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Abstract: This paper studied the combined influences of the hot streak and swirl on the cooling 
performances of the NASA C3X guide vane coated with or without TBCs. The results show that: (1) 
Even under uniform velocity inlet conditions, the hot streak core can be stretched as it impinges the 
leading edge which causes higher heat load on the suction side of the forward portion. (2) The swirl 
significantly affects circumferential and radial migration of the hot streak core in the NGV passage. 
On the passage inlet plane, positive swirl leads to a hotter tip region on the suction side. In 
comparison, negative swirl leads to a hotter hub region on the pressure side. (3) Under the 
influence of swirl, migration of coolant improve the coverage of film cooling close to the midspan, 
while in the regions close to the hub and tip end-wall, the overall cooling performance decrease 
simultaneously. (4) In the regions with enough internal cooling, the cooling effectiveness increment 
is always larger than that in other regions. Besides, the overall cooling effectiveness increment 
decreases on the region covered by film cooling for the coated vane, especially in the region with 
negative local heat flux. 
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1. Introduction 

Gas turbine, as one of the most advanced thermal prime mover, has achieved rapid 
development in aviation, power generation, shipping, petrochemical and other industries [1]. 
Because of the continuing demand for improvement of thermal efficiency and power, typical 
turbine inlet temperature has exceeded the highest allowable material temperature of airfoil [2]. 
Under such harsh running conditions, the turbine vane has to be protected to guarantee safe 
running conditions [1-2]. Typical advanced cooling techniques include internal cooling, film cooling 
as well as thermal barrier coatings (TBCs) [3]. In the internal cooling technique, coolant from the 
last stage of the compressor enters the airfoil from the root, through internal cooling channels and 
exhaust from the tip to cool down the airfoil [1]. In the film cooling technique, coolant from separate 
rows of film cooling holes forms a protective layer of film cooling to defense the vane against the 
onslaught of mainstream [2]. Because of the limited gains of further improvement of the film 
cooling performance, typically advanced gas turbine airfoil usually incorporates TBCs and film 
cooling techniques [3-4]. 

Some researchers have studied the overall cooling performances of a coated vane or blade with 
uniform temperature inlet conditions [5-7]. Liu et al. [5] found the influence of inlet temperature of 
mainstream on temperature variation of coatings surface was larger than that of the heat transfer 
coefficient of cooling channels. Prasert P et al. [6] claimed that increment of turbulence intensity had 
a smaller influence on decreasing the average temperature. Shi et al. [7] found that TBCs showed 
both the positive and negative roles in improving cooling performance for the coated vane with or 
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without film cooling. However, in real turbine stage inlet boundary, the distributions of velocity, 
turbulence and temperature show large non-uniform both in radial and circumferential directions 
[8]. The non-uniform distributions of velocity and turbulence can be caused by intensive residual 
swirl flow at the exit of lean-burn combustor which is widely applied to ensure combustion stability 
and lower NOx emissions [9]. The non-uniform distributions of temperature named as hot streak 
(HS) is caused by the discrete nature of fuel nozzles and coolant flow of combustor lining [8]. It is 
noted that a 25 K under prediction of the blade metal temperature can cause a halving of blade life 
span [9]. However, for typical military engines, the temperature ratio can reach up to 1.24 of the 
mass averaged temperature [10]. Thus, it is important to examine the influence of the non-uniform 
inlet boundary condition to maximize turbine performance and reliability. 

Some researchers have researched the individual influence of swirl and hot streak on the heat 
transfer characteristic and film cooling performance of the uncoated vane or blade. Povey et al. 
[11-12] and Stewart et al. [13] have made good efforts to measure the radial temperature profile at 
the exit of the lean-burn combustor. The measured temperatures ratio was range from 0.59 to 1.24, 
for different mean temperatures. However, measurements of whole field temperature 
measurements are still limited in the open literature. Simone et al. [14] found hot streak aligned 
with the leading edge lead to higher thermal load on the suction side of the vane because of the 
mixing effect of the vane wake. The intensive residual swirl flow at the exit of the lean-burn 
combustor influences the passage secondary flow, and thus the aerodynamic and heat transfer 
performance. Feng et al. [15] claimed that the hot streak aligned with the passage lead to less heat 
load on the vane surface than that aligned with the leading edge. Intensive residual swirl flow at 
the exit of the lean-burn combustor changed the incidence of vanes and thus twisted the stagnation 
line. Qureshi et al. [16] found that swirl flow changed the vortex pattern and thus the pressure 
loads distribution of the first stage vane passage. Jacobi et al. [17-18] found the swirl flow-induced 
vortices at the leading edge of the vane. Qureshi et al. [19-20] found the swirl flow changed the 
strength of the passage vortex and increase the Nusselt number on both hub and tip of the airfoil. 
Werschnik et al. [21] claimed that higher turbulence intensity induced by swirl flow increased the 
heat transfer and thus decreased the film cooling effectiveness near the hub region. Schmid et al. [22] 
found that the negative swirl flow declined the aerodynamic penalty in the turbine. 

