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ABSTRACT 

Besides time-averaged cooling performances concerned in previous literature, unsteady film cooling jets require 

cooling unsteadiness level should be an additional parameter to evaluate the benefits of different film cooling geometries. 

In the present work, a time-resolved infrared thermal image system was applied to acquire the time-averaged film 

effectiveness fields and two-dimensional contours of standard deviation (SD) of effectiveness, in terms of typical fan-

shaped film-holes in limited by the actual blade geometry. The level of SD directly reflects the strength of cooling 

unsteadiness, determined by the temporal variations of footprints of dominated secondary-vortices at walls. Deep 

discussions of the combined influences of compound angle (CA), wall curvature and cooling air flowrates on the cooling 

unsteadiness level and trends in time-averaged film effectiveness were conducted, to acquire the proper cooling scheme in 

different local regions of blade. Three typical CAs of 0°, 30° and 60° were chosen. Convex, concave and flat walls with 

typical dimensionless curvatures were designed to simulate three different local regions of blade. Blowing ratio (BR) of 

coolant-to-mainstream was varied from 0.5 to 3.0. The detailed comparisons of experimental results revealed the complex 

trends in film effectiveness and cooling unsteadiness level with CA, BR and wall curvature, which have been listed in 

Conclusions. In general, the shaped-hole with CA= 30° is significantly proper to reduce the local hot-spots at the convex 

and nearly-flat walls, due to the highest film effectiveness and lowest cooling unsteadiness level. However, the angled 

shaped-holes at the concave wall can produce the high-level unsteadiness, increasing the risk of thermal damage and 

bringing to a new challenge of modifications of hole-geometry to reduce the cooling unsteadiness level while keep the high 

effectiveness. 
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1 INTRODUCTION 

Improvements of thermal efficiency and power generation of modern aero engines and heavy-duty gas turbines 

strongly depend on increases of turbine inlet temperature (TIT) and overall pressure ratio. Currently, the typical value of 

TIT has far exceeded the melting points of super-alloy materials. Therefore, active cooling and passive thermal protection 

schemes must be taken into account, to ensure the high-pressure turbine vanes/blades can work safely and reliably under 

complicated high-temperature gas environment [1-2]. Film cooling, one of the most common active cooling technologies, 

has been developed for decades. Thin protective film is generated to isolate the metal surface from the direct flush of the 

hot gas with high heat loads, through releasing the relatively cold air from discrete film-holes [3]. Cylindrical-hole was 

initially designed; however, the unfavorable cooling air coverage was commonly formed at high cooling air flowrates [4]. 

With the continuous increase of TIT, many great efforts have been devoted to the developments of new novel film-holes, 

to further enhance the cooling effectiveness, whereas reduce the consumption of cooling air extracted from the compressor 

section. 

Over the past several decades, designs of shaped film-holes have attracted much great attention of cooling designers 

and researchers. Bunker [5] provided a relatively complete review for film cooling performances of various state-of-the-

art shaped-holes. In comparison with the cylindrical-hole, the shaped-holes have been demonstrated to feature the higher 
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streamwise and spanwise film effectiveness, especially at high cooling air flowrates. The benefit above is contributed to 

the specific flow mechanism. Under the influence of mainstream, jets from the inclined cylindrical-hole can develop a 

dominate structure, a kidney-shaped counter-rotating vortex pair (CRVP) to draw the hot mainstream toward the component 

surface. The undesirable effect of CRVP can be significantly weakened by the formation of a new anti-CRVP through 

employing the shaped-holes [6]. Fan-shaped film-hole is one type of most common shaped-holes, featuring an expanding-

exit. The design of expanding-exit can effectively reduce the jet momentum and jet detachment at the downstream wall. 

The configuration of expanding-exit is mainly determined by two angles, laidback (or called as forward) and lateral 

expansion angles. The varied hole-geometries can change the film cooling performances and the trends in film effectiveness 

with cooling air flowrate [7-9]. Fan-shaped-holes with small expansion angles from 0º to 10º have been found the film 

effectiveness decreases with an increase of blowing ratio (BR) of coolant-to-mainstream [10]. Schroeder and Thole [11] 

proposed the baseline fan-shaped-hole, 7-7-7 hole having expansion angles of 7º, as the reference for the design of fan-

shaped-hole, and the experiments revealed the film effectiveness reduces when BR is above 1.5. Seo et al. [12] found the 

film effectiveness increases with BR, when the forward expansion angle was set from 10º to 15º. Davidson et al. [13] found 

jet separation, an adverse factor of film-hole design, can be easily caused inside of the shaped-holes with large expansion 

angles. A compromise forward expansion angle of 12º (between 10º and 15º) was chosen in this work, to improve film 

effectiveness at high coolant flowrates, while prevent the large in-hole jet-separation.  

