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ABSTRACT 

Film cooling can be used as an effective method of cooling the thrust chamber wall of a liquid rocket engine. A 
coolant fluid, typically the propellant, is then pushed through the shaped holes until it ultimately reaches the thrust chamber 
wall. The thermal properties, most notably the effective conductivity, of the coolant and geometrical parameters provide an 
efficient cooling mechanism for the thrust chamber wall. Film cooling effectiveness (η) is used to express the film cooling 
phenomena quantitatively. Concluding from the literatures, film cooling effectiveness mainly depends on certain factors 
such as blowing ratio, injection angle, compound angle/orientation, L/D ratio etc. The present study is related to the 
numerical investigation of different hole shapes for film cooling performance, which is widely used for cooling of high 
temperature in the thrust chamber walls, nozzle walls and gas turbines. The adiabatic film cooling effectiveness values are 
determined computationally, downstream of cooling holes. Different hole shapes compared are cylindrical holes, elliptic 
holes and semi-elliptic holes. Apart from hole shapes other parameters have been varied. Other parameters include blowing 
ratios and orientation of holes. The blowing ratio ranged from 0.67 to 1.33 while the orientation angles varied from 00 to 
450. Results are presented for the centerline and laterally averaged adiabatic effectiveness, normalized temperature 
distribution, and velocity vector field. These results show the interactions between the mainstream hot gas and the cooling 
jets, and how those interactions affect surface adiabatic effectiveness. Out of all these cases, the best results have been 
computed for the semi-elliptic hole configuration. Semi-elliptic hole utilizes half of the mass flow as in other hole shapes 
and gives nominal values of effectiveness. The computed results were compared with the benchmark experimental data of 
Yuen et al. This comparison shows the results generated to be reasonable and physically meaningful.  
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INTRODUCTION 

In order to prevent failure of rocket components 
such as combustion chamber, nozzle and injector plate, 
resulting from the excessive operating temperatures, a 
comprehensive cooling technique known as film cooling 
can be incorporated during designing. To maintain the 
balance between excessive heating and excessive cooling 
of these components an optimum cooling technique has 
been designed. Film cooling eeffectiveness is a non-
dimensional parameter used to characterize the film 
cooling performance. Film cooling can be used as an 
effective method of cooling the thrust chamber wall of a 
liquid rocket engine. A coolant fluid, typically the 
propellant, is pushed through the shaped holes until it 
ultimately reaches the thrust chamber wall. The thermal 
properties, most notably the effective conductivity, of the 
coolant and geometrical parameters provide an efficient 
cooling mechanism for the thrust chamber wall. Film 
cooling effectiveness (η) is used to express the film 
cooling phenomena quantitatively. As film cooling studies 
are usually conducted on an adiabatic flat plate so the film 
cooling effectiveness is called as adiabatic film cooling 
effectiveness. Mathematically, Film cooling can be 
expressed as: 
 

η = 
C

w

TT

TT






                      (1) 

 
   where, Tw is adiabatic wall temperature, T∞ is freestream 
temperature, and Tc is coolant inlet temperature. 

A better understanding of the mechanisms 
involved in film cooling is needed to achieve an optimized 
and effective film cooling with a minimum amount of 
coolant.  However, the effectiveness of film cooling is 
very much dependent on the shape of the injection hole, 
layout geometry and injection angle [1]. 
  Many researchers have conducted computational 
and experimental work on film cooling, some of which 
can be found here. Bunker [2] in his comprehensive 
review paper on film cooling from shaped holes has 
pointed out that no single shaping of film hole stands as an 
optimal geometry for all applications. He also concluded 
that hole shape maintains the cooling jets closer to surface, 
enhances film coverage and reduces mixing. Goldstein et 
al. [3-4] reported the effectiveness resulting from a single 
cylindrical hole and row of holes. They considered a 
blowing ratio (M) of 0.5 for maximum effectiveness at 
coolant to freestream DR (Density Ratio) around 1.0. Film 
cooling effectiveness using a cylindrical hole at an angle 
of 30, 60, and 90° was studied by Yuen and Martinez [5]. 
They considered a hole length of L=4D, the free-stream 
Reynolds number of 8563 based on the free-stream 
velocity and hole diameter, and the blowing ratio was 
varied from 0.33-2. For a single 30° hole, the maximum 
effectiveness increased up to a blowing ratio of 0.5, then 
decreased with increasing blowing ratio due to jet 
penetration into the free stream. Yuen and Martinez [6-7] 
in their another paper studied the film cooling 
effectiveness and heat transfer coefficients for a rows of 
round holes with different hole inclinations. 
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Concluding from the literatures, film cooling 
effectiveness mainly depends on certain factors such as 
blowing ratio, injection angle, compound 
angle/orientation, L/D ratio etc. Hence, the present work 
aims to further investigate the effects of different coolant 
hole geometries with varying lateral orientations of the 
holes on the flow structure for a flat plate in FLUENT 
using K-ε turbulence model. To achieve this objective, 
multiple computations have been conducted for different 
holegeometries at several blowing ratios ranging from 
0.67 to 1.33.  Injection of coolant from compound angles 
of the holes has also been varied from 00 to 450. 
 