Even though there is much literatures study the individual influence of swirl and hot streak, 
few studies consider the combined effects on the temperature distribution and heat loads over the 
vane surface. Also, there are no results in the open literatures about the combined influences of 
swirl and hot streak on the cooling performances of a coated vane or blade. Based on these 
viewpoints, conjugate heat transfer (CHT) analyses have been applied to the NASA C3X guide vane 
with or without TBCs. Firstly, baseline cases with or without TBCs under the uniform turbine inlet 
boundary conditions have been examined. Then, six other cases under the individual effects of 
swirl and hot streak or their combined effect have been studied. The objective of this study is to 
reveal the TBCs insulation characteristics and cooling performances under the combined effects of 
hot streak and swirl to provide guide line for cooling arrangements design process of the coated 
vane. 

2. Numerical methods 

2.1. Geometry structure and mesh generation 

The film-cooled NASA guide C3X vane used in this study is a 2D stainless steel nozzle guide 
vane (NGV) reported by Hylton et al. [23-24]. The span and axial chord are 77.22 mm and 78.16 mm 
[23-24]. Three irregular-shaped coolant channels span the forward portion of the vane which feed 
rows of film cooling holes with the same diameter of 0.1 cm, see in Figure 1(a). In addition, 48 
cylindrical film cooling holes are mounted on the leading edge with the spanwise angle of 45°. 
Furthermore, 52 cylindrical film cooling holes which orthogonal to the span are mounted on both 
sides of the vane, see in Figure 1(a). Besides, ten radial cooling channels locate along the axial of the 
aft portion of the vane. The forward portion and aft portion of the vane is split by a thermal barrier 
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[23]. A hybrid grid approach is adapted with commercial software ANSYS ICEM CFD 18.2. The aft 
portion of the vane is meshed with unstructured hexahedral mesh, while the forward portion is 
meshed with tetrahedral grids. An O-grid scheme with 20 layers of hexahedral elements is applied 
to the boundary layer along the entire surface of the vane, see in Figure 1(b). Three mesh models 
with 10.1 million, 15.4 million and 20.9 million grid elements are used to assure grid independence. 
A grid independence study is initially undertaken for the uniform inlet case which is based on the 
experiment Case 44344 reported by Hylton et al. [23-24]. In this case, the total temperature, pressure 
and turbulence intensity are 701 K, 285.13 kPa and 6.5 %, respectively [23]. The mass flow rates of 
coolant are 0.638×10-2 kg/s, 0.752×10-2 kg/s and 0.134×10-1 kg/s for the inlet of leading edge (LE), 
pressure side (PS) and suction side (SS) coolant channels, respectively [24]. Inlet total temperature 
of LE, PS and SS coolant channels are 602.86 K, 581.83 K and 595.85 K, with the same turbulence 
intensity of 5 % [23-24]. The inlet and outlet conditions of ten radial cooling channels are consistent 
with the conditions provided in Ke Z et al. [25]. Figure 2 presents the normalized total pressure and 
static temperature along the midspan among three meshes and experiment results of the Case 44344 
[23-24]. The references total pressure and static temperatures are 285.13 kPa and 701 K, respectively. 
For the normalized total pressure, the predicted data are very close to the experimental results, 
except for the region between 25 % Cax and 50 % Cax. For the normalized total temperature, 
calculated values are also in close agreement with the experimental results. Overall, the maximum 
deviations between experimental data and calculated values of different meshes are smaller than 
5 %. The medium-mesh with 15.4 million grid elements is selected for hot streak and swirl 
simulation, see in Figure 1(b).  

 
(a) Vane 

 
(b) Mesh 

Figure 1. Vane structure and mesh. 

 
(a) Pressure profile 

 
(b) Temperature profile 

Figure 2. Grid independence test. 
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Table 1. Boundary conditions. 

Gas Boundary Value 

 Total temperature (K) 701 
Mainstream Total pressure (kPa) 285.13 

 Outlet pressure (kPa) 170.42 
 Turbulence intensity (%) 6.5 
 Mass flow of LE coolant (kg/s) 0.638×10-2 
 Temperature of LE coolant (K) 602.86 
 Mass flow of PS coolant (kg/s) 0.752×10-2 

Coolant Temperature of PS coolant (K) 581.83 
 Mass flow of SS coolant (kg/s) 0.134×10-1 
 Temperature of SS coolant (K) 595.85 
 Turbulence intensity (%) 5 

2.2. Thermal parameter definition 

For a typical time-mean temperature field in turbine inlet, the region with peak temperature 
locates near the midspan, while near the tip and hub of the vane, there are cool regions with lower 
temperatures. Temperature distortion factors (TDFs) are used to quantify temperature 
non-uniformity of hot streak [9]. There are several definitions of TDFs in current studies [9-11]. The 
overall TDF (OTDF) is a measure of the divergence of the hottest gas streak from the mean 
temperature [9]. The radial TDF（RTDF）is a measure of the non-uniformity of the circumferentially 
averaged temperature field [10]. Local OTDF (LOTDF) and local RTDF (LRTDF) are used to 
describe the form of the temperature profile. The definitions are shown as follows: 
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Where areaT  is the area mean temperature, circT  is the circumferential mean temperature 
which is a function of radial height, combT  is the temperature rise across the combustor, T is the 
local temperature. The subscript “max” identifies the maximum [11]. Besides, the subscripts “3” 
and “4” identifies that the temperature has been taken at the combustor inlet and exit planes, 
respectively [12]. Swirl number (SN) is a measure of the swirl intensity [11-12]. In addition, swirl 
angle α and pitch angle β are also used in some studies. The definitions are shown as follows: 
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Where ρ is the density of mainstream, uax, urad and utan is the inlet axial, radial and tangential 
velocity component of the mainstream, see in Figure 3 [8, 9]. 