For the actual turbine blades, many designers and scholars have given insights into the concept of compound-angle 

(CA) in the designs of film-hole configurations. Generally, the CA includes inclination angle (angle between coolant jet 

and film-plate) and orientation angle (angle between flow directions of coolant and mainstream) [14-15]. Li et al. [16] 

indicated the proper orientation-angle can significantly enlarge the span-wise coverage area of cooling air downstream of 

the film-holes, and hence the angled outflows can produce the higher film effectiveness at high BRs, in comparison with 

the simple cylindrical-hole (CA= 0°). The measurements of Zhang et al. [17] revealed that the CA can change the trend in 

film effectiveness of cylindrical-holes with BR. Namely, the increasing CA can effectively suppress the lift-off of coolant 

jet under high BRs, and the film effectiveness of angled-holes gradually increases with BR. In terms of the fan-shaped-

holes, besides the forward expansion angle mentioned above, the film effectiveness and the corresponding trend with BR 

can also be changed by the CA. Haydt and Lynch [18] discussed the CA effect on the film effectiveness of fan-shaped-

holes with fixed expansion angles of 7 º. Four types of CAs (15°, 30°, 45° and 60°) and a simple angle (CA= 0°) were 

designed. It can be found the angled outflows can lead to the higher film effectiveness at some large BRs. In addition, the 

different relationships of film effectiveness with BR can be observed for the five types of film-holes above. Unfortunately, 

these flat-plate results about CA effect are not completely suitable for the film-holes at the actual blade surfaces, due to the 

complex geometry of blade.  

Typically, the actual blade models include the convex surfaces (leading edge and suction side), concave surfaces 

(pressure side) and nearly flat surfaces (trailing edge). Thus, wall curvature effect on the blade film cooling performances 

is unavoidable. Bogard and Thole [19] summarized the effects of wall curvature on the film effectiveness of cylindrical-

hole, revealing the momentum of jet is an important factor. In comparison with the low-momenta jets at flat-plate, the 

convex model can push the jet into the surface, resulting in an enhancement of the coolant coverage; however, at the 

concave wall, the pressure gradient normal to the surface can cause the more intensified jet separation, and hence reduce 

the film effectiveness. The reversed behaviors can be found for the high-momenta jets. Schwarz et al. [20] indicated for 

the simple cylindrical-hole, under the low momentum ratios of coolant-to-mainstream, the convex model with a 

dimensionless curvature (R/D) of 63 can obtain the higher film effectiveness than the flat-plate model, and the increment 

was 50%. When R/D was slightly reduced from 63 to 57, the increment of effectiveness was obviously increased from 50% 

to 100%. Here, R and D denotes the inlet diameter of film-hole and radius of wall curvature, respectively. Qin et al. [21] 

measured the film effectiveness of a cylindrical-hole with CA= 45° at the convex wall with R/D= 30. The results indicated 

when BRs< 1.5, compared to the flat-plate model, the effectiveness of convex model can be improved by 20-50%. Moore 

et al. [22] experimentally measured the film effectiveness of the fan-shaped holes on convex surfaces of different 

curvatures. The results shown the curvature effect on film effectiveness was changed by BR. Namely, the low curvature 

model had the higher cooling effectiveness when BR< 1.5; however, the higher effectiveness was acquired by the high 

curvature model when BR> 2.0. Despite the fan-shaped holes with proper CAs have a relatively large potential for film 

effectiveness enhancement at blade surface, not addressed in the literature is that the wall curvature effect on film 

effectiveness of angled shaped-holes. More rarely, the trends in film effectiveness of angled shaped-holes with BR have 

been detected at curved walls.  

In previous literature, typically, the time-averaged cooling performances were employed to evaluate the benefits of 

different film cooling geometries. The time-averaged film effectiveness was widely measured under the adiabatic 

conditions, through capturing the wall temperature fields or applying the heat/mass transfer analogy methods. Actually, 

Mahesh [23] indicated the film cooling outflow can be equivalent to the role of traditional jet in cross-flow, generating a 

highly unsteady three-dimensional vortices near the film-holes. In a vane passage, Fawcett et al. [24] studied the flow 

unsteadiness of film cooling jets from the simple cylindrical and fan-shaped holes by means of high-speed flow 

measurement techniques. The comparisons revealed relative to the cylindrical-hole, the coherent unsteadiness of jets can 
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play a more important role in the film effectiveness of the fan-shaped-hole. Moreover, the BR was considered as a key to 

determine the levels of coherent unsteadiness of two types of film-holes, indicating the fan-shaped-hole features the higher 

unsteadiness when BR< 1.4, while the lower unsteady level is found when BR> 1.4. The temporal evolutions of unsteady 

vortices near film-hole, especially the dominated CRVP and leading-edge horseshoe vortex (HV), were closely associated 

