that the temperature distributions obtained by 11 and 16 million elements agreed well to each
other with a maximum error of 2%, which is acceptable for engineering work. Therefore, the mesh with 11 million elements is used
for all calculations. This mesh has the averaged Y+ of about 5, which is acceptable for accurate simulation of flow in the boundary
layer. Some parts of the mesh are depicted in Fig. 1(b).

ANSYS FLUENT is used as the solver and the SST k-ω turbulence model is employed because this turbulence model has shown
accurate and acceptable results as previously presented by Refs. [1,2,5,7,15]. The heat transfer problem in the present work is solved
by CFD/CHT approach, mesh interface technique is applied to all interfaces between the solid and fluid domains in order to obtain
equivalent temperature at solid-fluid interfaces, thereby reaching accurate prediction of heat flux. For the convergence criteria of
solutions, the continuity and energy residuals must be lower than 10-3 and 10-7, respectively. Mass flow balance of all inlets and
outlets is also checked to ensure the convergence of the solutions. In addition, six-point surface temperatures on the PS, LE, SS, and TE
are monitored, as illustrated in Fig. 1(c). Following the convergence criteria, the six-point temperatures must keep unchanged with
the subsequent iterations to confirm the convergence of the solutions.

For boundary conditions, the boundary conditions are set as reported by Timko [16] and main parts of the boundary conditions
are shown in Fig. 1(d). The mainstream inlet is the hot air with a uniform total temperature and pressure of 709 K and 3.4474 ×

105 Pa, respectively. The pressure ratio, which is the ratio between the total inlet pressure to the static outlet pressure of the
mainstream, is set as 1.67. Air is also worked as a working fluid of the coolant, which is supplied by the two passages. The total
temperature and pressure of the coolant at the inlet are uniformly set as 339 K and 3.5095 × 105 Pa, respectively. For other quantities,
the mainstream turbulence intensity (Tu) is 10% and turbulence length scales (Lu) at the inlets and the outlet are the same values as
previously studied by Zhang et al. [14]. Additionally, because the mainstream passage of the studied vane is designed as an annular
cascade with a rotational angle of 7.826° in accordance with the design of 46 nozzle guide vanes, so the periodic boundary condition
with the rotational angle of 7.826° is applied to relieve the limitation of time-consuming difficulty and computational cost. Following
this condition, numerical results are still meaningful. All boundary conditions are given in Table 1.

For material properties, the vane material is made of steel and air is used for the mainstream and coolant. Thermal conductivity
and specific heat capacity of steel and air are expressed linearly in terms of the temperature. The density of air is governed by the
ideal gas law and its viscosity is computed by Sutherland Law. Table 2 lists all material properties used in the present work.

To obtain a better understanding of the cooling effectiveness and vane temperature, the variation of the coolant inlet temperature
from the default value of 339 K is used as the studied independent variable for the cooling performance sensitivity. The studied range
of the coolant inlet temperature is listed in Table 3.

3. Validation

The studied vane used in the present work has the same geometry and computational mesh as Zhang et al. [14] did before. The
validation of numerical results obtained by SST k-w model was approved by Zhang et al. [14] in terms of Mach number (Ma) along
the vane surface at the midspan. It was found that in general, the SST k-w model provides acceptable Ma when compared to the
experimental data reported by Timko [16]. However, it should be noted that the heat transfer validation has not been approved yet
due to lack of thermal experimental data from Timko [16], including other opened works of literature. Therefore, all results of the
present work are conducted under the favorable assumption that the method which provides reasonable prediction in an aero-
dynamic agreement such as Mach number, pressure, and velocity distributions could give reasonable and acceptable prediction in the
thermal field, as seen in previously published literature [1,2,5,7,15,18,19]. Therefore, the validation of aerodynamic results done by
Zhang et al. [14] is still meaningful for heat transfer prediction and the solver with SST k-w model is used for the subsequent
simulations.

Table 1
Boundary conditions [14,16].

