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ABSTRACT 
The effect of mainstream Mach number, including subsonic main flow at convergent section and supersonic main flow 

at divergent section of nozzle, on the film cooling effectiveness of cylindrical hole was studied in this paper. Two positions, 
which represent the different Mach number on the convergent-divergent nozzle, were chosen to arrange film hole at the 
convergent section and divergent section respectively. Pressure sensitive paint (PSP) technique was used to measure the 
film cooling effectiveness at five momentum ratios (0.05, 0.1, 0.15, 0.2 and 0.25). And numerical simulations were 
performed to analyse the related flow mechanism. The results showed that the increase of momentum ratio had slight effect 
on the film cooling effectiveness at low Mach number of mainstream in the convergent section. With the increase of the 
Mach number, the effect of momentum ratio on the film cooling effectiveness increases gradually. For the film hole at 
divergent section, although high momentum ratio led to secondary flow lift-off, the secondary flow lifting off was 
reattached to the wall and yielded wider spanwise coverage than that of convergent section. 

1 INTRODUCTION 
The improvement in aero engine thrust performance is dependent on airflow quality at the nozzle inlet. The presenc 

of afterburner greatly increases the nozzle inlet temperature. Efficient cooling measures should be taken to ensure the 
reliability of nozzle at high operating temperatures. Film cooling is one of the primary cooling methods. For the sake of 
processing simplicity, the cylindrical film hole has been widely used in aero engine. Many studies focus on the 
characteristics of two-dimensional slot film cooling at supersonic main flow. However, few studies on the three-
dimensional flow characteristics of cylindrical film hole have been incestigated under the high subsonic/supersonic 
mainstream. 

Goldstein[1] should be the first one studied the film cooling effectiveness at the supersonic flow by experiment and the 
schlieren photographs were presented. In previous studies, Dellimore[2] denoted that the growth rate of the shear layer 
between the hot-gas and coolant streams is the key factor effecting film cooling effectiveness. Increasing the velocity and 
temperature difference, which means decreasing the growth rate of the shear layer, improved film-cooling effectiveness. 
Wei Peng[3] found that the coolant inlet height and inlet Mach number had slight effect on the film cooling effectiveness 
without shock wave, and the shock wave led to decreasing of effectiveness. With the strong shock wave, reducing the 
coolant inlet height improved the effectiveness. Kumar[4] studied two different injector orientations, semi-divergent injector 
and fully divergent injector by experiment and computation. It was found that the semi-divergent configuration led to 
higher effectiveness compared to fully divergent slot at all blowing ratios. Xiaokai Sun[5] studied the influence of coolant 
Mach number, coolant inlet height on supersonic film cooling, and the results showed that increasing the coolant inlet 
Mach number and the coolant inlet height improved the film cooling effectiveness. Song[6] studied on the supersonic film 
cooling in a backward-facing slot and show the details of flow field by schlieren and shadowgraph. Bo Zhang[7] focoused 
on the interaction between main flow and coolant in convergent-divergent nozzle through RANS method. The results 
showed that the shock wave induced adverse pressure gradient preventing the film development downstream the hole. As 
a consequence, a decrease of film cooling effectiveness showed up. 
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In this work, pressure sensitive paint (PSP) technique was used to measure the film cooling effectiveness of discrete 
film hole to study the effects of Mach number and momentum ratio. The RANS method with the SST model was introduced 
and validated by experiment data. The numerical results were used to analyze related flow mechanism in detail. 

 

2 METHODOLOGY 

2.1 Experimental system 
The test system is shown in Figure 1. It consists of mainstream path and secondary flow path. The mainstream was 

provided by an air compressor, which passed through six high pressure air tanks, two pressure regulating valves, a electric 
valve and then entered test section.The Pitot probe was set in the inlet of the nozzle to measure the total pressure. Two K-
type thermocouples were uniformly arranged on the test plate to measure the temperature. Secondary flow was supplied 
by a low power compressor, which travelled through butterfly valve, flow meter and heate exchanger and then into 
secondary flow chamber. Three K-type thermocouples were placed near the film hole entry to measure the secondary flow 
temperature. The secondary chamber static pressure was measured by a hole on the chamber wall. Flow rate was measured 
by flow meter, and momentum ratio can be calculated by measured value above. 