with the level of wall temperature fluctuations or the unsteadiness of film effectiveness. The distributions of standard 

deviation (SD) of transient film effectiveness were commonly employed to estimate the cooling unsteadiness. Higher values 

of SD denote the cooling unsteadiness with higher level, reflecting the higher probability of occurrence of local hot spots 

or thermal gradient. Using fast response Pressure Sensitive Paint (PSP) technique, Zhou et al. [25] acquired the two-

dimensional contours of SD of effectiveness of a fan-shaped-hole with CA= 0° under different BRs. The results indicated 

that a high-fluctuation region formed at the hole-exit in the case with a BR of 0.40, whereas in the cases with BRs of 0.90 

and 1.40, an almost very low fluctuation exhibited at the exit region but greatly intensified fluctuations by the two sides of 

hole. The additional results of Zhou et al. [26] indicated besides BR, the exit-shape of film-hole is also a determined factor 

of SD distributions. Using time-resolved infrared technique, Zhang et al. [17] captured the SD distributions of cylindrical-

holes with CAs in a trench, the results revealed the SD was gradually enhanced by the increasing BR, and the levels of SD 

were changed by the different CAs. In general, the cooling unsteadiness was affected by many factors, such as BR, hole-

geometry and CA. However, interest is rarely concentrated on the effects of wall curvature on the unsteadiness of film 

cooling. More rarely, the trends in cooling unsteadiness level under the combined influences of BR, CA and wall curvature 

have been discussed for the fan-shaped-hole.  

With the analysis and discussions above as background, in present work, the combined effects of wall curvature, CA 

and BR on the time-averaged film effectiveness and the SDs of effectiveness of fan-shaped film-holes were of great concern. 

The exit configuration of shaped-holes features a fixed forward expansion angle of 12° and lateral expansion angle of 7°. 

Three typical CAs of 0°, 30° and 60° were chosen. A convex wall with R/D = 60, a concave wall with R/D = -85 and a flat-

plate were designed to simulate the local regions of suction side, pressure side and near trailing edge of a typical high-

pressure turbine blade, respectively. These values of R/D were nearly consistent with the previous study of Schwarz et al. 

[27]. Adiabatic film cooling experiments were carried out under BRs from 0.5 to 3.0. The transient temperature fields at 

walls were captured by a time-resolved infrared thermal image system operating at 100Hz. The aim of the present 

experimental study is to provide the gas turbine cooling investigators and designers with a relatively comprehensive 

reference for choosing the fan-shaped-hole with proper CA at different walls and cooling air flowrates, in both aspects of 

time-averaged film effectiveness and cooling unsteadiness level estimations. The main feature of this work is the low 

cooling unsteadiness is considered as an important parameter to evaluate the benefits of film cooling geometries, providing 

a new horizon for cooling designs. The present study has an important practical-significance, owing to a significantly large 

potential for application of angled shaped-holes at actual blade surfaces.  

 

2 EXPERIMENTAL FACILITY AND METHODOLOGY 

2.1. Experimental system 
Film cooling experiments of fan-shaped-holes were conducted in a hot wind tunnel as illustrated in Fig. 1(a). The 

mainstream and cold cooling air are obtained by compressor A and compressor B respectively. After drying, they were 

controlled by the mass flowmeter with precision of ±1.0% RFS (relative error of full scale) and entered the test section. 

Prior to the test section, the main flow gas was rectified by a turbulence grid to obtain a more uniform air. There was a 

knife bleed to acquire a new turbulent boundary-layer after the turbulence grid. At 150mm downstream of the turbulence 

grid, a row of K-type thermocouples with an accuracy of ±1 K were setted at the side wall of test section to measure the 

inlet temperature of mainstream (T∞). The film plates were adopted the materials which was introduce in the literature [17]. 

The surface temperature of film plate was obtained by an high precision infrared sensor. The inley temperature of cooling 

air (Tc) was measured by three K-type thermocouples which was positioned at 4mm below the film-plate. Figure 2 

illustrates a physical map of test section with convex models. During the experiment, the test section was insulated from 

the ambient environment by asbestos.   

2.2 Test models 
Figure 3 displays the schematic diagrams of fan-shaped film-holes at three types of walls. The CA of these holes was 

0°. Figure 4 illustrates the schematic diagram of models with CAs= 30° and 60°. In this work, the inclination angle of all 

film-holes was fixed and thus, the CA denoted the angle between the flow directions of cooling air and mainstream. Two 

real models are also exhibited in Fig. 4, and the coordinate system is illustrated. At curved surfaces, the s-axis represented 

the flow direction of mainstream and the origin was set in the middle of film-hole. The geometric parameters of all test 

models are listed in Tab. 1. The inclination angle (α) of film hole, plate-thickness (H), length of metering hole (Lm), forward 

expansion angle (βfwd), and lateral expansion angle (βlat) were fixed at the same values for all models, respectively. The 

length of forward expansion section (Lfwd), total length of film-hole (L) and coverage ratio (t/D) were changed obviously 

as a function of local wall curvature. In the following text, the holes with CAs= 0°, 30° and 60° were named as CA0, CA30 

and CA60 models, respectively.  
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Fig. 1. Schematic diagrams of experimental system. 