Boundary Condition

Mainstream inlet ∞T = 709 K, ∞PT, = 3.4474 × 105 Pa, Tu= 10%, Lu=0.4 cm
Mainstream outlet PR=1.67, Lu=0.305 cm
Forward coolant inlet Tc,i = 339 K, PT,c,i = 3.5095 × 105 Pa, Tu=5%, Lu= 0.064 cm
Forward coolant outlet Adiabatic wall with non-slip condition
Aft coolant inlet Tc,i = 339 K, PT,c,i = 3.5095×105 Pa, Tu= 5%, Lu= 0.038 cm
Aft coolant outlet Adiabatic wall with non-slip condition
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4. Results and discussion

Numerical results are conducted in terms of heat transfer parameters i.e. the cooling effectiveness, temperature, and heat transfer
coefficient under the variation of the coolant inlet temperature. At first, the results in Sections 4.1 and 4.2 are presented based on the
vane surface basis. Then, the analysis based on the vane volume basis is described in Section 4.3. According to the cooling effec-
tiveness, ϕ, and heat transfer coefficient, h, they are calculated as the following equations, respectively.

Cooling effectiveness (ϕ):

=
−

−

∞

∞

ϕ T T
T T

vane

c,i (1)

Heat transfer coefficient (h):

=

−∞

h
q

T T
flux

wall (2)

where ∞T is the mainstream temperature, Tc,i represents the coolant inlet temperature, and Tvane denotes the vane temperature. It
should be noted that Tvane is replaced with the vane surface temperature, Twall, and the vane volume temperature, Tvol, for the surface
and volume bases, respectively. According to these bases, Twall is the area-averaged vane surface temperature and Tvol which is the
volume-averaged vane temperature is used for study on the sensitivity of volume cooling effectiveness in Section 4.3. According to
the definition of h, ∞T is used as the temperature reference and qflux is heat flux transferring on the hot-side wall. A positive h shows
that heat transfers from the fluid domain to the solid domain. Oppositely, if heat transfers from the solid domain to the fluid domain,
h gives a negative value. As per the definition of ϕ expressed in equation (1), ϕ can be calculated using actual Tc,i or the base Tc,i of
339 K. The current study characterizes ϕ obtained by the actual and base coolant inlet temperatures.

4.1. Surface temperature

Fig. 2(a) presents surface temperature distributions at the vane midspan when ΔTc,i increases from 0 to 8%. Undoubtedly, the
increment in Tc,i increases the surface temperature uniformly. Therefore, the trend of the surface temperature distributions obtained
by increasing Tc,i is the same as the base Tc,i of 339 K, ΔTc,i = 0%, does. Fig. 2(b) shows PS and SS contours of the surface temperature
at different coolant inlet temperatures. Clearly, the contours also indicate that the surface temperature rises with increasing Tc,i. This
phenomenon is explained by the fact that the temperature of the cooling air providing the film protection directly increases with Tc,i,
thereby escalating the surface temperature significantly. Additionally, the results reflect on the significant influence of thermal
conduction within the vane structure as Tc,i from the cold-side source increases, as seen in Fig. 2(c). An interesting point observed
from the results is that the vane temperature in a region of film holes R7-R9 where is near the stagnation on the PS is relatively high
when compared to other regions affected by film cooling. This may happen due to high local static pressure in that region, as seen in
Fig. 3(a) and relatively low cooling air from the film hole R8, as observed in Fig. 3(b). The phenomenon in such region is not
disturbed by increasing Tc,i because Tc,i does not have a direct impact on flow fields of the mainstream and cooling air.

4.2. Surface cooling effectiveness

According to the definition of ϕ from equation (1), when the surface basis is employed, Tvane is replaced with Twall. Basically, ϕ is a
function of T∞, Twall and Tc,i. However, T∞ is constant for the present study. Therefore, the variation of Twall and Tc,i results in ϕ only.
Due to the aim of the present study, ϕ is presented in two aspects based on Tc,i i.e. (1) actual and (2) base values. With the actual Tc,i,
ϕ is computed using Tc,i = 345.78, 352.56, 359.34 and 366.12 K for 2, 4, 6, and 8% rises, respectively. For the base Tc,i, the default

Table 2
Details of material properties [14,17].

Property Steel Air

Density (kg/m3) 8055 Ideal gas
Thermal conductivity (W/m⋅K) 11.2 + 0.0144T 0.01019 + 0.000058T
Specific heat capacity (J/kg⋅K) 438.5 + 0.177T 938 + 0.196T
Viscosity (kg/m⋅s) - Sutherland Law

*T in Kelvin.

