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ABSTRACT 

Fan-shaped hole is a typical shaped hole frequently used in gas turbine film cooling, which may operate in a complex 

vortical flow environment of turbine blade rows. A vortex generator (VG) was installed in front of a single row of fan-

shaped holes to produce streamwise vortex on a flate plate to simulate the vortical flows environment of the gas turbine. 

Effects of streamwise vortices on the film cooling effectiveness of a discrete fan-shaped hole were experimentally studied. 

Results show that streamwise vortices intensify the mixing of mainstream and coolant jet, the film cooling effectiveness 

decrease sharply, the maximum reduction of the area-averaged-film cooling effectiveness is 63%. At the high blowing ratio 

M=2.5, streamwise vortices can restrain lift-off tendency of the coolant jet and retard the decrease of film cooling 

effectiveness. Also of importance are the changes of the film cooling distributions and coverage area, which occur as the 

lateral position of the vortex is changed. 

INTRODUCTION 

Film cooling is one of the effective approaches to protect the blades from being damaged by the high temperature. 

Since the high temperature and complex vortex structure in the turbine cascade, the working condition of the endwall region 

is harsh. It may be destroyed by thermal erosion and external damage, which leads to the phenomenon of blade ablation 

and coating cracking (Shang et al., 1997). It is of critical importance to understand the destructive mechanism of the film 

cooling by streamwise vortices on the endwall surface. 

Research on the film cooling technology used to explore the basic flow condition and its flow characteristics. It is 

focused on the factors affecting the cooling effectiveness, such as flow conditions like blowing ratio (Cao et al., 2020), 

density ratio (Blake et al., 2014) and mainstream turbulence intensity (Bons et al., 1996), geometric parameters of the hole 

(Lee et al., 2010) and hole arrangement (Satta et al., 2015). However, most of these studies are carried out under ideal 

conditions, which ignore the complex endwall flow in the turbine cascade. The endwall flow is characterized with cross-

flow pressure gradient and intensive secondary flows including the horseshoe vortices, passage, and corner vortices (Wang 

et al., 1997). The coolant jet is a near-wall fluid, which is sensitive to the secondary flows, the complicated interaction 

between coolant jets and endwall vortices needs to be paid more attention. 

The influences of streamwise vortices on film cooling effectiveness have been investigated in some researches on the 

cylindrical hole film cooling. Ligrani et al. (1989) studied heat transfer effects of longitudinal vortices embedded within 

film-cooled turbulent boundary layer. It was found that film coolant was disturbed and local Stanton numbers were altered 

by embedded longitudinal vortices, local heat transfer distributions changed as the spanwise location of the vortex is 

changed relative to film-cooling hole location. Fiebig (1998) pointed out that longitudinal vortices were the most effective 
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vortices to enhance the heat transfer of the end wall. They not only destroyed the stability of the flow, but also increased 

the interaction between the mainstream and the endwall. Chung et al. (2009) experimentally tested the effect of embedded 

vortices on film cooling. Results showed that distributions of local adiabatic effectiveness and heat transfer coefficient ratio 

vary remarkably according to the relative positions of vortices and rotational directions. Zhang et al. (2019) improved the 

film cooling effectiveness by installing the vortex generator downstream of the film cooling hole, but the vortex generator 

should be under a certain height. Sarkar et al. (2017) found that the downwash vortex generators generated the vortices 

counteracted the effect of counter rotating vortex pair resulting in better film cooling effectiveness, but the upwash vortex 

generators augmented the effect of CRVP resulting in poor performance of film cooling. 

A amount of work has been done to investigate freestream effects on film cooling effectiveness, the preponderance of 

which considered cylindrical cooling holes. Fan-shaped holes replace cylindrical holes in the film cooling of advanced gas 

turbine, but little is known about the performance variation of the fan-shaped hole in the endwall region with complex 

vortices. In this paper, a vane-shape vortex generator is used to produce streamwise vortices on a plate to simulate the 

vortical flows environment of the turbine endwall flow. The effect of singular streamwise vortex at different positions on 

the film cooling effectiveness and coverage of a fan-shaped hole are investigated through a series experiments under 

different blowing ratios. Results reveal the performance degradation of film cooling in the vortical flows environment. 