 
(a) Swirl angle α 

 
(b) Pitch angle β 

Figure 3. Definitions of swirl angle and pitch angle. 

The overall cooling effectiveness is used to quantify cooling performances of airfoil. Increment 
of overall cooling effectiveness (Δφ) is used to quantify the cooling performance increment because 
of the coatings for the coated vane [11]. The definitions are as follows: 

 (9)

 (10)

 -TBC  (11)

where T is the local vane surface temperature of the uncoated vane, Tc is the inlet temperature 
of coolant, TTBC is the local subtract surface temperature of the coated vane, T∞ is the inlet 
temperature of the mainstream, T′ is the coatings surface temperature, see in Figure 4 [11]. 

Table 2. Material properties. 

Material Temperature  
(K) 

Density 
(kg/m3) 

Specific heat 
(J/kg·K) 

Thermal conductivity 
(W/m·K) 

Gas  
 

298-1273 

Ideal gas Cp=938+0.196T kf=0.0102+5.8×10-5T 
TC 5650 483 1.05 

TGO 3978 857 25.2 
BC 7320 501-764 4.3-16.1 

Subtract 8030 502  k(T)=0.0115T+9.9105 
 

 
(a) Uncoated vane 

 
(b) Coated vane 

Figure 4. Thermal parameters definition for uncoated vane and coated vane. 
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(a) Temperature profile 

 

 
(b) Swirl angle profile 

Figure 5. Circumferential averaged temperature and swirl angle profiles. 

Table 3. Definition of the simulation cases. 

2.3. Boundary conditions 

In this work, eight cases with different temperature distribution and swirl orientations are 
molded, as shown in Table 3. Case 1 and Case 4 with uniform temperature inlet conditions are 
molded as the baseline cases for the uncoated vane and coated vane, respectively. The boundary 
conditions of mainstream and coolant ejection are based on the experiment data of the Case 44344 
reported by Hylton et al. [23-24], as shown in Table 1. For the coated vane, three coating layers are 
added upon the external surface of the substrate. The thickness definition of the bond coating (BC), 
thermally grown oxide (TGO) and top coating (TC) are 150 μm, 10 μm and 300 μm which are based 
on the coated vane reported by Liu et al. [5]. The material properties of different layers are shown in 
Table 2. To study the individual influence of hot streak, temperature profiles with the mass 
averaged total temperature of 701 K are specified at the stage inlet of the Case 2 and Case 5 for the 
uncoated vane and coated vane, respectively. The temperature ratio profile which fitted by a 
polynomial function of order four is based on the experiment results reported by Koupper et al. [26]. 
In Figure 5(a), it can be observed that the ratio of the maximum of circumferential averaged 
temperature to the mass averaged total temperature is about 1.03, while the minimum is about 0.88, 
for the whole stage inlet plane. Hot streak temperature profiles with positive or negative inlet swirl 
are specified at the stage inlet planes of the Case 3 and Case 4 for the uncoated vane, and at the 
stage inlet planes of the Case 7 and Case 8 for the coated vane. Figure 6 and Figure 7 show the 
distribution of hot streak, swirl angle as well as velocity vectors at the stage inlet plane. The swirl 
angle profile is also based on the experiment results reported by Koupper et al. [26]. In the radial 
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direction, the maximum swirl angle is about 18.5° which locates at the 80 % span, while the 
minimum locates at the 20 % span, see in Figure 5(b). Both the hot streak temperature and swirl 
angle profile are defined with the user-defined function (UDF) method with commercial software 
ANSYS [27]. 

 
(a) Case 3: HS and positive swirl 

 
(b) Case 4: HS and negative swirl 

 

Figure 6. Hot streak and velocity vectors distribution at the stage inlet plane. 

 
(a) Case 3: HS and positive swirl 

 
(b) Case 4: HS and negative swirl 

 

Figure 7. Swirl angle and velocity vectors distribution at the stage inlet plane. 

3. Discussion 

3.1. Influence of swirl on the aerodynamics characteristics 

Figure 8 shows the temperature contours and hot streak core which are visualized through the 
iso-surface of total temperature at 701 K, for different cases. For the uniform inlet case, a local 
maximum of static temperature can be observed in the region close to the stagnation line, see in 
Figure 8(a). Further along the suction side, strong acceleration of the mainstream rapidly decreases 
the static temperature. In comparison, the temperature keeps at a high value until the region close 
to the trailing edge on the pressure side where close to the stagnation line of the neighboring vane. 
For the hot streak only case, most part of the vane surface on the pressure side is flooded with the 
hot streak core, see in Figure 8(b). In comparison, only part of the forward portion of the vane is 
covered with the hot streak core on the suction side. Under the influence of positive swirl, hot 
streak core moves slightly toward the hub region on the pressure side, see in Figure 8(c). In 
comparison, it moves slightly toward the tip region on the pressure side under the influence of the 
negative swirl, see in Figure 8(d). 