COMPUTATIONAL MODELLING 
 
Geometry 

A schematic side view of the computational 
model made in GAMBIT for cylindrical shaped hole is 
shown in Figure-1. The inlet surface areas of two shapes 
(cylindrical and elliptic) have been kept constant so as to 
have equal mass flow rate through each shape. In case of 
semi-elliptic shape the exit area is half the exit area of 
other two shapes. Figure-2 shows the meshed geometry for 
cylindrical hole shape made using GAMBIT software. 
 

 
 

Figure-1. Computational geometry. 
 

 
 

Figure-2. Meshed geometry. 
 
Boundary conditions 

At the “main inlet,” a velocity-inlet boundary 
condition has been specified with x-velocity equal to 15 
m/s. The mainstream and coolant temperatures are 600K 
and 300K respectively. The coolant injection is 
perpendicular to the plate surface. Table-1 shows the 
boundary conditions while Table-2 show the 
corresponding coolant velocity used according to different 
blowing ratios. 

Table-1. Boundary conditions. 
 

Conditions Values 

Mainstream Inlet Velocity 15m/s 

Mainstream Inlet Temperature 600 K 

Coolant Inlet Temperature 300 K 

 
Table-2. Coolant Inlet Velocities with Blowing Ratios. 

 

S. No. 
Blowing Ratio 

(M) 
Coolant inlet 

velocity 

1. 0.67 10 m/s 

2. 1.00 15 m/s 

3. 1.33 20 m/s 

 
Validation - cylindrical hole (Single) 

For the validation of the turbulence model used, 
the computational results obtained for the case of 
cylindrical holes have been verified by the experimental 
data of Yuen et al. [5, 6]. The performance of different 
hole shapes (Cylindrical, Elliptic and Semi-elliptic) for 
film cooling effectiveness have been measured in terms of 
centerline and spatially averaged adiabatic film cooling 
effectiveness. Also the non-dimensional temperature 
profiles have been plotted for all the cases. Figure-3 shows 
the validation of computational results with the 
experimental data. The given Figure-3 is only for M = 1.0 
while validation has been done for all the blowing ratios 
[7]. As can be seen from the Figure-3, the centerline 
effectiveness is very much in agreement with the 
experimental results throughout the length except in the 
near hole region (x/D<5.0). 
 

 
 

Figure-3. η for cylindrical hole at M = 1.0. 
 
RESULTS AND DISCUSSIONS 
 
Variation of effectiveness according to blowing ratio 

Figures 4, 5 and 6 show comparison of centreline 
effectiveness for different hole shapes at M = 0.67, 1.00 
and 1.33 respectively. In elliptic hole, centreline 
effectiveness is almost equal as compared to cylindrical 
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hole due to jet lift off and coolant spread more laterally 
than longitudinally. Results show that as blowing ratio 
increase effectiveness also increase for semi-elliptic hole. 
Effectiveness at coolant exit for elliptic hole case is less 
than cylindrical hole due to presence of lateral separation 
of kidney vortices. Hence, at exit only coolant spread more 
laterally whereas in cylindrical hole case coolant could not 
spread and cover narrow area. 

Among all the shapes, the semi-elliptic hole gave 
the highest effectiveness for all the blowing ratios. It is 
because of small area and different orientation than the 
elliptic hole.  
 

 
 

Figure-4. η for different shapes at M = 0.67. 
 

 
 

Figure-5. η for different shapes at M = 1.00. 
 

 
 

Figure-6. η for different shapes at M = 1.33. 
 

Spatially averaged film cooling effectiveness for 
different hole shapes have been plotted (Figure-7) to see 
the effect of blowing ratios and geometries. For the case of 
cylindrical and semi-cylindrical hole shape, the 
effectiveness values decreases upto M = 1.0 while for the 
other two, the value keeps on decreasing until M = 1.33 
[8]. Among all the shapes, semi-elliptic hole shows 
highest values of spatially averaged effectiveness. When it 
comes to coolant mass flow consumption then the semi-
elliptic hole is way above both elliptic and cylindrical hole 
shapes. 
 

 
 

Figure-7. Variation of   ̿η with blowing ratios. 
 