The experimental model is scaled down based on similarity theory to match the flow rate condition of laboratory. The 
minification of experimental model is 0.3 times the actual nozzle size as shown in Figure 2. In order to capture the details 
accurately around the hole, the diameter of film hole is d=1mm, and the lateral span is 5d. The thickness of test plate is 
0.8mm and the inclination angle of film hole is 90º. The nozzle inlet was defined as x/d=0. Two film holes located at 
x/d=19.5 (con1) and x/d= 39 (con2) on the convergent section respectively. Two film holes arranged at x/d=156.8 (div1) 
and x/d=194.1 (div2) on the divergent section respectively. 

The scientific CCD camera used in this experiment is apogee Alta F2000. This camera has a resolution of 1600 x 1200. 
The lens with 50mm focal length was selected according to the imaging distance and size. UniFIB pressure sensitive paint 
is chosen to paint on the test. The excitation wave band of PSP coating is 380-520 nm and the peak is 400 nm. The emission 
wavelength range is 620 to 750 and the highest emission intensity is available at 650nm. The customized LED array light 
source is selected as the excitation light source. The emission wavelength range is 390-410 nm. A 650±80nm band-pass 
filter is used to filter out excitation light source. The background noise from the environment is filtered by taking images 
at dark condition. 

In this study, the film cooling effectiveness η is defined as follows: 
= r aw

r c

T T
T T

η −
−

 
(1) 

In Eq.(1), rT  is the local recovery temperature of main flow and cT  is the total temperature of secondary flow. awT  is 
the adiabatic wall temperature.  

The momentum ratio I is defined as follows: 
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In Eq.(2), 
gρ  and 

gu  denote the local density and velocity of main flow respectively. cρ  and 
cu  denote the 

secondary flow density and velocity in the inlet of secondary flow respectively. 

                           
Figure 1 Sketch of the experiment system                  Figure 2 Experimental section 

2.2 Measurement techniques 
Wright[8] used the PSP technique to obtain the film cooling effectiveness and introduced the principle. According to 

the heat and mass transfer analogy, the adiabatic film cooling effectiveness can be expressed as: 
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where 
awT   is the adiabatic wall temperature, rT  and cT   are the mainstream temperature and the secondary flow 

temperature. 
wC  is the mass concentration of oxygen on the wall. C∞

and cC  are the mass concentration of oxygen in 
the mainstream and the secondary flow, respectively.  

When the secondary flow is nitrogen ( =0cC ), the equation (1) becomes: 
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Where 

2 ,O AirP  is the partial pressure of oxygen in the air, and 
2 2,O N AirP +

 is the partial pressure of oxygen in the air-

nitrogen mixture. 
Temperature plays an important role in PSP. The light intensity can be affected by the temperature. Its essence is the 

phenomenon of thermal quenching of luminescent molecules. When the coating temperature rises, the luminescent 
molecules in the excited state are inactivated and the corresponding luminescent intensity of the coating decreases. 
Different calibration formulas can be obtained at different temperatures by the Stern-Volmer equation: 
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 Due to the mainstream total temperature keeping constant and the expended air accelerating in the nozzle, the static 
temperature of mainstream core zone dropped off. This further reduced the wall temperature of test section. By adjusting 
the cooling power of copper block to control the coating temperature of calibration, four temperature calibration points are 
selected: T = 280K, 283K, 288K and 291K. The calibration results are shown in Figure 3. These two calibration curves 
were applied to convergent and divergent section respectively. The calibration curve is approximately linear and can be 
fitted by a first-order relationship. The measurement uncertainty of the PSP experiment was estimated to be within 4% for 
η>0.3. Further technical details of pressure-sensitive paint technique and calibration procedures can refer to the literature 
of Wright[9] and Johnson[10]. 