Figure 9 shows the temperature and velocity vectors distribution at the cutting plane of -10 % 
Cax, for different cases. The origin of coordinates locates in the stagnation line at the midspan. For 
the hot streak only case, it is clear the hot streak core is redistributed as it impinge the leading edge, 
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see in Figure 9(b). Higher temperature along with shorter circumferential length scales can be 
observed on the suction side. As expected, swirl changes the flow field, and thus stretches the hot 
flow both in circumferential and radial directions, see in Figure 9(c) and Figure 9(d). For the hot 
streak and positive swirl case, temperature increase close to the tip region on the suction side, and 
the hub region on the pressure side, see in Figure 9(c). In addition, a pair of counter-rotating 
vortices locates near the tip region. Thus, gas with a relatively smaller positive incidence locates 
close to the hub region. Compare with the hot streak only case, temperature increases close to the 
hub region on the suction side, and close to the tip region on the pressure side, see in Figure 9(d). 
Besides, a pair of counter-rotating vortices locates close to the hub region. 

(a) Case 1: uniform inlet (b) Case 2: HS only 

(c) Case 3: HS and positive swirl (d) Case 4：HS and negative swirl 

 

Figure 8. Stretching of hot streak core for different cases. 

Figure 10 shows the temperature profiles both in circumferential and radial directions at the 
plane of stage inlet and -10 % Cax. Compare Figure 10(a) with Figure10(c), the shape of NGV 
passage seems to have a relatively small influence on the local temperature distribution both in 
circumferential and radial directions, for the uniform inlet case. For the hot streak only case, there is 
also a relatively smaller difference in radial directions, see in Figure 10(a) and Figure 10(b). A local 
maximum temperature which is about 784 K locates close to the midspan, for the both cutting 
planes. In circumferential directions, much flatter temperature profile locates on the pressure side at 
-10 % Cax plane, see in Figure 10(d). It is clear that temperature decreases from 784 K at stagnation 
line to 701 K at about -33 % pitch length on the pressure side, while at about 30 % pitch length on 
the suction side. Compare with the hot streak only case, the temperature drops are about 2.8 K, for 
the Case 3 and Case 4, see in Figure 10(b). In comparison, temperature increase close to the tip and 
hub region. Under the influence of positive swirl, there is a clear increment of temperature close to 
the tip region compared with other cases, see in Figure 10(b). A local maximum can be noticed close 
to the 55 % span which is about 781.7 K, for the hot streak and positive case. In comparison, 
negative swirl leads to a hotter hub region, where a local maximum located close to the 45 % span 
which is about 782.1 K, for hot streak and negative case, see in Figure 10(b). In circumferential 
directions, flatter temperature profiles locate on the pressure side at -10 % Cax plane, see in Figure 
10(d). Local minimum can be noticed close to about 14 % pitch length, for the Case 3 and Case 4. 
Considering the significant difference in temperature and velocity vector distribution, the 
aerodynamics and heat transfer characteristics of NGV under the combined influence of hot streak, 
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swirl and shape of NGV passage should be clearly revealed. Their negative influences should be 
lessened as much as possible. 

 
Suction side         Pressure side 

(a) Case 1: uniform inlet 

 
Suction side         Pressure side 

(b) Case 2: HS only 

 
Suction side         Pressure side 

(c) Case 3: HS and positive swirl 

 
Suction side         Pressure side 

(d) Case 4: HS and negative swirl 

 

Figure 9. Temperature and velocity vector distribution at the cutting plane of -10 % Cax. 

 
(a) Temperature profiles at the passage inlet 

 
(b) Temperature profiles at the -10 % Cax plane 

 
(c) Temperature profiles at the passage inlet 

 
(d) Temperature profiles at the -10 % Cax plane 

Figure 10. Local temperature profiles along the circumferential and radial directions. 

3.2. Influence of hot streak and swirl on the cooling performance of the uncoated vane 
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Figure 11 shows the streamline pattern of coolant ejected from film cooling holes located in the 
leading edge, pressure side and suction side, for different cases. For the uniform inlet case, coolant 
exhausted from rows C1 to C3 passes downstream the pressure side, while coolant from rows C4 
and C5 pass towards the suction side. As it passes through the vane surface, coolant migrates 
radically toward the tip region on the pressure side, see in Figure 11(a). In comparison, the radical 
migration of coolant is suppressed by the secondary flow channel vortex on the suction side [23-24]. 
On the downstream of pressure side, most of the coolant from the leading edge is pushed to lift off 
and reattach on the far downstream of the vane surface after it impinges the downstream cooling 
film. In comparison, homogeneous film coverage can be noticed on the suction side. For the hot 
streak only case, there is no noticeable difference in the streamline pattern of coolant, see in Figure 
11(b). Under the influence of positive swirl, hot flow with negative incidence in the tip region 
transports the coolant toward the midspan. In the hub region, the radical migration of coolant is 
also enhanced by the hot flow with positive incidence, especially for the coolant from the leading 
edge film cooling holes, see in Figure 11(c). For the hot streak and positive case, film coolant is also 
transported to the midspan, see in Figure 11(d). The difference of coolant streamline pattern 
between two cases is that, relatively larger ejection incidence of film coolant can be observed in the 
tip region, for the hot streak and positive case. In comparison, larger ejection incidence of film 
coolant can be observed close to the hub region, for the hot streak and negative case.  

