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1. INTRODUCTION 

Gas temperature upstream the advanced aero engines' turbine inlet has surpassed 2000 K [1]. The sliding of 

crystals within metallic materials causes the creep phenomenon when they are exposed to heat loads and high 
temperatures over an extended period of time. Metal material can fracture via creep as a result of increased centrifugal 
forces when operating at a fast speed [2]. Furthermore, liquid particles from insufficient burning may be deposited on  

high-temperature blades, obstructing the blades' hollow interior [3]. Aero-engine turbine blades widely use film cooling 
technology as an effective cooling technique [4]. In order to create coolant films for cooling  s urfaces, film coo ling  
necessitates expelling coolant air through internal cooling channels. The heat transfer between ho t current  flow and  

surfaces is prevented by these cooling layers [5]. 
To enhance film cooling effectiveness, a great deal of pertinent research has been done Throughout the p revious 

many decades. The study on film cooling in various eras was summed up in turn by [6-9]. Hole configuration, tu rbine 
geometry, and mainstream/coolant conditions are the three primary elements influencing film coo ling  performance. 
Numerous sub-parameters, such as holes shapes, surface curvature, a mass-to-flow ratio, a rat io  o f momentum flux, 

intensity of turbulence, unsteadiness and rotation, can be added to these main factors. The interdependence of such sub-
parameters raises the bar for reliable film cooling performance prediction. Essentially, the jet in crossflow (JICF) 
problem is embodied by film cooling.  

High mainstream turbulence broadens the coolant and hot flow mixing process after the cooling jet , lead ing to  a 
small jet footprint. However, powerful mainstream turbulent flow more severely disturbs the near wall vortex. The 

efficiency and ratio of heat flow are seldom affected by the vortex, which disappears  quickly [10]. It is a (JICF) a 
problem by nature for film cooling to occur. 

ABSTRACT: Film cooling is an effective way for the blades to cool of an exceptionally powerful gas turb ine. 

This process involves injecting a cooler fluid, typically air. The injected fluid forms a thin insulating layer or "film" 
that protecting the underlying material from thermal damage. However, due to the primary flow and film jet's 
interaction, a counter-rotating vortex pair is created, which causes severe jet-off and inadequate film coverage. 

Protrusion V-shaped and rectangular winglet vortex generators were employed In this research at the top p lace o f 
the film hole to impede the counter-rotating vortex pair, in an effort to boost cooling's efficiency. Numerical 

simulations with Realizable k-ε were solved at a blowing ratio was between 0.5–2 and a 30° inclination angle. 
Results shows that vortex generators of both kinds can produce more anti-counter-rotating vortex pairs to  be ab le 
to lessen the strength of the counter-rotating vortex pairs . The downwash vortices produced by the vortex 

generators lessen the detrimental effects of the counter-rotating vortex pair. Downwas h vort ices and counter-
rotating vortex pair are engaged in a competitive mechanism, hence as the ratio of blowing rises, the vortex 
generators' favorable effects will diminish. So it was noted through this study that the best blowing rat io  is  (1.0). 

When the blowing ratio is 1.0, the results demonstrate improved film cooling performance for the flat p late. Th is  
was observed for both types of vortex generators. Specifically, the rectangular vortex generator showed this 

capability, with the average effectiveness of adiabatic film cooling surpassing the baseline case by 27.33%. 
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Many experimental studies  [11-14] and numerical simulations  [15,16] conducted to examine the flow 
characteristics of the JICF. Impact of vortex generator location on cooling efficacy have been investigated  th rough  

numerical modeling. The vortex generators are positioned either before the film cooling hole, downstream, or upstream. 
Based on the results, vortex generator situated above a circular film cooling opening will perform bet ter. [17]. The JICF 
has complicated flow patterns that include wake vortices downstream of the jet, horseshoe-shaped vortices around the 

jet's base (see Fig. 1), shear-layer vortices in jets surrounding the jet's perimeter, and a counter -rotat ing vortex pa ir 
(CRVP) within the jet. Vortex that has the greatest bearing on film cooling effectiveness is CRVP. 