 

 

 
 
Fig. 2. Physical map of test section with convex models 

 

Fig. 3. Diagrams of shaped-holes with CA= 0° 

at three walls. 

 
Fig. 4. Diagrams of shaped-holes with CAs= 30° and 60°. 

 
Table 1. Geometric parameters of fan-shaped holes. 

 Flat-plate Concave wall Convex wall 

α 30° 30° 30° 

βfwd 12° 12° 12° 

βlat 7° 7° 7° 

CA 0°, 30°, 60° 0°, 30°, 60° 0°, 30°, 60° 

H/D 3 3 3 

Lm/D 2.5 2.5 2.5 

Lfwd/D 3.5 3.4 4.0 

L/D 6 5.9 6.5 

t/D 2.6 1.7 2.8 

 

2.3 Experimental conditions 
The inlet mean-velocity and temperature of mainstream was maintained at 13m/ s and 340K, respectively. The 

mainstream Reynolds number (Re∞) was calculated to be 30,000 based on the hydraulic diameter of mainstream channel 

(24D), which was consistent to the previous literatures [9-11]. Averaged turbulence intensity of mainstream was about 

2.91% which was obtained by a hot-wire anemometer. The density ratio (DR) of cooling air-to-mainstream was about 1.2 

in this experiment. Five typical BRs of 0.5, 1.0, 1.5, 2.0 and 3.0 were chosen.  
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2.4 Measurements and data processing 
The steady-state experiment was carried out when the main flow temperature and cold flow temperature fluctuated 

less than 1K for 10 consecutive minutes. When the temperature and velocity of the mainstream change, the temperature 

fluctuation of the cooling flow always keeps about 1K. Therefore, the film plate can be assumed to be adiabatic, and its 

surface temperature is approximately equal to the adiabatic temperature (Taw). In addition, when the infrared camera 

observed that the temperature fluctuation of five sampling points on the test surface was less than 0.05K for 1 consecutive 

minute, the temperature was recorded with the acquisition frequency of 100Hz.  

In order to determine the emissivity of the three surfaces, the surface temperature of film plate was obtained by an 

infrared camera and a thermocouple respectively. Figure 5 shows the relationships of the measured data obtained by the 

thermocouples and infrared sensor in the concave wall model, for the CA0 models. Through linear fitting of the two sets 

of data, the fitting error is less than 0.5% to calibrate the accuracy of infrared sensor data. The same data validation method 

is also applied to the curvature models. 

 
Fig. 5. Calibrations of infrared temperatures at three walls. 

Time-averaged film effectiveness (η) is used to describe the coverage of coolant on the adiabatic surface, which can 

be defined by Equation (1). In the following, η was directly represented as the film effectiveness.  
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The time-averaged wall-temperature (Taw) were calculated from a series of 2000 instantaneous results. Figure 6 

displays the influence of sampling number (N) on time-averaged wall-temperatures at three sampling points (Points A, B 

and C) of flat-plate CA30 model under BR= 1.0. The comparison shows that the temperatures reach the steady state as N> 

1500, due to the small error of 0.02% relative to the large N= 3000. 

 

 
Fig. 6. The influence of sampling number on time-averaged wall-temperatures. 
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Laterally-averaged film effectiveness (ηl) is used to show the spanwise coolant distribution. The values were laterally 

averaged in a distance of -1.5＜y/D＜1.5. Area-averaged film cooling effectiveness (ηave) is acquired the area of 3＜s/D＜

20 and -1.5＜y/D＜1.5.  

The standard deviation (SD) of transient film effectiveness at any point (s, y) can be estimated by Equation (4).  
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where η’i (s,y) stands for the instantaneous adiabatic effectiveness, and N= 2000 in this work.  

 

2.5. Verification of experimental results 
Figure 7 illustrates the comparisons of the distributions of ηl in present experiment with those reported in previous 

literature of Schroeder and Thole [11] (applying infrared sensor) and Zuniga and Kapat [28] (applying Temperature 

Sensitive Paint). It can be found that the results of this experiment are in good agreement with those of previous 

experiments, and indicating the accuracy of the present infrared measurements. In addition, the experiment was repeatable, 

since the maximum relative errors was lower than 0.5% between the twice measurements operated at different sampling 

frequencies of infrared sensor. 