  
(a)  convergent section (b)  divergent section 

Figure 3 Calibration results for PSP at four different 
temperatures 

2.3 Numerical method 
The numerical simulation was carried out to investigate the flow structure. The computational models were the same 

as experiments. The computational domain included the mainstream channel, a film hole and a coolant plenum. The 
mainstream inlet condition was set total pressure condition of 200kPa for convergent section test and 250kPa for divergent 
section test respectively to keep the wall pressure within the measured range of pressure sensitive paint. The mainstream 
total temperature was set as 300K. The mass flow rate of coolant was adjusted to meet the required momentum ratio 
condition. And the total temperature of coolant was set as 330K . The pressure far field was set as 97kPa and static 
temperature was set as 300K. Two side walls of the mainstream and cooling plenum were set as the periodic boundary 
condition. The work fluid was air using the ideal gas law and the other properties were piecewise-linear functions of 
temperature. 

Subsequent to the literature survey[4,5], the SST model was found to be more effective. The experiment results agreed 
with the numerical data using SST model in this study. The boundary layer grids in the vicinity of the wall were refined to 
make y+ around 1. The solution was assumed to be converged when the normalized residual of the continuity was lower 
than 10-4 and the normalized residuals of momentum and energy equations were lower than 10-5.  

Figure 5 shows the pressure distribution with film hole on the convergent and divergent section respectively. Figure 6 
shows the span-wise averaged film cooling effectiveness. The general trend of experimental data is similar to that of  
numerical results. The main flow supplied by air compressor included fine metal filings. These substances coated the 
measurement surface, leading to pressure measurement error. Fortunately, due to the presence of reference pressure 
distribution, the error caused by contaminants reduced while calculated film cooling effectiveness by PSP technique. 
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Figure 4 Mesh and boundary conditions 

  
(a)  con2 (b)  div2 

Figure 5 the pressure distribution of experimental and numerical results 
 

 
Figure 6 the span-wise averaged film cooling effectiveness of experimental and numerical results 

3 RESULTS AND DISCUSSION 

 3.1 Influence of Mach number 
Figure 7 and Figure 8 shows the contours of film cooling effectiveness on the convergent section and divergent section 

respectively, and the momentum ratios vary from 0.05 to 0.25. The local Mach number keeps increasing from con1 to con2 
and the value is less than unity. For the divergent section, the local Mach number of div2 is higher than that of div1 and 
both values are higher than unity. The contours point that the film adhesion is improved with the increase of Mach number 
at the same momentum ratio in the subsonic and supersonic main flow respectively. However, with the main flow changing 
from subsonic flow to supersonic flow, the blow-off is more severe. It is worth noting that the film coverage at I=0.1 is 
greater than that at I=0.05 for con1, which caused by insufficient secondary flow obviously. For the test of con2, as the 
momentum ratio increases from 0.05 to 0.1, the film cooling effectiveness seems to drop off slightly, while, span-wise and 
stream-wise coverage still greater compared with con1. This indicates that the increase of Mach number is positive for the 
improvement of film cooling effectiveness. The basic law under supersonic conditions is similar to subsonic conditions 
and the film coverage is wider. The high film cooling effectiveness zones are inexistence almostly at the same momentum 
ratio compared with convergent test.  
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(a)  con1 (b)  con2  (a)  div1 (b)  div2 

Figure 7 The distribution of film 
cooling effectiveness on convergent 

section 

 Figure 8 The distribution of film 
cooling effectiveness on divergent 

section 
As shown in Figure 9, the span-wise averaged film cooling effectiveness shows the slight advantages of divergent test 

over the convergent test further downstream at the momentum ratios of 0.15 and 0.25. Although the presence of severe 
blow-off in divergent test leads to low effectiveness zones, the secondary flow reattachment yields wider coverage at high 
Mach number. That means high Mach number weakening the negative effects of blow-off. Besides, the change in film 
cooling effectiveness is slight with the Mach number at low momentum ratio, while, with the momentum ratio increasing 
to 0.25, the difference of effectiveness is clear.  