 
Suction side              Pressure side 

(a) Case 1：uniform inlet 

 
Suction side              Pressure side 

(b) Case 2: HS only 

 
Suction side              Pressure side 

(c) Case 3: HS and positive swirl 

 
Suction side              Pressure side 

(d) Case 4: HS and negative swirl 

Figure 11. Streamline pattern of coolant for different cases. 

Figure 12 shows the distributions of overall cooling effectiveness on the external surface of the 
uncoated vane, for different cases. For the uniform inlet case, the lowest overall cooling 
effectiveness can be observed close to the hub and tip regions where close to the stagnation line and 
uncovered by film cooling, see in Figure 12(a). On the pressure side, coolant exhausts from rows C1 
to C3 thrust the boundary layer and reattaches on the downstream of the vane surface. Therefore, 
regions close to the exits of row C3 cooling holes cannot be effectively covered by film cooling, 
especially for the film cooling holes close to the inlet of the PS coolant channels. On the suction side, 
homogeneous film coverage leads to relatively more uniform total cooling effectiveness 
distributions. On the aft portion of the vane, a local minimum appears between two alongside 
radial cooling channels, and a local maximum close to a radial channel [23]. Besides, the overall 
cooling effectiveness of the hub is much lower than that of the tip because of the heating of coolant 
in the radial direction [24]. For the hot streak only case, overall cooling effectiveness decreases 
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significantly over the vane surface, especially on the midspan of forward portion where under the 
direct impingement of hot streak, see in Figure 12(b). Compare with the hot streak only case, the 
overall cooling effectiveness of the Case 3 and Case 4 increase in the region close to the midspan of 
forward portion. In comparison, it decreases in the tip and hub regions in the forward portion of 
the vane, see in Figure 12(c) and Figure 12(d). On the aft portion of the vane, the overall cooling 
effectiveness decreases because of the circumferential stretching of hot fluid for the Case 3 and Case 
4. 

 
Suction side              Pressure side 

(a) Case 1: uniform inlet 

 
Suction side              Pressure side 

(b) Case 2:HS only 

 
Suction side              Pressure side 

(c) Case 3:HS and PSW 

 
Suction side              Pressure side 

(d) Case 4:HS and NSW 

 

Figure 12. Overall cooling effectiveness distribution for different cases. 

Figure 13 shows the dimensionless pressure and overall cooling effectiveness profiles along the 
vane surface at cuttings planes of the 25 % span, 50 % span and 75 % span, for different cases. It is 
clear that the change rules of the total pressure show the same trend, for different cases. A local 
maximum can be observed in the region close to the stagnation line. Further along the suction side, 
strong acceleration of the mainstream leads to a rapid decrease of pressure. In the region between 
25 % Cax and 50 % Cax, coolant ejection from leading edge and suction side lead to fluctuations of 
pressure profile [23]. On the pressure side, the pressure keeps at a high value until the region close 
to the trailing edge where close to the stagnation line of the neighboring vane [24]. In Figure 13, 
higher fluid temperature together with less coolant lead to lower overall cooling performance on 
the forward portion of the vane, where the local minimum appears close to the stagnation line. As 
described, two irregular-shaped coolant channels along with 100 cylindrical film cooling holes are 
mounted on the pressure side, while only one channel with 52 holes locates close to the suction side 
[23-24]. Thus, rapid increment of cooling effectiveness can be observed along the pressure side, for 
the uniform inlet case, see in Figure 13. Although under the influence of lower fluid temperature, 
relatively lower cooling effectiveness can be observed on the suction side. Further downstream, the 
strong shock along with the transition of the boundary layer leads to a rapid decrease of cooling 
performance over the vane surface [23-24]. For the hot streak only case, the decrease amplitude of 
cooling effectiveness on the suction side is larger than that of the pressure side, see in Figure 13. 
Compare with the uniform inlet case, the overall cooling effectiveness reduces from about 0.294 to 
0.239, a reduction of about 18.7 % at the -25 % Cax of the midspan on the pressure side, for the hot 
streak the only case. In comparison, the overall cooling effectiveness reduces from 0.203 to 0.049, a 
reduction of about 76 % at the 25 % Cax of the midspan on the suction side. On the aft portion of the 
vane, the decrease of cooling effectiveness on the trailing edge is larger than that of other regions. 
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Under the influence of swirl, the cooling effectiveness decrease on the most parts of the vane 
surface, except for the suction side of the forward portion for the hot streak and swirl cases, see in 
Figure 13. As mentioned above, temperature increases close to the tip region on the suction side 
and the hub region on the pressure side for the Case 3. Thus, the overall cooling effectiveness of the 
Case 3 is smaller than that of the Case 4 at the 25 % span on the pressure side and at the 75 % span 
on the suction side. Compare with that of the Case 4, the overall cooling effectiveness reduces from 
about 0.402 to 0.375, a drop of about 6.7 % at the -75 % Cax of the 25 % span on the pressure side. On 
the suction side, the overall cooling effectiveness reduces from 0.414 to 0.388, a reduction of about 
6.3 % at the 75 % Cax of the 75 % span. Considering the significant decline of cooling performance on 
the hub and tip region for the hot streak and swirl cases, enhancing cooling arrangements design 
are necessary in those regions. 