Figure 8 shows the comparison of SD distribution of film effectiveness of flat-plate fan-shaped hole under BR= 1.0 in 

the present experiment with that of Zhou et al. [25], where a fast Pressure Sensitive Paint system was employed. The main 

regions with high SD levels (circled by dotted lines) can be successfully captured by the two techniques. Qualitatively, the 

present results were similar with that of Zhou et al. [25]. In addition, the roughness of the measurement surface leaded to 

a relatively non-smooth SD distribution. 

 
Fig. 7 Validations of laterally-averaged time-

averaged film effectiveness. 

 
 
 
 

 
 
Fig. 8 Validation of SD distribution of CA0 model at 

flat-plate.  

 

2.6. Uncertainty analysis 
The uncertainty of manufacture of all test models was controlled below ±2.5%. The uncertainty in BR was primarily 

driven by the measurement errors of mass flow rates of mainstream and cooling air (∆m∞ and ∆mc). The value about ±3% 

can be acquired. 

The uncertainties of mainstream temperature (∆T∞), coolant temperature (∆Tc) and temperature (∆Taw) were about 

±3%, which were calculated by the precision of thermocouples, data acquisition and the precision of infrared sensor. 

According to the error calculation formula Equation (5) [17], the relative uncertainty of film effectiveness (∆η/η) was about 

±7.5%. 
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3 RESULTS AND DISCUSSION 

3.1 Effect of compound angle 
3.1.1. Time-averaged results 

The effect of CA on film effectiveness contours at three walls under BR= 2.0 is displayed in Fig. 9. The concept of 

coverage length (CL) is employed to quantitatively analyze the stream-wise film coverage in the downstream region of 

film-holes. Here, CL was defined as the distance along s-axis from the hole-center to the labeled pentagram, the farthest 
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position of η= 0.3. At the three walls, the CL firstly increases with CA varying from 0° to 30°, and then decreases from 

CA= 30° to 60°. Compared to the CA0 model, the increment caused by CA30 model was about 5%, 60% and 67% at flat, 

concave and convex walls, respectively. The CL of CA60 model was smaller than that of CA0 model at the flat and concave 

walls, while similar between two models at the convex wall. Actually, the CA effect on the CL of jet can be determined by 

the strength of turbulent dissipation of secondary vortices near film-hole. The CA effect on the film effectiveness at line of 

s/D= 6 at concave wall under BR= 2.0 is shown in Fig. 10. It can be found the CA60 model features the strongest turbulent 

dissipation, leading to the wall being covered by the least cooling air amount in the stream-wise direction and hence the 

shortest CL. The weakest turbulent dissipation can be generated by the CA30 model, causing the longest CL. The different 

variations of CA-induced CL at three walls are affected by the differences of strengths of turbulent dissipation.  

  

 
Fig. 9. CA effect on effectiveness-contour at walls with different curvatures under BR= 2.0. 

 

 
Fig. 10. Effect of CA on film effectiveness curve at 

s/D= 6 at concave wall under BR= 2.0. 

 

 
Fig. 11. CA effect on structure of streamwise vortices 

in normal plane (diagrams of Haydt and Lynch (2019)). 

 

The additional information in Fig. 9 was the two angled jets can enlarge the span-wise coverage of cooling air, in 

comparison with the CA0 model. The aforementioned phenomenon was generated by the different vortex-systems 

downstream of film-holes. Schematic diagrams of vortices in normal plane downstream of typical fan-shaped-holes with 

different CAs are illustrated in Fig. 11, which is plotted according to the results of Haydt and Lynch [11]. For the CA0 

model, there is a symmetric vortex pair. For the CA30 model, one vortex becomes smaller and the other is enlarged, leading 

to formation of an asymmetric vortex-structure. For the CA60 model, the enlarged-vortex continues to grow, through 

further suppressing the small vortex. The strengths of aforementioned vortex-structures directly determine the film 

coverage amount, since many previous studies have proved the dominated counter-rotating vortex pair is the main cause 

of film coverage reduction. The span-wise film coverage amount can be quantified by the laterally-averaged effectiveness, 

ηl. Figure 12 displays the CA effect on the distributions of ηl in the downstream regions of film-holes at three walls under 

BR= 2.0. In general, at all walls, application of angled outflows can produce the higher ηl, in comparison with the CA0 

models. From CA= 0° to 60°, the value of ηl was firstly increased and then decreased. However, the CA60 models can 

acquire the higher ηl than the CA0 models, since the CA60 models featured the wider film coverage area in the y-direction. 

In addition, the differences of vortex-strength change the variation-amplitudes of effectiveness caused by the CA at 

different walls.  
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Fig.12. CA effect on lateral-averaged effectiveness at walls with different curvatures under BR= 2.0. 

