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Abstract 

This study investigates both experimental and computational fluid dynamics analyses of a rectangular S-

bend duct with diffusion, incorporating effusion cooling at three different locations along the duct. The goal 

was to explore an alternative CFD simulation method for effusion-cooled surfaces and to predict flow 

properties and backpressures at the duct inlet. A novel modelling approach, known as the slot method, was 

examined and compared against experimental data. In this method, effusion holes are replaced with a 

specific number of slots to simulate the impact of effusion air mass flow on the main duct flow. 

The first phase focused on investigating the slot method with Reynolds Averaged Navier-Stokes (RANS) 

models over a range of Reynolds numbers from 2.5×ρπ to 4.5×ρπ and constant effusion coolant mass 

flow rate, with validation against experimental tests. The slot method produced acceptable results for the 

outlet axial velocities, wall static pressures along the duct, and other general characteristics of the flow, 

such as vortices and flow separation. However, for the diffuserôs pressure recovery performance, different 

numbers of slots led to varying results, with differences ranging from 10 to 50 percent for all three Reynolds 

numbers. 

Experiments were performed on the S-bend duct with effusion cooling at three distinct locations: the first 

and second convex sections, and the full surface of the left wall. Both cold and hot flow experiments were 

conducted, with hot flow temperatures ranging from 120 °C to 180 °C. Two effusion coolant mass flow 

rates were examined at each location: 0.024 kg/s (minimum) and 0.083 kg/s (maximum). The highest 

coolant mass flow rate resulted in severe back pressure penalties, while moderate penalties were observed 

at the lowest rate. Severe flow separation was observed for the second convex case even at the lowest mass 

flow rates.  

In the third phase, CFD simulations using the slot approach captured flow characteristics like outlet 

temperatures and axial velocities at the lowest coolant mass flow rates. However, it struggled with pressure 

recovery performance and wall static pressure predictions at higher mass flow rates since changing the 

number of slots led to a change in the coolant plenum pressure up to 30 percent.   
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Chapter 1 

Introduction 

1.1 Background and motivation 

This research examines the performance of an S-bend diffusing duct with effusion cooling.  The 

duct design is similar to what might be used in a gas turbine engine exhaust system for infrared 

(IR) signature suppression. 

An S-bend duct is commonly used to redirect flow in various engineering applications. In gas 

turbine engines, S-bends with diffusing passages play a crucial role in both blocking direct line-of-

sight to the engine and pressure recovery, typically found in intake, interconnecting ducts, and 

exhaust systems. The complexity of S-bend duct with a diffuser has led to extensive studies in 

literature, driven by the need for optimized designs to enhance turbomachinery performance. 

Film cooling is a surface cooling technique that involves injecting cool air to form a protective cold 

gas layer into high-temperature primary flow. Effusion cooling is a specific type of film cooling 

where coolant is delivered through a network of discrete holes across the entire surface. It is used 

in devices such as gas turbine combustors or exhaust ejectors because it is a very effective cooling 

method. Effusion cooling is a combination of convection cooling and film cooling. The application 

of thermal barriers, whether through film or effusion cooling, is critical for gas turbine components, 

such as combustor liners, turbine blades, and high-pressure turbines, which operate at temperatures 

exceeding their metallurgical melting points. The effectiveness of effusion cooling can be enhanced 

using thermal barrier coatings (TBC). 

Integrating film cooling into S-bend diffusing passages is sometimes required for applications such 

as mitigating hot spots, providing structural cooling, reducing flow temperature, and infrared 

signature (IR) suppression. For IR suppression, an S-bend passage also helps block direct optical 
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access to the engine's hot section. The sub-atmospheric conditions within the diffusing passage 

facilitate passive coolant injection, eliminating the need for active cooling systems. Coolant 

injections, although effective, can introduce certain drawbacks. The injected flows may disrupt 

flow field uniformity and impair the pressure recovery performance of a diffusing passage. This, 

in turn, affects the power output of gas turbine engines, an effect commonly referred to as a back 

pressure penalty in exhaust system design.  

CFD simulation of effusion cooling is often used for the design of devices with effusion cooling. 

CFD facilitates understanding the interaction between the main hot gas flow (primary flow) and 

the effusion cooling air mass flow. If insufficient effusion cooling air is introduced then cooling 

effectiveness may be poor. If too much cooling air is introduced then the primary flow may be 

affected and this could deteriorate the pressure recovery performance. Secondary flows and flow 

separation can be triggered by effusion cooling flows. It is important that the designer can predict 

how the effusion air flow affects the primary flow.  

A sample CFD simulation of a gas turbine with an S-shaped exhaust system is shown in Figure 1.1.  