 
(a) z=25 % span 

 
(b) z=50 % span 

 
(c) z=75 % span 

 
(d) z=25 % span 

 
(e) z=50 % span 

 
(f) z=75 % span 

Figure13. Pressure and overall cooling effectiveness profiles along the vane surface. 

3.3. Influence of hot streak and swirl on the heat transfer characteristics 

Figure 14 shows the distribution of local heat flux and heat flux reduction on the external vane 
surface, for different cases. For the uniform inlet case, it is clear that, in the regions with sufficient 
internal cooling, local heat flux is always larger than other region, see in Figure 14(a). As mentioned 
above, the main function of film cooling is forming a protective layer to decrease the heat flux 
transfer from the mainstream to the vane structure. In Figure 14(a), it is clear that relatively lower 
local heat flux can be observed in the regions covered by film cooling, especially on the aft portion 
of the vane. Although the main function of film cooling is not directly cooling the vane surface, 
region with negative local heat flux can be observed on the both surface sides. On the suction side, 
regions with negative local heat flux can be observed in the regions close to the downstream of the 
film cooling holes and in the regions close to the trailing edge. On the pressure side, regions with 
negative local heat flux locate close to the upstream of the row D1 film cooling holes. As mentioned 
above, the strong acceleration of the mainstream rapidly decreases static temperature in the regions 
close to the stagnation line on the suction side and to the trailing edge on the pressure side. Thus, 
the introducing of film cooling can easily lead to negative local heat flux in those regions. For the 
hot streak only case, local heat flux increases significantly in the regions close to the film cooling 
holes of forward portion where under the direct impingement of the hot streak, see in Figure 14(b). 
Apart from the influence of temperature redistribution, swirl transports the film coolant from the 
leading edge toward the midspan which enhances the coverage of film cooling in those regions. In 
comparison, migrating film coolant worsens the film coolant coverage in the hub and tip end-wall 
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regions which increases the local heat flux in those regions. For hot streak and positive swirl case, 
regions with negative heat flux can be observed on the suction side because of the enhancement of 
the film cooling coverage, see in Figure 14(c). Figure 15 shows the distribution of local heat flux 
reduction on the external surface, for different cases. A positive value means a decrease in the local 
heat flux because of the coatings. Compare Figure 14 with Figure 15, it is clear that, the distribution 
of local heat flux reduction in analogy to that of local heat flux. In the regions with higher local heat 
flux, heat flux reduction is always larger than in other regions for the coated vane. In addition, 
negative value can be observed on the same regions with negative local heat flux, where adding 
coatings decrease the heat flux transfer from the vane to the mainstream. 

 
Suction side            Pressure side 

(a) Case 1: uniform inlet 

 
Suction side            Pressure side 

(b) Case 2: HS only 

 
Suction side           Pressure side 

(c) Case 3: HS and positive swirl 

 
Suction side            Pressure side 

(d) Case 4: HS and negative swirl 

 

Figure 14. Local heat flux distribution for different cases. 

Figure 16 shows the distribution of local heat flux and heat flux reduction along the external 
surface at cutting planes of the 25 % span, 50 % span and 75 % span, for different cases. In Figure 16, 
it is clear that sharp fluctuations of the local heat flux and heat flux reduction profile can be 
observed in the region close to the film cooling holes, for all the cases. Despite the film cooling holes 
regions, negative heat flux can be observed in the region between about 32 % Cax and 34 % Cax, as 
well as the region around 99.5 % Cax on the suction side, for the uniform inlet case, see in Figure 
16(b). On the pressure side, negative heat flux locates between about -93 % Cax and -95 % Cax of the 
midspan. Compare with uniform inlet case, the increment of heat flux and heat flux reduction on 
the suction side is higher than that of the pressure side, especially on the midspan, see in Figure 
16(b). Compare with the uniform inlet case, the heat flux reduction increases from about -1200 
W/m2 to 1479 W/m2 at the 25 % Cax of the midspan on the suction side. On the pressure side, the 
heat flux reduction increases from about 21000 W/m2 to 32113 W/m2 on the -25 % Cax of the midspan. 
On the pressure side of aft portion, the local heat flux and heat flux reduction of the Case 3 is higher 
than that of the Case 4 on the 25 % span. On the suction side of aft portion, higher heat flux and 
heat flux reduction can only be observed on the cutting plane of the 25 % span, for the Case 4. As 
mentioned above, the main function of TBCs is forming protective coatings layers with lower heat 
flux conductivity to decrease the heat flux transfer from the hot flow to the vane structure. 
However, in the region with negative local heat flux of coated vane, adding coatings decreases the 
heat flux transfer from the vane to the mainstream. Thus, their negative influences on the overall 
cooling performance should be clearly revealed for the coated vane. 
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Suction side               Pressure side 

(a) Case 1: uniform inlet 

 
Suction side               Pressure side 

(b) Case 2: HS only 

 
Suction side                Pressure side 

(c) Case 3: HS and positive swirl 

 
Suction side               Pressure side 

(d) Case 4: HS and negative swirl 

 

Figure 15. Local heat flux drop distribution for different cases. 