 

 Nomenclature 

K Turbulent kinetic energy        Subscripts 

U Velocity c coolant 

T Temperature h hot 

t time x Local distance 

X coordinate of mainstream flow direction int inlet 

S Source terms  

𝑆𝑖𝑗  Strain rate tensor       Abbreviations 

𝐸0  Total internal energy VG Vortex generator 

𝐷ℎ  Hydraulic diameter of duct CRVP Counter rotating vortex generator 

         Greek symbols ACRVP Anti-counter rotating vortex generator 

ρ Density CFD computational fluid dynamics 

ԑ Dissipation rate DWVG Downwash vortex generator 

𝜂  Film cooling effectiveness BR Blowing ratio 

µ Dynamic viscosity   

 

The CRVP was discovered to encourage the jet's entrainment entering the primary flow, which lowers the 
effectiveness of cooling. Consequently, the main challenge with film cooling is to lessen negatives effect  o f CRVP. 
Reducing the momentum of the exit jet or producing an extra (ACRVP) have been two strategies to increase the 

effectiveness of film cooling. The prevailing strategies mostly utilize vortex generators (VGs), upstream ramps, 
pulsation modulating devices, curved film holes, shallow trench film holes, and plasma actuators. Zhang et al [8] 
examined these techniques. 

Impact of plasma actuators on the cooling of films have been the focus of some research in last decades. [18,19] 
investigated the impact of film cooling using plasma actuation. Findings indicated that by posit ion ing  the actuator 
downstream of the cylindrical hole, plasma actuators enhanced cooling performance by improving flow adhesion and 

achieving a larger flow coverage range. 
Cau et al [20] studied four different types of film holes—fan shaped, cylindrical, sister, and anti-vortex to examine 

how flow structure and the effectiveness are affected by hole shape and blowing ratio. According to the results, fan -
shaped works best when blowing ratios are high. 

[21] conducted research regarding how the film hole affects pressure side film cooling properties about  t railing -

edge reduction in gas turbine which be elevated pressure vanes. [22] investigated a double wall cooling  arrangement 
featuring ribs that are fashioned like flowers rather than the more common cylindrical ribs. [23] conducted the impacts 
of different Mach number during the cooling of film in transonic crossflow. 

Recent decades have seen a significant increase in interest in the use of vortex generators (VG), als o  known as  
upstream ramps, to regulate the cooling film flow. As a result of boundary layer separation, a backflow zon e will be 

created when a fluid crosses a step, which these VG take advantage of. The main stream diverges upward. upon 
encountering a ramp, reducing its impact on the film jet, but the lateral diffusion of coolant is facilitated  by the area 
with low pressure backflow situated beyond the ramp. 

[24,25] investigated how to increase the film cooling process using vortex generators downstream. Zhang et  al.'s  
experimental study [24-26] examined the impact of an upstream vortex generator's inclination angle, heigh t, and 
position on the film cooling enhancement effect. When [27] built and contrasted the upwash vortex generator (UWVG) 

and a downwash vortex generator (DWVG) with varying height parameters, they found that whereas UW VG had  the 
opposite effect, DWVG improved film cooling. [28] used different vortex generators both single- and two-phase flows  

to enhance heat convection coefficient . [29] also examined a transverse trench and a tetrahedral ramp combination. 
Even while earlier research has already shown that the VG can create downwash vortices to improve the 

performance of film cooling, these studies often concentrate on just one kind of vortex generators (VG). 

In this study, vortex generators in the upper location of the hole were investigated numerically. A  numerical 
simulation by utilizing CFD with a Realizable k-ε turbulence model. The present investigation differs from earlier 
research in because of using a two various kinds of vortex generators to improve film cooling effectiveness. 
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FIGURE 1. - Vortical structure in crossflow for the jet[30] 

 

2. NUMERICAL SIMULATION 

2.1  GEOMETRY 

This paper's domain is a tube with a 7 mm diameter, inclined at a 30° angle. It also includes a duct for hot air, 

measuring 15 × 15 cm with a length of 122 cm. A box measuring 15 × 15 cm, was used to supply cold air. See Fig. 2. 