Table 3
Independent variable used as sensitivity parameter.

Parameter Range of variation

Increment of coolant inlet temperature (ΔTc,i): Coolant forward passage 0–8%
Increment of coolant inlet temperature (ΔTc,i): Coolant aft passage 0–8%
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Fig. 2. Temperature distributions (a) along vane surface at midspan, (b) on PS and SS, (c) within vane body at midspan at different coolant inlet
temperatures.

Fig. 3. Streamlines of (a) mainstream at midspan and (b) cooling air emitted from film holes R7-R9 at ΔTc,i = 0%.
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value of Tc,i = 339 K is used to calculate ϕ. These two aspects of ϕ are characterized and discussed in this section. For the first aspect,
distributions of ϕ obtained by the actual Tc,i within the investigated range of 8% Tc,i rise are presented in Fig. 4(a). The results show
the slight variations of ϕ though Tc,i rises to the maximum range. This may be explained by the fact that the temperature of cooling air
emitted from film holes increases with the increment of Tc,i. Then, heat transfer driven by temperature differences on the hot-side
wall decreases and Twall increases. Hence, the variation of the −

−

∞

∞

T T
T T

wall
c,i

ratios with Tc,i is slight. However, the variation of these

distributions is different from that obtained by the second aspect. Based on the calculation using the base value, the default Tc,i of
339 K is used for ϕ evaluation in equation (1) instead. Clearly, when Tc,i increases, ϕ reduces uniformly, as seen in Fig. 4(b), and the
variation trend of the distributions of ϕ corresponds to that of the temperature distributions shown in Fig. 2(a). This is reasonable
because Twall increases with Tc,i as explained previously, whereas the difference between T∞ and Tc,i keeps constant. In addition,
Fig. 4(c) shows PS and SS contours of ϕ obtained by Tc,i = 339 K at different coolant inlet temperatures. Obviously, when the base Tc,i

is used, the PS and SS contours show the visible variation of ϕ when Tc,i increases. The increment in Tc,i decreases ϕ drastically,
especially on the SS. These phenomena suggest that although ϕ obtained by using the actual Tc,i is quite straightforward and follows
the definition directly, ϕ obtained by using the base Tc,i is more understandable because it corresponds to the variation of the surface
temperature when Tc,i changes. The results obtained from both aspects are characterized that if the actual Tc,i is used, T∞ - Tc,i

decreases and ϕ changes slightly, whereas T∞ - Tc,i keeps unchanged if the base Tc,i is chosen, thereby reducing ϕ drastically. The

Fig. 4. Cooling effectiveness distributions (a) at midspan at different coolant inlet temperatures based on actual Tc,i, (b) base on Tc,i = 339 K, and (c)
on PS and SS at different coolant inlet temperatures based on Tc,i = 339 K.
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results also show that the variation of heat transfer coefficient distributions obtained by equation (2) is quite slight though Tc,i

increases to the maximum value, as seen in Fig. 5. In addition, considering the surface basis, equations (1) and (2) can get re-
arrangement as below:

=
−

−

∞

∞

ϕ T T
T T

wall

c,i (3)

− = −∞ ∞ϕT T (T T )wall c,i (4)

Inserting equation (4) in equation (2), therefore:

=

−

=

−∞ ∞ϕ
h

q
T T

q
(T T )

flux

wall

flux

c,i (5)

Equation (5) indicates that even though Twall depends on Tc,i, the change of h is slight with Tc,i - no matter that either the actual or
base Tc,i is used for h calculation. This result is completely different from the ϕ calculation. Following these phenomena, equation (5)
suggests that the amount of heat flux on the hot-side wall needs to be decreased for both aspects. PS and SS contours of the surface
heat flux confirm this suggestion, as seen in Fig. 6(a) and (b), respectively. Evidently, the contours indicate the reduction of heat flux
at higher coolant inlet temperatures, especially in regions where are marked with A, B, and C.