 
(a) z=25 % span 

 
(b) z=50 % span 

 
(c) z=75 % span 

 
(d) z=25 % span 

 
(e) z=50 % span 

 
(f) z=75 % span 

Figure 16. Local heat flux and heat flux drop distribution along the vane surface. 

3.4. Influence of hot streak and swirl on the cooling performance of the coated vane 

Figure 17 shows the overall cooling effectiveness distribution of the coated vane, for different 
cases. For coated vane, the overall cooling effectiveness distribution is just an analogy to that of the 
uncoated vane. Lower overall cooling effectiveness locates the region close to the stagnation line, 
especially in the region close to the end-wall the forward portion. On the aft portion of the vane, 
regions with higher cooling effectiveness locate in the region near radical cooling channels, while 
relatively lower cooling effectiveness can be observed between the adjacent cooling channels [23-24]. 
For the hot streak only case, cooling effectiveness decreases on the whole mental surface, especially 
on the suction side of the forward portion, see in Figure 17(b). Compare with the hot streak only 
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case, cooling effectiveness increases on the suction side of forward portion. While it decreases on 
the aft portion of the vane, especially in the tip region, for the Case 3 and Case 4, see in Figure 17(c) 
and Figure 17(d). Figure 18 shows the cooling effectiveness increment because of the coatings, for 
different cases. For the uniform inflow case, in the regions with sufficient internal cooling, the 
cooling effectiveness increment is always larger than other regions, especially in the region close to 
radical cooling channels, see in Figure 18(a). The cooling effectiveness increment decreases on the 
region covered by film cooling, especially in the region downstream of the film cooling holes and 
region close to the trailing edge with lower or negative local heat flux. Compare with the uniform 
inlet case, the cooling effectiveness increment increase on the whole mental surface, especially on 
the suction side of the forward portion, see in Figure 18(b). Under the influence of the swirl, radical 
migration of coolant improves the coverage of film cooling on the region close to the midspan. 
Besides, it decreases the cooling effectiveness increment on those regions, see in Figure 18(c) and 
Figure 18(d). 

 
Suction side            Pressure side 

(a) Case 5: uniform inlet 

 
Suction side            Pressure side 

(b) Case 6: HS only 

 
Suction side            Pressure side 

(c) Case 7: HS and positive swirl 

 
Suction side            Pressure side 

(d) Case 8: HS and negative swirl 

 

Figure 17. Overall cooling effectiveness distribution of coated vane for different cases. 

Figure 19 shows the overall cooling effectiveness and cooling effectiveness increment 
distribution along the subtract surface at cutting planes of the 25 % span, 50 % span and 75 % span, 
for different cases. Compare Figure 4 with Figure 19, the overall cooling effectiveness of coated 
vane is larger than that of uncoated vane on the whole mental surface. In addition, the difference of 
overall cooling effectiveness between different coated cases is smaller than that of the uncoated 
vane. In Figure 19, it is clear that lower cooling effectiveness increment can be observed on the 
forward portion of the vane, where a local maximum can be observed close to the stagnation line, 
for all the cases. Cooling effectiveness increment decreases along vane surface to where the local 
minimum is reached on both surface sides. For the uniform inlet case, the local minimum can be 
observed on the -19 % Cax where close to the downstream of the film cooling holes on the pressure 
side, see in Figure 19. Besides, the local minimum can be observed on the 31 % Cax on the suction 
side where close to region with negative local heat flux, see in Figure16 and Figure19. Further along 
the vane surface, other local minimums can also be observed close to film cooling holes where with 
negative heat flux. It is noted that the substrate metal temperature of coated vane is influenced by 
the temperature of mainstream and coolant, temperature gradient of coatings and substrate, as well 
as the distance of the cooling channels from the surface. For the coated vane, the largest 
temperature gradient is located inside the coatings. In the regions with higher local heat load, the 
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temperature gradient of coatings is always larger than other regions. Thus, larger cooling 
effectiveness increments can be observed in those regions. Also, local heat load decrease in the 
region under the coverage of film cooling which decreases the temperature gradient inside the 
coatings and thus declines cooling effectiveness increment in those regions for the coated vane. In 
the region with negative local heat flux, adding coatings decreases the heat flux transfer from the 
vane structure to the mainstream which decreases the cooling performance in those regions. 
Consequently, the local minimum of cooling effectiveness increment because of the coatings can be 
observed in those regions. 

 
Suction side            Pressure side 

(a) Case 1: uniform inlet 

 
Suction side            Pressure side 

(b) Case 2: HS only 

 
Suction side            Pressure side 

(c) Case 3: HS and positive swirl 

 
Suction side            Pressure side 

(d) Case 4: HS and negative swirl 

 

Figure 18. Cooling effectiveness increment distribution of coated vane for different cases. 