 

The area-averaged film effectiveness (ηave) in the area of 3＜s/D＜20 and -1.5＜y/D＜1.5 of all CA models under 

BRs= 1.0, 2.0 and 3.0 is tabulated in Tab. 2. In general, among the three types angled jets, applying the CA30 models can 

acquire the highest ηave under each BR. In comparison with the CA0 model, the CA30 model can cause the averaged 

increment among the three BRs of 15%, 32% and 24% at the flat, concave and convex walls, respectively. At the flat-plate, 

the ηave of CA60 model was similar with that of CA0 model. However, at the curved surfaces, the differences of ηave 

between CA0 and CA60 models were obvious, and the averaged increment among three BRs was 7% and 13% at the 

concave and convex surfaces, respectively. Actually, the analysis of aforementioned trends in ηave demonstrates the forward 

expansion angle is a key factor of fan-shape-hole cooling performances. In terms of the present shaped-holes with a forward 

expansion angle of 12°, the ηave firstly increased and then decreased from CA= 0° to 60°. The trend above was different 

from the results of 7-7-7 shaped-holes reported in Schroeder and Thole [11], which displayed the increasing trend in 

effectiveness with CA. The additional information in Tab. 2 was that for all models, the value of ηave gradually increases 

with BR, which was also different from the 7-7-7 shaped-holes.  

 
Table 2. CA effect on area-averaged effectiveness at different walls under typical BRs. 

Wall BR CA0 (Base) CA30  CA60  

Flat 

1.0 0.157 0.190 21 0.159 2 

2.0 0.243 0.270 11 0.244 1 

3.0 0.260 0.303 17 0.277 3 

Concave 

1.0 0.147 0.195 33 0.160 10 

2.0 0.217 0.286 32 0.230 6 

3.0 0.240 0.320 33 0.260 4 

Convex 

1.0 0.182 0.219 20 0.200 10 

2.0 0.205 0.295 44 0.270 14 

3.0 0.223 0.327 47 0.300 15 

 
3.1.2. Time-resolved results 

The temporal evolution of film effectiveness (or the unsteadiness of film cooling at wall) can be quantified using the 

SD of effectiveness defined by Equation (4). The higher SD values actually denoted the more intensified fluctuations of 

wall temperatures, reflecting the higher risk of local thermal damage. The SD contours were generated by the temporal 

evolution of the footprints of various vortices near film-hole. Haydt and Lynch [18] have indicated the structure of 

secondary vortices can be determined by the CA. Hence, predictably, the different CAs can effectively change the SD 

contours. 

Figure 13 displays the CA effect on the two-dimensional distributions of SD at three different walls under a certain 

BR= 2.0. The SD contours with high-levels have been plotted using the dotted lines in the figure. In general, at the same 

wall, the different SD contours can be observed, when the CA was changed. However, the similar trend in SD-contours 

with CA can be found at the three different walls. The CA effect on the SD distributions at flat-plate was analyzed in the 

following. For the CA0 model, the most intensified fluctuations of wall temperatures generated around the hole-exit, which 

represents the transient footprint of upstream horseshoe-vortex (HV). In the downstream region of film-hole, the relatively 

intensified fluctuations can be observed in the two sides of film-hole, being characterized in terms of the symmetric long 

ribbons with dotted line. The local cooling unsteadiness was actually formed by the temporal evolution of the footprints of 

symmetric vortex pair. For the CA30 model, the asymmetric long ribbons circled by the white dotted line can be observed 

in the two sides of film-hole, where the relatively intensified fluctuations of wall temperature generated. The reason of 

asymmetric SD-contours was the formation of asymmetric secondary vortex pair. For the CA60 model, the regions with 

augmented fluctuations were evenly distributed over the downstream of hole, since the large vortex completely suppressed 

the motion of small vortex as displayed in Fig. 11. The additional information in Fig. 13 was the CA effect on overall-
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averaged SDs are affected by the wall curvature. At the flat-plate, the overall SDs were significantly reduced with an 

increase of the CA. At the concave wall, the overall SDs were significantly increased by the angled outflows, in comparison 

with the CA0 model. Moreover, the temperature fluctuations of CA30 model were the most drastic. At the convex wall, the 

overall SDs were nearly same among the different film-outflows. 

 
Fig. 13. Effect of CA on SD-contours of effectiveness at walls with different curvatures under BR= 2.0. 