4.3. Sensitivity of volume cooling effectiveness and temperature

It is well-known that the cooling air is taken from the compressor discharge, and directed to the turbine vane to provide efficiently
adequate cooling to maintain the metal temperature of the vane below the maximum allowable temperature. When the coolant flows
through supply passages till the exit of film holes, its temperature increases as its pressure reduces. Hence, the effects of the increase
in Tc,i supplied by the compressor on the sensitivity of ϕ of the vane are investigated based on the volume basis – Tvol is used in
equation (1) for the ϕ evaluation. Fig. 7 presents variations of the volume vane temperatures and ϕ based on the actual and base
values of Tc,i as Tc,i increases in the investigated range of 0–8%. Among these variations, it is clear that ϕbase and temperature vary
linearly and sensitively, but ϕactual varies slightly and seems insensitively with the increment of Tc,i. This indicates the downside of
using the actual Tc,i for the sensitivity of ϕ due to the ratio of −

−

∞

∞

T T
T T

vol
c,i

changes slightly like in the previous discussion in Section 4.2.

Hence, the base Tc,i of 339 K is used for the following discussion. Obviously, the results indicate that an 8% rise in Tc,i causes 18 K and
25 K increments in the Tav and Tmin, respectively, thereby reducing ϕav and ϕmax significantly from 0.665 to 0.616 and 0.869 to 0.802,
respectively. These phenomena are reasonable because ϕmax is directly linked to Tmin, which should exist in the cold-side wall.
Therefore, when Tc,i increases, Tmin increases directly and results in the dramatic reduction of ϕmax. Moreover, this dramatic re-
duction also leads to the significant reduction of ϕav because the variation of ϕav depends upon the variation of the vane metal
temperature from the hot-side wall to the cold-side wall. This driving temperature is directly linked to the temperature difference
between hot and cold sources. When Tc,i increases, the driving temperature decreases. As a result, ϕav is reduced in the circumstances.
Another observation is that the reduction of ϕmin (from 0.266 to 0.247) is lower than that of ϕav and ϕmax within the investigated
range, and only increasing 7 K in Tmax from the 8% rise in Tc,i. This may be explained by the fact that ϕmin is related to Tmax which
exists in the hot-side wall, especially in regions where are cooled ineffectively by cooling air. The increment in Tc,i affects Tmax

indirectly because it exists on the hot-side wall. As a result, the change in Tmax is small. As seen previously in Fig. 5, the increase in Tc,i

has a slight effect on the heat transfer coefficient. Consequently, the increase in Tmax is lower than that in Tav and Tmin.

Fig. 5. Heat transfer coefficient distributions at midspan at different coolant inlet temperatures.
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5. Conclusion

This work presents a case study of cooling effectiveness, which is used for cooling performance discussion of turbine airfoils,
under the effects of coolant inlet temperature in two aspects based on the actual and base coolant inlet temperature calculations. The

Fig. 6. Surface heat flux distributions on (a) PS and (b) SS at different coolant inlet temperatures.
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film-cooled vane and the annular cascade flow of the mainstream are simulated to conduct the heat transfer parameters in terms of
temperature, cooling effectiveness, and heat transfer coefficient using CFD/CHT analysis. The sensitivity of the vane temperature and
cooling effectiveness under the effect of coolant inlet temperature is discussed also. Results show that for the surface basis, although
the cooling effectiveness obtained by using the actual coolant inlet temperature is quite straightforward and follows the definition of
the cooling effectiveness directly, the cooling effectiveness obtained by using the base coolant inlet temperature is more under-
standable because it corresponds to the variation of the surface temperature when coolant inlet temperature changes. The results
obtained by the surface basis is expanded to the volume basis for the cooling sensitivity. Based on the base coolant inlet temperature,
the 8% increase in the coolant inlet temperature results in the reduction of the average cooling effectiveness from 0.665 to 0.616 and
the maximum cooling effectiveness from 0.869 to 0.802. These correspond to 18 K and 25 K increments in the vane average and
minimum temperatures, respectively. In addition, the reduction of the minimum cooling effectiveness is lower than that of the
average and maximum cooling effectiveness. This shows only 7 K increase in the maximum temperature at 8% rise in the coolant inlet
temperature. However, when the actual coolant inlet temperature is used, the results show insensitive cooling effectiveness due to the
reduction of heat flux on the hot-side wall as the coolant inlet temperature increase. It is expected that the results and phenomena
obtained here are different from those obtained by changing other variables such as the mainstream inlet temperature, pressure ratio,
and blowing ratio.
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