 
(a) z=25% span 

 
(b) z=50% span 

 
(c) z=75% span 

 
(d) z=25% span 

 
(e) z=50% span 

 
(f) z=75% span 

Figure 19. Cooling effectiveness and cooling effectiveness increment along the vane surface. 
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Compare with the uniform inlet case, the cooling effectiveness increment increases on the 
whole surface, especially on the suction side of the vane, see in Figure 19. Compare with the 
uniform inlet case, the cooling effectiveness increment increase from 0.015 to 0.021, at the -25 % Cax 
of the midspan on the pressure side. In comparison, the cooling effectiveness increment increases 
from 0.013 to 0.03, at the 25 % Cax of the midspan on the suction side. On the aft portion of the vane, 
the overall cooling effectiveness increment of the Case 3 is larger than the Case 4 on the pressure 
side of the 25 % span and on the suction side of the 75 % span. Compare with the Case 4, the overall 
cooling effectiveness increment change from about 0.058 to 0.064 at the -75 % Cax of the 25 % span 
for the Case 3. In comparison, the overall cooling effectiveness increment change from 0.051 to 0.056 
at the 75 % Cax of the 75 % span for the Case 3. 

4. Conclusions 

This paper studies the combined influences of the hot streak and swirl on the cooling 
performances of the NASA C3X guide vane coated with or without TBCs. The following 
conclusions can be drawn: 

(1) Even with uniform velocity inlet condition, hot streak core can be stretched as it impinged 
the leading edge which causes higher heat load on the suction side of forward portion. The 
interaction between hot streak and swirl significantly redistributes the hot streak core. On the 
passage inlet plane, positive swirl leads to a hotter tip region on the suction side. In the radial 
direction, a local maximum of 781.7 K locates near the 55% span. In comparison, negative swirl 
leads to a hotter hub region on the pressure side. In the radial direction, a local maximum of 782.1 K 
locates close to the 45% span. 

(2) Under the influence of swirl, migration of coolant improve the coverage of film cooling 
close to the midspan, while close to the hub and tip region, the film cooling coverage decrease 
simultaneously. Positive swirl leads to a more negative impact on film cooling coverage on the tip 
region. In comparison, negative swirl leads to a more negative impact on the hub region. 
Considering the negative influence of inlet swirl flow, enhancing cooling arrangements design is 
necessary in the hub and tip region. 

(3) In the regions with enough internal cooling, adding coatings leads to larger cooling 
effectiveness increment for the coated vane. In addition, local heat load decreases in the region 
under the coverage of film cooling which decreases the temperature gradient inside the coatings 
and thus declines cooling effectiveness increment in those regions for the coated vane. Thus, 
improving internal cooling is the guarantee of improving the cooling performance for the coated 
vane. 

(4) Local minimum of cooling effectiveness increment can be observed in the regions with 
negative local heat flux for the coated vane, where adding coatings decreases the heat flux transfer 
from the substrate surface to the mainstream, and thus decreases the overall cooling performance in 
those regions for the coated vane. Thus, avoiding over-cooling in the regions downstream the film 
cooling holes and tailing edge of vane surface should be appropriately taken into consideration 
during the cooling arrangements design process for the coated vane.  
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Nomenclature 

x, y, z cartesian coordinates [mm] 

Cax axial chord [mm] 

Cp,BC specific heat capacity of bond coating [ J/(kg·K) ] 
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Cp, f specific heat capacity of fluid [ J/(kg·K) ]  

Cp,SUB specific heat capacity of substrate [ J/(kg·K) ] 

Cp,TC specific heat capacity of top coating [ J/(kg·K) ] 

Cp,TGO specific heat capacity of thermally grown oxide [ J/(kg·K) ] 

p Pressure [Pa] 

pref reference pressure [285.13×103Pa] 

T metal surface temperature without TBC [K] 

Tc inlet temperature of cooling air [K] 

Tref reference temperature [701 K] 

TTBC metal surface temperature with TBC [K] 

Tw vane local wall temperature [K] 

T∞ inlet temperature of mainstream [K] 

T′ surface temperature outside the coating [K] 

ΔTTBC relative reduction of the substrate temperature due to coating 

ρSUB density of substrate [kg/m3] 

ρTC density of top coating [kg/m3] 

ρTGO density of thermally grown oxide [kg/m3] 

ρBC density of bond coating [kg/m3] 

φTBC overall cooling effectiveness of the coated vane 

Δφ overall cooling effectiveness increment due to coating  

ΔTcomb the temperature rise across the combustion chamber 

uax inlet axial 

urad radial velocity 

utan Combustion chamber 

Greek letters  

α swirl angle 

β pitch angle 

φ overall cooling effectiveness of the uncoated vane 

Abbreviations  

NGV nozzle guide vane 

TBC thermal barrier coating 

HS hot streak 

CHT conjugate heat transfer 

LE leading edge 

PS pressure side 

SS suction side 

PSW positive swirl 

NSW negative swirl 

Subscripts 
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w wall 

c cooling air 

ref reference 

∞ mainstream 
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