EXPERIMENT SETUP 

Experimental Facility 

The experiment diagram of a blowing wind tunnel is shown in Fig 1. The system was composed of a low-speed wind 

tunnel, the test section and the secondary flow supply system. The centrifugal blower powered by a 3.5kW motor provided 

mainstream of the wind tunnel. A tubular electric heater was installed behind the blower to control the temperature of the 

mainstream. A hexagonal grid was installed in the wind tunnel to reduce the turbulence intensity of the mainstream. 

 

Fig 1 The sketch of the experiment facility 

Coolant air for the film cooling injection was supplied by a screw compressor. Downstream of the gas tank and prior 

to entering the heat exchanger, the coolant flow rate was measured with a mass flow meter. Fig 2 shows details of the test 

section. As shown in Fig 2(a), A plenum was used to ensure the uniformity of inlet flow to the film cooling holes. Coolant 

temperature was measured by a thermo-couple embedded in the coolant serving plenum. It was a cubic box with 390 mm 

high, 150mm wide, and 400mm long respectively, to ensure the inside flow velocity was enough low to ignore the effects 

of flow non-uniform allocation among five holes in one row. 

 
Fig 2 Schematic of test section 

The test section was installed directly at the outlet of the wind tunnel. As shown in Fig 3, Five film holes were lined 

across the channel width and allocated at 100 mm from the channel inlet. This paper used an infrared thermography method 

to capture the measurement of test plate temperature. The test plate was painted black with an area of 36D×13D, it was IR 
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monitored and temperature measured downstream of the central hole starting at 1D away from the outlet edge. Due to the 

window size limitation of camera frame, the overall measurement domain was composed of two pictures.  

 

Fig 3 VG locations 

Vortex generator (VG) was installed to generate streamwise vortices. it is schematically shown in Fig 4. The vortex 

generator was a rectangular-shaped vane having a length of 20 mm, a thickness of 0.5 mm, and a height of 8mm, it was 

installed 10 deg with respect to the tunnel centerline and 15D upstream before the hole leading edge. The shape of VG was 

similar to ones used in the applications for better cooling by Li (2020), and by Sarkar (2017), which were believed to 

produced adequate vorticity. As shown in Fig 4(b) Three vortex generators were allocated respectively to give three 

different vortex positions, which were denoted as Mid model (vane’s trailing edge on the hole centerline), Left model (X/D 

= 1.5), and Right model (X/D= -1.5). These vortices were supposed to flow over the film hole exit rather than between two 

injection hole locations. In addition, the case without VG was defined as the Ideal model, which indicated no extra vortex 

except the turbulent boundary layer on the floor. 

Fig 3 shows the geometry of the fan-shaped hole used in this paper. The diameter of the hole cylinder section was 

D=6mm, it had an inclination angle 𝜕=35⁰, the forward expansion angle 𝛿 and lateral expansion angle 𝛽 were 10⁰ behind 

the cylindrical part. Metering length Lm /D was 1.3, length-to-diameter of the hole was L/D=14. The cooling hole was in 

line with the mainstream direction. 

                  
   (a)                                             (b) 

Fig 4 Geometric parameters of a fan-shaped hole 

Measurement Techniques 

The mainstream and coolant temperature data were obtained by K-type thermocouples. The mass-averaged turbulence 

intensity at the entrance of the test section was less than 1% measured by one dimensional hot-wire-film. Fig 5 shows the 

velocity distribution of the boundary layer at the mainstream velocity was 20m/s, which was measured by the pressure 

probe. Boundary layer displacement thickness was 7mm, the measuring position was -7D upstream before the hole leading 

edge of the fan-shaped hole. 

 
Fig 5 Boundary-layer velocity profiles 

The surface temperature was measured by FLIR A315 of 320×240 pixels. Considering the influence of optical 

transpiration, shooting angle, shooting distance, and surface reflection in the measurement domain, a series of calibrations 

was needed. As shown in Fig 6, the IR camera was calibrated in situ in a separate experiment. The experiment conducted 
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on a constant temperature water bath and black painted copper plate, which could provide a stable and uniform temperature 

field. The relative position of camera was consistent with the VG experiment. By changing the water temperature until it 

stabilized, then used a high precision thermometer and IR camera to measure the surface of the copper plate to obtain 

copper plate temperature. The reported IR temperature (𝑇𝐼𝑅) could be correlated to the actual temperature of the high 

precision thermometer (𝑇𝑡ℎ). The calibration curve for the IR camera at the temperature range from 17 °C to 47 °C is shown 

in Fig 7, this range was appropriate for the temperature range that this camera was used to measure. 