 

 

 

Figure 1.1 CFD simulation of an S-shaped exhaust system with surface cooling (W.R. Davis 

Engineering brochure, 2013) 

 

Hot section engine exhaust 

Effect of surface cooling on the surface temperature 

Flow direction 
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Simulating effusion-cooled surfaces using CFD can be challenging, because simulating each hole 

individual is impractical due to high computational costs. Instead, alternative CFD methods, such 

as periodic boundary conditions or porous jump approaches, are commonly used. However, the 

interactions between the primary flow and multiple discrete injections complicate the prediction of 

flow distributions in an S-bend duct. Excessive injection can lead to flow separation, which impairs 

pressure recovery. Additionally, designing effusion cooling is challenging due to the potential for 

streamline curvature and flow separation to cause lift-off and dispersion of discrete coolant 

injections. 

These limitations highlight the need for new CFD alternatives or modifications to existing methods, 

though there is limited literature on adapting CFD techniques for surfaces with full effusion 

cooling. Most studies focus on a limited number of holes or hole geometries, with less emphasis 

on the impact of effusion cooling air flow on the primary flow in gas turbine engines. This research 

focuses on a novel CFD approach called the slot method. In this method rows of individual holes 

are replaced by slots in the CFD model. The slots are intended to mimic the flow behavior through 

effusion holes and its effect on the main gas flow. 

 

1.2 Objectives and scope 

This research focused on developing and evaluating a novel CFD approach to predict the pressure 

recovery performance and other flow characteristics in an S-bend duct with diffuser that includes 

effusion cooling at various locations. The ultimate goal was to simulate the effects of effusion mass 

flow on the primary and secondary flows in the duct. To identify a more effective CFD method, 

the project was structured into three distinct phases. 

In the first phase, various alternatives for CFD simulations using the RANS method, including the 

k-Ů Realizable model, were explored. The potential of slots to mimic the behavior of holes in an S-
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shaped duct with passive effusion cooling was examined under different Reynolds numbers, 

constant coolant effusion mass flow rates, and cold flow conditions. Simulations were performed 

effusion holes at three key locations on the surface of the S-duct: the first convex, second convex, 

and the full surface area of the left wall. For all CAD and CFD simulations, ANSYS Fluent, ANSYS 

Meshing, Design Modeler, and SpaceClaim (ANSYS 2020R2) were utilized, while Tecplot 2020 

was employed for post-processing. The results were compared with previous experimental tests 

conducted by Ng (2014). 

In the second phase of the research, experimental studies were conducted at the Queenôs University 

Hot Gas Wind Tunnel (HGWT) facilities. An S-bend duct with effusion holes on both walls and a 

diffuser was designed and manufactured by the industrial partner, W.R Davis Engineering Limited. 

The effusion holes, laser-drilled at a 90-degree angle to the surface, had a 1 mm diameter and were 

spaced 4 mm apart in a linear arrangement. Experiments were carried out for both hot and cold 

flow with effusion holes at three locations on the ductôs surface: the first convex, second convex, 

and the left wall of the S-bend duct. A constant primary mass flow rate was maintained, while two 

different effusion coolant mass flow rates were used. The experiments were conducted first with 

the lowest possible coolant mass flow rate and then with the highest, to capture the differences in 

diffuser performance. The intent was to cause flow separation with the highest effusion mass flow. 

The analysis focused on overall pressure recovery in the duct, outflow axial velocity and 

temperature contours, and static pressure distribution along the duct. 

The final phase of the research focused on using CFD simulations with the slot method to validate 

experimental data for the S-duct. The effectiveness of the slot method was examined under both 

low and high coolant mass flow rates, with both hot and cold flow conditions. The RANS model 

with k-Ů Realizable turbulence model was used for all simulations across three different locations 

on the surface of the S-duct, resulting in a total of 36 different CFD simulation cases. 



 

5 

 

The work scope included the following: 

1. RANS based CFD simulations with ANSYS Fluent; 

2. Single S-bend duct geometry for experiments; 

3. Three locations of effusion cooling in the device with constant hole number, diameter and 

spacing; 

4. Limited hot and cold flow experiments; and 

5. CFD simulations with varied number of slots replacing the effusion holes. 

 

The objectives of the work were to: 

1. Obtain detailed experimental data on the subject S-bend duct with effusion air flow at three 

different locations; 

2. Compare CFD simulations using the slot method to the experimental data; 

3. Determine if it is possible to predict the major effects of the effusion air flow on the overall 

flow performance of the S-bend duct including: 

a. Back pressure and pressure recovery 

b. Flow separation 

c. Mixing of the primary and effusion flow 

4. Identify the strengths and weaknesses of the slot method; and 

5. Provide guidance to designers for using CFD with the slot method for cooling design. 
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1.3 Contributions to the field 

The contributions of the present research are as follows: 

1. Finding a cost effective alternative CFD methodology for simulation of effusion cooled 

surfaces; 

2. Investigating effusion cooling effectiveness and flow separation in an S-bend duct with 

different coolant mass flow rates; and 

3. Generating benchmark data for practical design of effusion cooled surfaces based on the 

experiments and CFD with slot approach. 