  
(a)  I=0.15 (b)  I=0.25 
Figure 9 The span-wise averaged film cooling effectiveness 

3.2 Influence of momentum ratio 
As shown in Figure 7 and Figure8, the film cooling effectiveness in the core area decreases with the increase of the 

momentum ratio. However, the span-wise coverage becomes wider at high momentum ratios compared with the momentum 
ratio of 0.05. Although the jet-off occurs at the momentum ratio of 0.15 on the convergent section, the high subsonic flow 
makes the secondary flow reattach on the wall. The dramatic reduction in effectiveness is absent. The effects of 
reattachment cancel the negative effects of jet-off, resulting in minor differences in span-wise averaged film cooling 
effectiveness under different momentum ratios as shown in Figure 10 (a). The difference caused by different momentum 
ratios is only present in the vicinity of the hole. For the divegernt section, As the momentum ratio increases, the change of 
span-wise coverage near the hole is slight, while, it becomes wider further downstream for the test of div1. The obvious 
decrease of film cooling effectiveness in the core zones are able to be observed from the test of div2, and the increase of 
secondary flow substance,caused by increasing momentum ratio, makes the span-wise coverage become wider downstream 
the hole. Further more, the benefits of secondary flow reattachment dominate. Thus, Figure 10 (b) shows the increasing 
film cooling effectiveness with the momentum ratio. At the condition of low local Mach number, the increase of momentum 
ratio takes slight improvement of film cooling effectiveness. For the supersonic main flow, the increase of momentum ratio 
brings significant improvement of effectiveness, even if the jet-off occours. 
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(a)  con1 (b)  div1 
Figure 10 The span-wise averaged film cooling effectiveness 

Figure 11 illustrates the streamline and temperature contours. It is worth noting that the span-wise coverage is greatly 
wider and two little tines form at hole sides as shown in Figure 11 (d). Xiaohu Chen[11] studied cylindrical hole by LES 
method, and the same phenomenon occurred in the study. The vortexes around the film hole exit were illustrated in detail 
in that study. Combined with the main and secondary streamlines, these two tines should be caused by horseshoe vortexes 
entraining secondary fluid. With the low Mach number or low momentum ratios, the two tines of secondary fluid are absent. 
Under the conditions of low Mach number, the blow-off is slight, and the flow direction is from wall to mainstream. Thus, 
the secondary flow entrained by horseshoe vortexes is difficult to adhere on the wall. While, for the high Mach number but 
low momentum ratio conditions, the secondary flow adhesion is better. For this reason, the main flow entraining the 
secondary flow is difficult.  

  
(a)  con2-I=0.05 (b)  con2-I=0.2 

  
(c)  div2-I=0.05 (d)  div2-I=0.2 

Figure 11 Streamline and temperature contours 

4 CONCLUSIONS 
This study investigated the effects of local Mach number and momentum ratio on the film cooling effectiveness of 

cylindrical hole. Pressure sensitive paint technique was employed to obtain the film cooling effectiveness. Numerical 
simulations were carried out to analyse the flow mechanism. The main conclusions are as follows: 

(1) The increase of Mach number is conducive to the improvement of film cooling effectiveness. At the same 
momentum ratio, the film of supersonic mainstream is easier to blow off, but its spanwise coverage is still wider 
than that of subsonic film. At high momentum ratios, the influence of Mach number on the film cooling 
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effectiveness is great. High Mach number tends to result in better adhesion for the subsonic flow and supersonic 
flow respectively. 

(2) At low Mach number, the negative effects of jet-off are able to be cancled by secondary flow reattachment. Thus, 
increasing the momentum ratio has little effect on the film cooling effectiveness on the convergence section. For 
the supersonic main flow, the increase of momentum ratio brings significant improvement of effectiveness, even 
if the jet-off occours. 

It is noticed that the present study mainly focuses on the effects of Mach number and momentum on the film cooling 
effectiveness. The further investigate should be carried out to study the effect of pressure gradient. 