       
   Fig 6 Schematic of calibration bench                     Fig 7 The calibration curves for IR 

In this experiment, the test plate was made of PMMA covered by a polystyrene pad on the back side, and was nearly 

adiabatic. The temperature and aerodynamic state of the mainstream and the secondary flow were kept unchanged during 

the experiment. The mainstream temperature was 318.5k and the secondary flow temperature was 293.15K. IR camera 

measurements were carried out after the temperature of the mainstream and coolant air did not change more than 0.5 °C in 

5 minutes, to ensure the steady condition. After the IR data was calibrated, then calculated the film cooling effectiveness, 

defined by the following equation: 

𝜂 =
𝑇∞−𝑇𝑎𝑤

𝑇∞−𝑇𝑐
                     (1) 

Where 𝑇∞  is the temperature of the mainstream, 𝑇𝑐  is the temperature of coolant air, and 𝑇𝑎𝑤  is the local 

temperature on the test plate. 

Although the adiabatic measurements were taken using a flat plate constructed from low conductivity material, 

conduction effects were expected to impact the measured surface temperatures. Therefore, a one-dimensional correction 

was applied to the adiabatic effectiveness data to account for this bias error. 

The method was to measuring the local temperature on the tested wall only the mainstream existed, and use this 

temperature 𝑇𝑤0 to replace the mainstream temperature 𝑇∞. Finally, the equation is defined as follows: 

 

in order to correct the data, Ethridge et al. (2001) method was used to modify the experiment data.  

 𝜂0 =
𝑇𝑤0−𝑇𝑎𝑤

𝑇𝑤0−𝑇𝑐
                     (2) 

Moreover, to better evaluate the film cooling effectiveness, the lateral-averaged film cooling effectiveness calculated 

in the range of -6.5≤X/D≤6.5 is expressed as: 

 𝜂
𝐿𝑎𝑡

=
1

13𝐷
∫ 𝜂0𝑑𝑥

6.5𝐷

−6.5𝐷
              (3) 

Also, the area-averaged-film cooling effectiveness calculated in the range of -6.5≤X/D≤6.5 1≤Z/D≤36, defined as 

follows: 

𝜂
𝑠

=
1

13𝐷×35𝐷
∫ ∫ 𝜂0

6.5𝐷

−6.5𝐷

36𝐷

1𝐷
𝑑𝑥𝑑𝑧      (4) 

Uncertainties Analysis 

Since the experiments in this paper was carried out on a flat plate in a low-speed wind tunnel, the effects of density 

variation due to pressure and temperature changes were not considered. The density ratio was taken as a constant throughout 

the experiment. The uncertainty studied in this paper mainly came from the measurement error of temperature. The 

uncertainty was calculated based on the method outlined by Kline et al. (1953). The uncertainty of the mainstream 

temperature is 𝛥𝑇∞ = ±0.5𝐾、the uncertainty of the secondary flow temperature𝛥𝑇𝑐 = ±0.5𝐾、the uncertainty of the 

infrared camera is ±0.5𝐾. The uncertainty of the adiabatic cooling effectiveness calculated by Eq. (5) was 0.03, and the 

relative uncertainty 𝑑𝜂𝑎𝑤/𝜂𝑎𝑤 was 5.6%, assuming the primary flow temperature is 40 centigrade degree. It was found 

the relative error in the lateral average cooling effectiveness is less than 5%. 

𝑑𝜂𝑎𝑤 == [(
𝜕𝜂𝑎𝑤

𝜕𝑇∞
𝑑𝑇∞)2 + (

𝜕𝜂𝑎𝑤

𝜕𝑇𝑐
𝑑𝑇𝑐)2 + (

𝜕𝜂𝑎𝑤

𝜕𝑇𝑎𝑤
𝑑𝑇𝑎𝑤)2]1/2     (5) 
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RESULTS AND DISCUSSION 

Film Cooling Effectiveness Distribution 

As shown in Fig 8, the film cooling contour of each model at different blowing ratios M=0.5, 1.0, 1.5, 2.0, and 2.5. In 

order to present the general cooling performance, the geometry parameter and the coordinate are nondimensionalized by 

the diameter of the cooling hole. The abscissa Z/D is the nondimensional distance from the position to the exit of the hole 

in the streamwise direction. The ordinate X/D is the nondimensional distance in the lateral direction. 