1.4 Thesis structure 

The thesis was organized in the following chapters: 

Chapter 1: Introduces the motivation and objectives of the project. 

Chapter 2: Reviews related literature on the S-duct and effusion cooling. 

Chapter 3: Describes the experimental setup of an S-shaped exhaust system.  

Chapter 4: Introduces the slot method and CFD simulations details. 

Chapter 5: Presents the slot method and discusses the primary CFD results. 

Chapter 6: Analyzes experimental results and the second phase of CFD simulations with the slot 

method. 

Chapter 7: Summarizes conclusions and provides design guidelines for using the slot method. 
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Chapter 2 

Theory and literature review 

2.1 S-bend flow passages 

2.1.1 Flow behavior in turning passages 

Understanding the fundamentals of fluid flow behavior in curved geometries is essential. Miller 

[1978] analyzed internal flow behavior across various geometries, revealing that simple diffusers 

show straightforward pressure distributions, whereas curved geometries introduce more complex 

flow conditions. 

In a curved diffuser with a turning bend as shown in Figure 2.1, the flow develops secondary flows 

and experiences radial fluctuations in pressure and velocity throughout the bend. Within the 

bending passage, total pressure remains nearly constant, but static pressure increases towards the 

outer surface to counterbalance centrifugal forces, leading to a decrease in dynamic pressure from 

the inner to outer radius. This creates a low-pressure region along the convex surface of the bend, 

with a favorable pressure gradient that strengthens towards the exit. Conversely, the concave 

surface of the bend experiences a reversed flow distribution. A high-pressure zone with an adverse 

pressure gradient form, which turns favorable towards the outlet. Due to the adverse pressure 

gradient, low-energy near-wall flow cannot penetrate the outer region and instead moves toward 

the lower-pressure inner radius along the sidewall. This secondary fluid motion forms two pairs of 

counter-rotating secondary vortices (Miller, 1978), shown in Figure 2.2. 

 

 

 

        Figure 2.1 Radial pressure distribution in a turning bend (Miller,  1978)  

Adverse pressure gradient 

Adverse pressure gradient  
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Figure 2.2 Secondary flow formation in a turning bend (Miller,  1978) 

 

Also, as can be seen in Figure 2.3, the secondary flow motion causes low-energy fluid to build up 

at the inner bendôs outflow and this area becomes vulnerable to the flow separation when the low-

momentum flow at the bendôs exit encounters an unfavorable pressure gradient. 

 

 

Figure 2.3 Separation formation in a turning bend (Miller,  1978) 

 

 

2.1.2 Flow behavior in an S-bend and applications 

The S-bend geometry is widely used in gas turbine (GT) engines for various applications, such as 

infrared suppression in helicopter exhaust systems. In helicopters, positioning S-bends downstream 

of the engines prevents a direct line of sight to the engine, enhancing stealth capabilities. However, 

the complex flow behavior within S-bends can adversely affect engine performance. The 

Secondary flow 
Inside of the bend 

 Flow separation 

Reversed flow 
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complexity impacts the pressure recovery performance of the engine and, in extreme cases, can 

lead to a full diffuser stall. 

The complexity of flow within an S-bend arises primarily from the second bend. In the first bend, 

the flow behaves similarly to that in a simple curved duct. However, upon entering the second bend, 

which is oriented opposite to the first, the flow creates a variable wall pressure gradient. This 

gradient, which shifts from the first convex to the second convex surface, and from the first concave 

to the second concave, results in a severe adverse pressure gradient along the walls. These adverse 

pressure gradients produce counter-rotating vortices in both bends. 

At the first convex wall, flow with low momentum is redirected toward the second concave surface 

area. Simultaneously, flow forms in the opposite wall, creating a region near the second bend outlet 

that is dominated by secondary flow with reversed vorticity. The counter-rotating vortices 

generated in the first bend are deflected toward the outer wall in the second bend, moving further 

toward the outlet in the same rotational direction, as shown in Figure 2.4. 