NOMENCLATURE 
d Diameter of film hole η  Film cooling effectiveness 

rT  Recovery temperature C∞  Mass concentration of oxygen in the main flow 

awT  Adiabatic temperature wC  Mass concentration of oxygen on the wall 

cT  Secondary temperature cC  Mass concentration of oxygen in the secondary flow 

2 2,O N AirP +  Partial pressure of oxygen in the 
blend 2 2,O N AirC +  Mass concentration of oxygen in the blend 

2 ,O AirP  Partial pressure of oxygen in the air 
2 ,O AirC  Mass concentration of oxygen in the air 

2 ,O RP  Partial pressure of oxygen at 
reference state Ri  Light insenity at reference state 

I  Momentum ratio Bi  Light insenity of background 
ρ  Density i  Light insanity  
u  Velocity   

 

ACKNOWLEDGMENTS 
This work is supported by the National Natural Science and Technology Major Project (Grant No.J2019-III-0019-

0063) 

REFERENCES 
[1] Eckert E , Goldstein R J , Haji-Sheikh A , et al. Film cooling with air and helium injection through a rearward-

facingslot into a supersonic air flow.[J]. Aiaa Journal, 1966, 4(6):981-985. 
[2] Dellimore K H, Marshall A W, Cadou C P. Influence of compressibility on film-cooling performance[J]. Journal of 

Thermophysics and Heat Transfer, 2010, 24(3): 506-515. 
[3] Peng Wei, Sun Xiaokai, Jiang Peixue. Effect of coolant inlet conditions on supersonic film cooling[J]. Journal of 

Spacecraft and Rockets, 2015, 52 (1): 1456-1464. 
[4] Kumar A L , Pisharady J C , Shine S R . Effect of injector configuration in rocket nozzle film cooling[J]. Heat and 

Mass Transfer, 2016, 52(4):727-739. 
[5] Sun X ,  Ping Y ,  Jiang P , et al. Numerical Study of Supersonic Film Cooling in Diverging Section of Nuclear 

Rocket Laval Nozzle[C]// 2018 26th International Conference on Nuclear Engineering. 2018. 
[6] Song, Changqing, Shen, et al. Effects of Feeding Pressures on the Flowfield Structures of Supersonic Film Cooling[J]. 

Journal of Thermophysics & Heat Transfer, 2018. 
[7] Bo Zhang, Quan Hong, Yun Bai, Jiquan Li, and Honghu Ji. Numerical investigation of heat transfer in film layer 

under supersonic condition of convergent-divergent transition[J]. Thermal science: 2020, Vol. 24, No. 3B, pp. 2279-
2288 

[8] Wright L M ,  Gao Z ,  Varvel T A , et al. Assessment of Steady State PSP, TSP, and IR Measurement Techniques 
for Flat Plate Film Cooling[C]// Asme Summer Heat Transfer Conference Collocated with the Asme Pacific Rim 
Technical Conference & Exhibition on Integration & Packaging of Mems. 2005. 

[9] Wright L M ,  Mcclain S T , MD Clemenson. Effect of Density Ratio on Flat Plate Film Cooling With Shaped Holes 
Using PSP[C]// ASME Turbo Expo 2010: Power for Land, Sea, and Air. 2010. 

[10] Blake, Johnson, Wei, et al. An experimental study of density ratio effects on the film cooling injection from discrete 
holes by using PIV and PSP techniques[J]. International Journal of Heat and Mass Transfer, 2014, 76(1):337-349. 

[11] Chen X, Wang Y, Long Y, et al. Effect of partial blockage on flow and heat transfer of film cooling with cylindrical 
and fan-shaped holes[J]. International Journal of Thermal Sciences, 2021, 164: 106866. 
 


	Abstract
	1 INTRODUCTION
	2 METHODOLOGY
	2.1 Experimental system
	2.2 Measurement techniques
	2.3 Numerical method

	3 RESULTS AND DISCUSSION
	3.1 Influence of Mach number
	3.2 Influence of momentum ratio

	4 CONCLUSIONS
	Nomenclature
	Acknowledgments
	References