 

 

 
           

 
 

FIGURE 2. - Configuring Boundary Conditions 

 

 
 

2.2   BOUNDARY CONDITIONS 

 The parameters for the boundary conditions employed in this study are displayed in Table 1. 
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Table 1.- Parameters for the boundary condition 

Boundary condition                 Value 

Main flow temperature              348.15 (k) 
Temperature of the jet 

flow 

             298.15 (k) 

Blowing ratio          0.5, 1, 1.5, 2 
Reynold number for air 

of the jet 

        3785 - 15150 

Density ratio                 1.2 

Turbulent intensity of 
both coolant and 
mainstream 

               0.2% 

 

 
2.3  VORTEX GENERATORS 

 In this research, two types of vortex generators were used:     

a) A protrusion V-shaped vortex generator, with a height of 3.175mm, as depicted in Fig. 3.                                                                                                                  
b) A rectangular vortex generator, which used two rectangular vortex generators with dimensions of 4 × 8 mm, as  

shown in Fig. 4. 
 

. 

                                                               

 

                                 
FIGURE 3. - The protrusion vortex generator 

 

                        
 

FIGURE 4. - Rectangular winglet pairs  are vortex generators 

 

2.4  VERIFICATIONS OF TURBULENCE MODEL AND MESH SIZE  

To determine to which model of turbulence is capable of predicting cooling performance with accuracy, turbulence 
models are validated. Five turbulence models are considered, containing Realizable k-ԑ model, Standard k-ԑ model, 

RNG k-ԑ model, k- Omega, and Shear Stress Transport (SST), the effectiveness of film cooling is compared  with  the 
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experimental results of Zhou et al [31] under a blowing ratio of 0.5 and based on the baseline case. Trend and variable 
characteristics of the effectiveness of adiabatic film cooling in a streamwise direction can be accurately predicted by all 

turbulence models. When predicting the effectiveness of adiabatic cooling, the findings produced by the Realizable k-ε 
turbulence model in Fig. 5 correspond more closely to the experimental than do the outcomes from o ther tu rbulence 
models. So, Realizable k-ԑ model is utilized in current work. 

 
FIGURE 5. - Effectiveness of centerline adiabatic cooling at BR = 0.5 is compared between CFD findings and experiment 

data using various turbulence models 

 

ANSYS Fluent 16.0 is used to produce meshes. The zones close to the wall and hole outlet are refined, and 

tetrahedron meshes partition the entire computational domain (see Fig. 6). For the near wall mes hes, the 𝑦 +is  about 

equal to 1. Realizable k- ԑ turbulence model is used to analyze grid independence based on the baseline case at a 
blowing ratio of 0.5. In situations when there are three meshes, film cooling effectiveness across a flat plate is 
computed. Fig. 7 shows that, with an average inaccuracy of 0.15%, the cooling effectiveness curves for grid  numbers 

2.3 million and 2.60 million nearly overlap. The average discrepancy, however, between the 2.30 million and 1.9 
million mesh findings is 1.3%. Thus, in the current investigation, a grid number of 2.30 million is used. 

 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 

FIGURE 6. - Grids of the computational domain 
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FIGURE 7. - Effectiveness of centerline adiabatic cooling with three mesh sizes is compared 

 
 

2.5  GOVERNING EQUATION AND PARAMETERS DEFFINITION 

In the present study, energy, momentum, and steady continuity equations in Cartesian coordinates are resolved to 
determine the heat transfer and flow characteristics. 

The governing equations are [32] 

Continuity equation is defined as: 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0                                                                                                            (1) 

Momentum equation is defined as: 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(2µ𝑆𝑖𝑗) + 𝜌𝑔𝑖 + 𝐹𝑖                                                     (2) 

Where 𝐹𝑖 the force of the body 

𝑆𝑖𝑗 is the tensor of strain rate 

 
Energy equation is defined: 

𝜕(𝜌𝐸0)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑖
= 𝜌𝑢𝑖𝐹𝑖 −

𝜕𝑞𝑖

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝑢𝑖𝑇𝑖𝑗)                                                             (3) 

Where 𝐸0 is the total internal energy. 