 
3.2 Effect of wall curvature 
3.2.1 Time-averaged results 

The discussions above in Section 3.1.1 have demonstrated the nearly same trend in film effectiveness with CA at 

different walls. However, the wall curvature effect on film effectiveness was changed by the different CAs. Figure 14 

illustrates the effect of wall curvature on ηave under five typical BRs for the CA0, CA30 and CA60 models. In general, for 

each hole-geometry, the break of the wall curvature effect is at the point of BR= 1.5. For the CA0 models, the ηave at convex 

wall was the highest, while the lowest ηave generated at concave wall when BR< 1.5. However, under BR> 1.5, the ηave at 

flat-plate was the highest while the convex model obtained the lowest result. The phenomena above were similar with the 

previous cylindrical-hole cooling results [19], whereas significantly changed by the angled jets, due to the formations of 

new flow features by angled fan-shaped-holes. For the CA30 models, the convex case showed the highest ηave under all 

BRs. The difference between concave and flat-plate cases was changed with BRs. Under BR< 1.5, the similar ηave was 

observed for the two cases; however, the ηave of concave case was higher significantly than that of flat-plate case under 

BR> 1.5. For the CA60 models, the convex case still showed the highest ηave under all BRs. The ηave at flat-plate was higher 

significantly than that of concave case under BR> 1.5, although the two cases had the nearly same ηave under BR< 1.5. As 

study of Qin et al. [21], the aforementioned wall curvature effects on film effectiveness can be explained through 

comparisons of the turbulent dissipation of secondary vortices in normal plane. The different strengths of turbulent 

dissipation can lead to the variations of spanwise film effectiveness distributions. Through the present numerical 

simulations, it can be validated that the weaker turbulent dissipation of secondary vortices can cause the lower surface film 

effectiveness. The predicted contours of in-plane TKE (a characterized parameter of turbulent dissipation) of CA30 and 

CA60 models in the normal plane of s/D= 6 at three walls under BR= 1.0 are illustrated in Fig. 15. It can be found that the 

weakest TKE generates at the convex wall, inducing the largest film effectiveness in Fig. 13.The wall curvature effect on 

the spanwise film effectiveness distributions at line of s/D= 6 of CA30 model under BR= 2.0 is shown in Fig. 16. The most 

intensive turbulent dissipation can be formed at the flat-plate, causing the local least cooling air amount. Thus, the lowest 

ηave at flat-plate can be found in Fig. 14, for the CA30 model under BR= 2.0.  

The wall curvature effects on the values of ηave under BRs= 1.0 and 3.0 for the CA0, CA30 and CA60 models were 

quantified. The results are tabulated in Tab. 3. For three different CA cases, the absolute values of difference between the 

flat-plate and concave models were in a range between 1 and 8%. The absolute values of the difference between flat-plate 

and convex surface can reach above 8%, and the largest value was about 26%. The comparisons above revealed that for 

the three CA cases, the difference of ηave between the flat-plate and concave models was relatively small; however, the 

difference between flat-plate and convex surface was obvious.  
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Fig. 14. Effect of wall curvature on area-averaged film effectiveness of angled shaped-holes under different BRs. 

 

 
Fig. 15. Numerical predictions of wall curvature effect on contour of in-plane TKE at s/D= 6 of CA30 and CA60 models under BR= 

1.0. 
 

 

 
Fig. 16. Effect of wall curvature on film effectiveness curve at s/D= 6 of CA30 model under BR= 2.0. 

Table 3. Variations of area-averaged film effectiveness by wall curvature effect. 

 BR 
Flat-plate 

(Base) 
Concave 

wall  
Convex 

wall  

CA0 
1.0 0.157 0.147 -6 0.182 16 

3.0 0.260 0.240 -8 0.223 -14 

CA30 
1.0 0.190 0.195 3 0.219 15 

3.0 0.303 0.320 6 0.327 8 

CA60 
1.0 0.159 0.160 1 0.200 26 

3.0 0.277 0.260 -6 0.300 8 

 

3.2.2. Time-resolved results  
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Figure 17(a) displays the effect of wall curvature on the SD distributions of CA0 model under BRs= 1.0 (<1.5) and 

3.0 (>1.5). The regions with high-level SD have been plotted by the dotted lines in the figure. In general, under the same 

BR, the shapes of SD contours with high levels were nearly non-sensitive to the wall curvature; however, at the same wall, 

the shapes of SD contours were obviously changed by the BR. Take the SD distributions at the concave wall as an example. 

It can be observed that the strongest fluctuations generated in the leading edge of film-hole, reflecting the temporal 

evolution of the footprints of HV. In the downstream region of film-hole, the various structures of vortices under the two 

BRs resulted in the differences of SD-shape. At small BR= 1.0, the regions with augmented fluctuations were around the 

centerline of holes; however, at large BR= 3.0, the regions with augmented fluctuations distributed at the two sides of film-

holes. Shift the attention to the wall curvature effect on the SD distributions. It can be found that applying the shaped-hole 

with CA0 at the convex surface can acquire the smallest temperature fluctuations under the two BRs.  