Variation of effectiveness withhole shapes 

Figures (8-10) show comparison of centreline 
effectiveness for single cylindrical, elliptic and semi-
elliptic hole at an axial distance of 300 mm from the 
leading edge of the plate for M = 0.67, 1 and 1.33 
respectively. As blowing ratio increases from 0.67 to 1.00, 
film cooling effectiveness increases at coolant exit but 
reduces further downstream of cylindrical and elliptic 
shaped holes due to rapid increase in intermixing of 
coolant and mainstream flow. Effectiveness at coolant exit 
for elliptic hole case is equivalent to cylindrical hole due 
to the presence of lateral separation of kidney vortices. 
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Figure-8. η for cylindrical hole at different M. 
 

 
 

Figure-9. η for Elliptic hole at different M. 
 

 
 

Figure-10. η for Semi-Elliptic hole at different M. 
 

In semi-elliptic hole (Figure-10), film cooling 
effectiveness is minimum at hole exit due to coolant jet lift 
off. Then, coolant jet reattachment takes place and 
effectiveness almost approaches to unity. As blowing ratio 
increases from 0.67 to 1.00, effectiveness also increases at 
coolant exit as well as further downstream of cooling hole. 

For explaining the concept of jet heights, non-
dimensional temperature profiles are plotted. For higher 
effectiveness values less jet heights are desirable. As can 
be seen from the Figure-11, the semi-geometry has less jet 
heights and hence has higher effectiveness values. Here 
only one case (M = 1.0) has been shown, as others have 
same nature.  
 

 
 

Figure-11. Variation of θ with y/D for all shapes. 
 

In the Figure θ = 0.0 implies to freestream 
temperature (600K) while θ = 1.0 implies to coolant 
temperature (300K) without any mixing of the freestream. 
Inferring from Figure-11, semi-elliptic hole have least jet 
mean height while full cylindrical hole has maximum jet 
height and hence vice-versa for the effectiveness values. 
The coolant jet height was found to be increasing with 
increasing blowing ratios. Also, no coolant was found 
above the y/D value of 2.5.  
 
Variation of Effectiveness for various compound angles 

In this section, all the different hole 
configurations for single holes have been compared at 
fixed values of orientation angle (β) which is varied from 
00 to 450. A cylindrical hole has been compared with the 
elliptic and semi-elliptic holes at blowing ratio 1.0 for 
different orientations. Much higher values of centreline 
effectiveness have been achieved at all the compound 
angles for semi-geometric hole than the single cylindrical 
hole. While comparing in between, the semi-elliptic hole 
steals the show with much higher effectiveness values than 
other two configurations. As can be seen from the Figure-
12 for β = 00, there is a sharp increase in the effectiveness 
just after the near hole region which might be a result of 
sudden reattachment of coolant jet with the surface. For β 
= 300 Figure-13, the effectiveness for the semi elliptic case 
is much higher at 8 ≤ x/D ≤ 25.  
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Figure-12. η for Multiple Rows with β = 00. 
 

 
 

Figure-13. η for multiple rows with β = 300. 
 

 
On comparing the results of β = 300 to β = 00, one 

can infer that the difference in the effectiveness has been 
reduced. For β = 450, the elliptic hole show higher 
effectiveness than the other two configurations of row of 
holes in the streamwise region of 15 ≤ x/D ≤ 100 (Figure-
14).  
 

 
 

Figure-14. η for multiple rows with β = 450. 
 

Figure-15 shows the velocity profile for the semi-
elliptic hole. It can be seen that the flow is streamlined 
throughout and the coolant inlet velocity is not causing 
much turbulence or disturbance in the flow downstream of 
the hole. This is enhancing the cooling effectiveness 
downstream of the hole and better lateral spreading in 
semi-elliptic case rather than other two hole shapes. 
 

 
 

Figure-15. Velocity vector profile for semi-elliptic hole. 
 
CONCLUSIONS 

Various hole shaped geometries (cylindrical, 
elliptic and semi-elliptic) have been presented and 
compared to each other for better results in terms of 
centreline and spatially averaged film cooling 
effectiveness. Reduced coolant jet height was observed for 
the elliptic and semi-elliptic hole shapes which in turn 
resulted for higher centreline film cooling effectiveness. 
Also, the semi-elliptic hole shape is far more advantageous 
as the coolant mass flow rate is only half to that of as 
required by the cylindrical hole shape for the same 
blowing ratio. Higher effectiveness values are obtained 
because of the lowest coolant jet heights in this case. The 
study of orientation of holes has also been carried out 
which showed that there is a significant increase of about 
400% in the spatially averaged effectiveness from semi-
elliptic hole rather than the cylindrical hole. The results 
show strong decrement in film cooling effectiveness for 
very low blowing ratios which may be because of high 
turbulence levels. For higher blowing ratios, low and high 
turbulence levels have similar effects on film cooling 
effectiveness [9]. Finally from the current study, it can be 
recommended to use semi-elliptic holes (single or 
multiple) for film cooling with a compound angle of 00 at 
a blowing ratio of 1.0. 
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