Furthermore, CFD was used to simulate this paper numerically at a steady s tate with the Realizable k-Ɛ turbulence 
model. At a steady state, solve energy and momentum equations. The coupled method and s econd -order wind  were 
used. The density of the material was used for an incompressible ideal gas. 

These transport equations yield the turbulent kinetic energy, k, and its dissipation rate, ε: 
 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝑣𝑥𝑗
[(µ +

µ𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌ԑ − 𝑌𝑀 + 𝑆𝑘                    (4) 

 

𝜕

𝜕𝑡
(𝜌ԑ) +

𝜕

𝜕𝑥𝑗

(𝜌𝜀𝑢𝑗) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑗

] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘 + √𝑣𝜀
 

+𝐶1𝜀
𝜀

𝑘
𝐶3𝜀 𝐺𝐵 + 𝑆𝜀                                                                                                        (5)   

 

Where 𝐶1 max[0.43,
𝑦

𝑦+5
], 𝑦 = 𝑆

𝑘

𝜀
 , 𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 . 

𝐶2 and 𝐶1𝜀 are constant 1.9 and 1.44 respectively. 

𝜎𝑘 and 𝜎𝜀 are the turbulent Prandtl numbers for k and ε, 1.0 and 1.2 respectively. 

𝐺𝑏 reflects the creation of turbulence kinetic energy because of the gradient in mean velocity and buoyancy, in that  
order, and 𝑌𝑀 denotes the part that variable dilatation plays in the total dissipation rate of compressible turbulence. The 

user-defined source words are 𝑆𝑘 and 𝑆𝜀 
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Blowing ratio is described  as: BR = 
𝜌𝑐𝑈𝑐

𝜌
ℎ

𝑈ℎ
                                                             (6) 

In Fig. 8, we put the plate's convective boundary condition at time t > 0, assuming that heat conduction is 
exclusively in the x-direction. This depicts the brief flow across a flat plate that has a uniform temperature of 𝑇𝑖 

initially. As shown in Figure 6, an energy balance on the plate can be calculated. 

 
FIGURE 8. - Flow over flat plate  [33] 

 
Effectiveness is defined as: 

η =  
𝑇𝑚−𝑇𝑤

𝑇𝑚−𝑇𝑐
                                                                                                                 (7) 

 

 
2.6  VALIDATIONS 

For validation purposes, the cooling effectiveness (η) for a conventional film cooling hole is  p lo t ted versus the 
axial distance X/D in Fig. 9. The current results at a blowing ratio of 0.5 and a hole angle of 30° are compared, for 
validation purposes, with the numerical result of Sarkar et al  [27] and experimental wo rk of Zhou et al [31] in this 

figure. With a maximum variance between experimental and numerical of roughly 3.5%, there was excellent 
agreement. 

As per Ghorab's [34] earlier research, a maximum variation of ±10% was indicated, meaning that this variance 

falls within the permitted range. 
 

 
FIGURE 9. - Validation with previous studies at BR = 0.5 and β = 30° 
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3. RESULTS AND DISCUSSION 

3.1  ANALYSIS OF FLOW CHARACTERISTICS 

Upper perspective of the main stream when BR=0.5 for several examples is displayed in Fig. 10. Referencing Fig . 
10 (a). as a model, The main mechanism of CRVP and a factor that hinders film cooling, the "entrainment effect ," is  
readily noticeable in the baseline condition. It suggests that shear boundary between the film jet  and  the main  flow 

causes the mainstream to shift along the lateral direction, inward.  
The protrusion vortex generator is placed at the higher place of the hole, as shown in Fig. 10 (b). There is a zone of 

acceleration directly above the protrusion vortex generator due to a sharp drop in flow area, and the generator's leading  