 

    

    

    

    

    
(a)                                              (b) 

    

    

    

    



 

6 

    
 (c)                                              (d) 

Fig 8 Film cooling effectiveness contour of each model at different blowing ratios: 

(a) Ideal model, (b) Mid model, (c) Left model, and (d) Right model 

Fig 8 (a) shows the film cooling contour of the fan-shaped hole for the ideal model. The film attachment coverage is 

broad, and the coolant air is concentrated on the two edges of the hole, the bimodal effectiveness pattern appears. When 

the blowing ratio increases from M=0.5 to M=2.0, the film cooling effectiveness increases gradually, the lateral width 

expends, the film attachment performs better. At the blowing ratio M=2.5, the film cooling effectiveness decreases for the 

detachment of the coolant jet from the surface at higher blowing ratios. 

Fig 8(b)、8(c)、8(d) show the film cooling contour of the three models (Mid, Left, and Right). For the Mid model, at 

all blowing ratios, the film cooling effectiveness decreases sharply, streamwise vortices pass through the film and separate 

the coolant air from the wall, make the film drifts to -X/D direction. Distribution of film cooling effectiveness for the Left 

model shows quite different from that of the Mid model. The film drifts to one side, the width of lateral coverage decreases 

rapidly along the streamwise direction, the bimodal effectiveness pattern disappears in advance. Although the cooling 

effectiveness of the film still decreases under the Right model, the width of lateral coverage is better than the other models.  

Lateral-averaged Film Cooling Effectiveness Distribution 

Fig 9 the lateral-averaged film cooling effectiveness distribution of different models at same blowing ratio. For the 

ideal model, at the low blowing ratio M=0.5, the lateral-averaged of the film cooling effectiveness is far lower than that of 

the other four blowing ratios. At the blowing ratio M=2.0, the film cooling effectiveness reaches the highest. When the 

blowing ratio increases from M=2.0 to M=2.5, the film cooling effectiveness decreases along the streamwise direction as 

lift-off phenomenon of the coolant jet happens on the wall. For the three models with streamwise vortices, differ from the 

ideal model, lateral-averaged of the film cooling effectiveness is the highest at the blowing ratio M=2.5. Because 

streamwise vortices can prevent the coolant jet from lifting off and the film will be forced to stick to the wall, which offsets 

the decrease of film cooling effectiveness caused by the mixing of mainstream and the coolant jet. 

  
     (a)                                   (b)                                 (c) 

 
     (d)                                 (e) 

Fig 9 Lateral-averaged film cooling effectiveness distribution of different models at same blowing 
ratios: (a) M=0.5, (b) M=1.0, (c) M=1.5, (d) M=2.0, and (e) M=2.5. 
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When the blowing ratio ranges from M=0.5 to M=2.0, the decreases of lateral-averaged film cooling effectiveness at 

Z/D=1 is about 0.045, while at the blowing ratio M=2.5, the maximum decrease is 0.022, the decrease of film cooling 

effectiveness becomes smaller. At each blowing ratio, the film cooling effectiveness of the Right model is better than that 

of the other models, the Left model is the worst. Compared with each model, streamwise vortices will cause the decrease 

of the film cooling effectiveness, but the decreasing value depends on the position of streamwise vortices.  

Fig 10 compares the lateral film cooling effectiveness distribution of different condition at blowing ratios M=0.5 and 

M=2.5 at Z/D=1, to study the influence of streamwise vortices on the film cooling effectiveness in more depth. As shown 

in Fig 11(a), at the low blowing ratio M=0.5, as the wide exit area of the fan-shaped holes lowers the streamwise 

momentum, the film cooling effectiveness distribution changes greatly under the interference of streamwise vortices. The 

lateral film cooling effectiveness distributions deviate in each condition with streamwise vortices. When the blowing ratios 

M=2.5, the film attachment gradually deteriorates for the rise of higher streamwise momentum, central deviation of the 

film is improved near the exit area of the hole. Except for reduction of the film cooling effectiveness, the lateral distribution 

is consistent with that of the ideal model. 