The effect of wall curvature on the SD distributions of CA30 model under BRs= 1.5 and 3.0 (>1.5) is demonstrated in 

Fig. 17(b). Similar with the CA0 model mentioned above, the shapes of SD contours with high levels were also obviously 

changed by the BR, at the same wall. In the downstream region of film-hole, a single region with augmented fluctuations 

was observed under small BR; however, the double-ribbon generated at the two sides of film-hole under large BR. An 

addition information was that the difference of SD in the two ribbons were changed by the wall curvature. At the two 

curved walls, the larger SD existed in the ribbon near the -y axis; however, the SD distribution was in contrast at the flat-

plate. It can be deduced that the intensities of two vortices were changed by the wall curvatures. Shift the attention to the 

wall curvature effect on the SD distributions. It can be found that applying the shaped-hole with CA30 at the flat-plate can 

acquire the smallest temperature fluctuations, while the largest temperature fluctuations were generated by the concave 

case. 

The effect of wall curvature on the SD distributions of CA60 model under BRs= 1.0 (<1.5) and 3.0 (>1.5) is illustrated 

in Fig. 17(c). In general, the sensitivity of shape of high-level SD-contour to BR was weak significantly. The strongest 

temperature fluctuations generated in the leading edge of film-hole. In the downstream region of film-hole, a whole region 

with augmented fluctuations was around the centerline of holes. The values of SD were also non-sensitive to the BR. Shift 

the attention to the wall curvature effect on the SD distributions. It can be found that applying the shaped-hole with CA60 

can acquire the largest temperature fluctuations at the concave wall, while the smallest temperature fluctuations were 

generated at the convex wall under large BR. 

 

 
Fig. 17. Wall curvature effect on SD contours of CA0, CA30 and CA60 models under two typical BRs. 
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4 CONCLUSIONS 

In the present work, the combined effects of wall curvature, CA and BR on the time-averaged film effectiveness and 

cooling unsteadiness level of a fan-shaped film-hole, featuring a forward expansion angle of 12° and a lateral expansion 

angle of 7°, were investigated experimentally by means of a time-resolved infrared thermal image system. The following 

conclusions can be drawn through the detailed comparisons, analysis and discussions.  

 The film effectiveness of present fan-shaped-holes gradually increases with BR. The trend above is non-sensitive 

to the CA and wall curvature; however, the sensitivity of film effectiveness to BR is affected by the both 

parameters. When BR is improved from 1.0 to 3.0, the increment of area-averaged film effectiveness of the CA0 

model at convex wall is only 20%, but the other cases have the increments above 50%. 

 From CA= 0° to 60°, the CA30 model features the highest film effectiveness, displaying the long streamwise and 

wide spanwise coolant coverages at wall. The trend above is non-sensitive to the BR and wall curvature. Two 

curved walls can produce the larger CA effect, compared to the flat-plate measurements. Changing the CA from 

0° to 30° can cause the effectiveness is improved by 20-50% at the curved surfaces.  

 The wall curvature effect on the film effectiveness is affected significantly by the BR and CA. BR= 1.5 is a break 

of the trend in effectiveness with wall curvature for each CA model. In terms of the same CA model under all 

BRs, the significant difference of film effectiveness can be generated between the flat-plate and convex cases, but 

the relatively small difference between the flat-plate and concave cases. For the CA30 and CA60 models, the 

highest effectiveness is illustrated at the convex wall under all BRs. 

 Cooling unsteadiness reflects the temporal evolution of the footprints of various dominated vortices near film-

hole. The shapes and locations of regions with high level unsteadiness are obviously changed by the BR and CA, 

but nearly non-sensitive to the wall curvature. The most intensified cooling unsteadiness generates at the concave 

wall for three CA models. The cooling unsteadiness with the weakest level forms at the convex wall for CA0 and 

CA30 models, and at the flat-plate for CA60 model. 

NOMENCLATURE 
D Inlet diameter of film holes [mm] Subscripts  

H Wall thickness [mm] aw Adiabatic wall 

L Length of film holes [mm] ave Area-averaged 

m Mass flow rate [kg/s] c Cooling air 

N Sampling number [-] fwd Forward 

R Radius of curvature [mm] l Laterally-averaged 

Re Reynolds number [-] lat Lateral 

s Curvature coordinate [-] ∞ Mainstream 

T Temperature [K] Superscrip

ts 

 

Tu Turbulence intensity [%] , Instantaneous value 

U Mean velocity [m/s] Acronyms  

y Spanwise coordinate [-] CRVP Counter Rotating Vortex Pair 

Greek  BR Blowing Ratio 

α Inclination angle [°] CA Compound Angle 

β Expansion angle [°] CL Coverage Length 

∆ Relative error [%] HV Horseshoe Vortex 

ρ Fluid density [kg/m3] RFS Relative-error in Full Scale 

η Adiabatic film effectiveness [-] SD Standard Deviation 
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