edge has a zone of stagnant flow. when the mainstream contacts it. Moreover, the mainline fo rms  tangled  duos and 
extends outward to each side as it crosses the highest point of the protrusion vortex generator, rotating in the opposite 

direction from the CRVP.  
A zone of low velocity exists behind VG in Fig. 10 (c) when rectangular vortex generator is used. VG area 

determines its size and shape, as it significantly affects the form drag on the region that faces the majority . A  larger 

region could result in a greater low-speed region. Two zones of recirculating flow are observed behind the VG. 
Additionally, the interior recirculating zone is larger than the exterior due to the angle of attack. The pressure 
differential that exists as the mainline passes through VG is what creates the swirl flow. In this example, the swirl flow 

is more pronounced at the greatest region. Eventually, the downstream swirl flow becomes less strong. 
 

       

 

       

 

       

 

FIGURE 10. - the top view of mainstream streamlines 

 

 

3.2  FILM COOLING EFFECTIVENESS 

Fig. 11, displays the temperature contour in the Y-Z section for X/𝐷ℎ= 5 at BR = 0.5, 1, 1.5, and 2. Findings reveal 

that the CRVP's core center height rises in tandem with BR. Jet momentum growing with increasing BR g ives  the jet  
has a greater potential to pierce it and blend in with the mainstream with more intensity, which explains the previously  
indicated behavior. Two extra ACRVP are found for both types of vortex generators, located on opposing sides o f the 

CRVP, when the vortex generator cases at the same BR are compared to the baseline case. With its opposite orientation 
to that of the CRVP, the ACRVP may effectively reduce jet-off and enhance coolant coverage laterally, hence 

enhancing film cooling effectiveness both spanwise and streamwise. 

 

 

 

 

 

 

 

 

a) Base line 

b) protrusion vortex generators 

c) The rectangular vortex generator 
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FIGURE 11. - A contour of temperature for X/𝐷ℎ = 5 in the Y-Z section 

 
Fig. 12, displays the temperature profile for a flat plate at various blowing ratios. This illustrates the usage of 

upstream vortex generators to improve film cooling efficiency. This makes sense: two additional ACRVP are created as 
vortex generators raise the mainstream, preventing CRVP from growing and the jet -off. Consequently, the center h igh  
cooling efficacy zone and lateral coverage have greatly expanded.  

The distribution of temperature contour is depicted in Fig. 12. There is a clear indication that a layer o f ch illy  air 
coated the flat plate's surface. The temperature of this cool air layer rises and gets cooler in the downstream direction of 
the hole of the jet. When the ratio of blowing was BR=0.5, the film jet's weak penetration into the main stream resulted 

in a longer air film-cooling layer covering one side of the surface than the other. Furthermore, the p rimary  ho t  flow 
causes the film jet's flow direction to be curved toward the plate surface. In the meantime, as the figures below 

illustrate, the area covered by air film-cooling decreases at blowing ratios of 1.0, 1.5 and 2.0. Vortex effects  and film 
cooling are combined in the vortex generators design. After going through a vortex generator, the main flow emerges  
onto the exterior of the flat plate. When the ratio of blowing was BR = 0.5, the film jet's weak penetration into the main  

stream resulted in a thicker air film-cooling layer covering the surface compared to the others. Furthermore, the primary 
hot flow causes the film jet's flow direction to be curved toward the plate surface. Concurrently, as  illus t rated in  the 
following figures, the area covered by air film-cooling decreases at blowing ratios of 1.5, and 2.0. 