  
    (a)                                     (b) 

Fig 10 The lateral cooling effectiveness comparison of each condition at Z/D=1 

Fig 11 shows the lateral film cooling effectiveness distribution of different condition at blowing ratios M=0.5 at 

Z/D=15, which can reflect the interaction between the streamwise vortices and the gas film. Streamwise vortices consist of 

downwash region and upwash region. For the Mid model, the mainstream is sucked into the coolant air at downwash 

region, coolant appears to have been swept away or decimated by streamwise vortices. Here, the protection provided by 

film cooling is minimized. While at upwash region, coolant air is separated from wall and gets involved in the mainstream, 

streamwise vortices intensify the mixing of coolant air and mainstream, resulting in the decrease of the film cooling 

effectiveness. For the Left model, the lateral width decreases sharply, as the downwash region contacts with the 

mainstream, the upwash region contact with the gas film, the whole film is squeezed to one side, the most dramatic effect 

occurs on the upwash side, where coolant is lifted away from the wall. LVG model seem to sweep coolant jet in the 

spanwise direction to the upwash side more efficiently than Mid and Right model. For the Right model, streamwise vortices 

pass through the film in the – X/D direction and contacts with the film in the downwash region, while the upwash region 

has a small contact area with the film, so more coolant air accumulates in the upwash region, extend the lateral width. For 

the three models with streamwise vortices, the distribution of the film cooling effectiveness changes greatly and the film 

cooling effectiveness decreases under each blowing ratio. 

 
    (a)                                 (b)                                (c) 

Fig 11 The lateral cooling effectiveness comparison of each condition at Z/D=15 

Area-averaged Film Effectiveness 

The area-averaged film effectiveness is used to evaluate the overall film cooling performance. Fig 12 compares the 

area-averaged effectiveness under different blowing ratios. For the ideal model, the surface average effectiveness increases 

gradually when the blowing ratio ranges from M=0.5 to M=2.0, and decreases when the blowing ratio continues to grow. 
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For the model with streamwise vortices, the surface average effectiveness is lower than the ideal model. The maximum 

reduction of area-averaged effectiveness happens in the Left model, at the blowing ratio M=0.5, the decreased value is 

about 63%, while the decreased value is 39% at the blowing ratio M=2.0. However, when the blowing ratio increases to 

2.5, the area-averaged effectiveness shows an upward trend. The area-averaged effectiveness of the Mid and Right model 

are close to the ideal model. For the Left model, the maximum reduction of the area-averaged film cooling effectiveness is 

about 25%, and the influence of streamwise vortices on film cooling effectiveness gradually decreases. 

  

Fig 12 Area-averaged film cooling effectiveness for all cases 

CONCLUSIONS 

In this paper, effects of streamwise vortices on the film cooling effectiveness of a fan-shaped hole are studied. By 

installing the vortex generator at different positions in front of the hole and using infrared thermography to measure film 

cooling effectiveness under different models, the main conclusions are drawn as follows: 

(1) For all experimental conditions investigated, the film coolant is greatly disturbed by the vortices. Streamwise 

vortices will intensify the mixing of the mainstream and the coolant air, resulting in the decrease of film cooling 

effectiveness. 

(2) Changing the position of the vortex with respect to the coolant jet will change the contact area between the upwash 

region, downwash region and the gas film, resulting in the significantly changes in lateral distributions of the gas film. 

(3) Streamwise vortices can weaken the lift-off phenomenon of coolant jet, which offsets the decrease of film cooling 

effectiveness caused by the mixing of mainstream and the coolant jet. At the blowing ratio M=2.0, the decrease of the area-

averaged film cooling effectiveness is 39% under the Left model, while the blowing ratio increases to M=2.5, the decrease 

is 25%. 

NOMENCLATURE 

M  Blowing ratio 

T Temperature 

D Diameter of film cooling hole 

U Velocity 

X Cartesian coordinate system (Lateral) 

Y Cartesian coordinate system (Normal of the endwall) 

Z Cartesian coordinate system (Streamwise) 

𝜕 Inclination angle 

𝛽 Expansion angle 

𝛿 Forward expansion angle 

𝜂 Film cooling effectiveness 

aw Adiabatic wall 

c Coolant 

∞ Mainstream 

Lat Lateral-averaged 

S Area averaged 
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