 

Baseline                                                  Protrusion                                Rectangular 

BR = 0.5                                                BR = 0.5                                     BR = 0.5 

BR = 1                                                     BR = 1                                              BR = 1        

BR = 1.5                                                 BR = 1.5                                    BR = 1.5 

BR = 2                                                   BR = 2                                         BR = 2        
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                               BR = 2                                                                                                 BR = 2 

                a) Baseline                                                                                b) Protrusion vortex generator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                           BR = 2 

        c) Rectangular vortex generators 

FIGURE 12. - Contour of temperature for flat plate 

 
 

 

BR = 0.5                                                                                    BR = 0.5 

BR = 1                                                                                       BR = 1 

BR = 1.5                                                                                    BR = 1.5 
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Three instances of the plate surface temperature distribution are shown in Fig. 13. These numbers show that 
effectiveness decreases as blowing ratios rise over 1.0 because the cooling air jet blows far at high blowin g ratios from 

the surface of plate, penetrating the hot stream. 
 
 

 
     
 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 

 
 
 

 
 

FIGURE 13. -The contours of temperature for the middle plane 

 

 
 

 
 

Fig. 14, demonstrates that the 30-degree secondary coolant hole inclination provides the highest cooling 

effectiveness of each instance with a BR of 0.5, and with BR of 1, 1.5, and 2, it provides least protection. The h ighest 
effectiveness was reached when X/D = 5 at a blowing ratio of 0.5. 

 

BR = 1 for baseline                                                              BR = 2 for baseline 

BR = 2 for rectangular vortex BR = 1 for rectangular vortex 

BR = 1 for protrusion vortex generator                               BR = 2 for protrusion vortex 
generator 
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FIGURE 14. - Effectiveness vs. streamwise location 

 

Film cooling performance of both types of vortex generators is increased upon raising the ratio of blowing from 0.5 
to 1, as seen in Fig. 15 and Fig. 16.  

The secondary flow and primary flow produce opposing vortexes to the additional ones that are developed. Th is  

increases the effectiveness of film cooling by forcing the cooling flow to adhere to the flat plate. The optimal efficiency 
was achieved with both types of vortex generators when the blowing ratio was equal to 1. Additionally, a rectangular 
vortex generator is more effective than a protrusion vortex generator (see Fig. 17) because it strongly suppresses the 

CRVP. Upon the BR increases to more than 1, effectiveness will decrease. This is because of the high flow rate o f the 
coolant. As a result, Additional vortices cannot force the coolant to adhere to the flat plate properly. 

 
 
 

 
FIGURE 15. - The protrusion vortex generator 



 

Karrar E. Finjan et al., Al-Salam Journal for Engineering and Technology Vol. 4 No. 1 (2025) p. 63-77 

 

75 
 

 
FIGURE 16. - The rectangular vortex generators 

     

 
FIGURE 17. - Film cooling performance for a flat plate at BR = 1 

 

 

4.   CONCLUSION 

To improve a flat plate's cooling effectiveness, vortex generators were employed. A numerical investigat ion is  
conducted on four blowing ratios utilizing vortex generators at the upper site of the cylindrical film hole. An  overv iew 
of the main findings is provided below: 

● When the blowing ratio was increased, the case without a vortex generator demonstrated les s effect ive film 
cooling. The aforementioned behavior can be elucidated by the reality that jet's momentum increas es  as  BR 
increases, strengthening the jet's ability to enter the main stream and increasing its density to mix with it 

outside of the flat plate. 
● Vortex generators work to form additional anti-vortex generators to reduce the effect of CRVP. 

● For both kinds of vortex generators, increasing the BR from 0.5 to 1, increases film cooling coverage and the 
effectiveness of film cooling. The secondary flow and a main flow produce opposing vortexes to the additional 
ones that are developed. This rises the effectiveness of film cooling by forcing the cooling flow to  adhere to  

the flat plate. 
● The highest efficiency was obtained when using a blowing ratio equal to 1.0 for both types of vortex 

generators. 
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● At the blowing ratio of 1.0, the greatest increase in the efficiency of film cooling for protrusion and 
rectangular vortex generators compared with a Baseline case are 24% and 27.33%, respectively. 

● As the blowing ratio rises to more than 1, most of the coolant escapes away from the flat plate, res u lt ing in  a 
decrease in downstream film cooling effectiveness. This is because of the high flow rate o f the s econdary  
flow. As a result, Additional vortices cannot force the coolant to adhere to the flat plate properly  
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