 

        Figure 2.4 Flow in an S-bend and side wall pressure distribution (Ng and Birk , 2014)  
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Due to the various applications of S-bend geometry in GT engines, literature on the S-bends are 

widely available. Chandra et al. (2023), Scribben et al. (2006) and Zhang et al. investigated the S-

bend at the intake of the GT engines. Gupta et al. (2001) compared straight and S-shaped wall 

diffusers with rectangular and square cross sections. They observed that the straight passage had 

better pressure recovery. Menzies (2001) explained that by travelling through the second curve, the 

streamwise vorticity created by the first bend will be reinforced rather than diminished. The effect 

of changing turning angles was reported by Anand et al. (2003). The results from the study of 

15 ↔/15 ↔, 22.5 ↔/22.5 ↔, and 30 ↔/30 ↔ of turning angles indicated that for higher turning angles, the 

velocity profile is more uniform, and the pressure recovery coefficient shows a decreasing trend 

with increasing the angle of turning, while the pressure loss shows approximately a constant trend. 

There are some techniques to suppress the flow separation inside the passages by curvature. Ng et 

al. (2011) tested using vortex generators, directional tangential blowing tubes, and vortex generator 

jets to decrease the flow separation inside an S-shaped diffuser. All the methods led to a reduction 

of the flow separation and total pressure loss. However, they were not able to diminish the swirl 

magnitude, in fact, they increased the swirl inside the passage. 

Different research investigated the advantages of S-bends nozzles for suppressing infrared (IR) 

signatures emitted by the engine exhausts.  Sun et al. (2015) tested double serpentine nozzles in a 

GT engine exhaust and highlighted the effectiveness of the S-bends in reducing infrared emissions 

and suggested proper design and centerline distribution since it has a significant effect on the air 

acceleration inside the nozzle. Hui et al. (2021) experimentally compared a Serpentine nozzle with 

an axisymmetric nozzle. The data showed that the wall curvature significantly affected the flow 

coefficient and thrust coefficient while the infrared signature reduced. Max et al. (2022) showed 

that using techniques such as air blowing and suction at the walls of an S-bend inlet can reduce the 

flow separation at the walls. An et al. (2016) results showed that although the S-shaped nozzles 
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reduce infrared signature in the axial direction, increases in the signature on the left and right side 

and below the nozzle were seen due to curvature and aspect ratio. 

 

2.1.3 Analyzing performance of the diffuser 

The pressure recovery coefficient is one of the main parameters in determining the performance of 

diffusers.  The pressure recovery of the exhaust system is analyzed by the pressure recovery 

coefficient (ὅ ) which is determined by dividing the difference between the atmospheric pressure 

ὖ   and the diffuser inlet static pressure ὖ  by the diffuser inlet dynamic pressure ὖ . 

The formula for pressure change coefficient (ὅ ) is given in Eq. (2.1). The higher values show 

better performance of the diffuser and lower values indicate high back pressure penalty for the 

engine. 

                                                                       ὅ                                                    (2-1) 

Another parameter, which is based on the assumption of frictionless flow, is the ideal pressure 

recovery coefficient of the diffuser shown in Eq. (2-2). 

                                                                       ὅ ρ                                                     (2-2) 

Area ratio (AR) represents the diffuser area ratio (A) and is defined in Eq. (2-3). 

                                                                             !2                                                          (2-3) 

In designing diffusers with curvature different parameters should be considered. The first parameter 

is the length of the diffuser. A longer diffuser causes excessive pressure losses. The second 

parameter is the angles of the bends, since with higher angles, more flow separation occurs in the 

passage. Miller limited the area ratio to 1.5 because of the diffusion-curvature flow interactions as 
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more pressure losses are created by flow instabilities and separation in a flow with a severe adverse 

pressure gradient. Miller (1978) suggested a second-stage diffuser concentrated toward the outer 

wall could provide higher flow diffusion with a high area ratio. Whitelaw et al. (1973) investigated 

the area ratio of 1.4 and 1.5. They reported approximately the same pressure recovery coefficient 

for both area ratios. Gupta et al. (2001) reported better flow uniformity at the duct outlet with a 

higher aspect ratio. Their results indicated that while the turning angle is less than 30 degrees, the 

pressure recovery coefficient will rise with an increase in the area ratio. 

 

2.2 Effusion cooling 

The working temperature of modern gas turbines are well beyond the softening temperature of the 

different metallic components in the hot gas passage, such as turbine blades, combustor liners, and 

exhaust systems. This high temperature causes design challenges for the new generation of gas 

turbine engines. This necessitates the use of various cooling techniques in gas turbine engines. 

There are different passive cooling techniques such as film cooling, effusion cooling, impingement 

cooling, transpiration cooling, and a combination of these methods that are applicable in gas turbine 

engines, as shown in Figure 2.5. 

 In film cooling, cooling air flows in a large tangential slot, or discrete holes and the coolant flow 

creates a cooling film layer over the surface to protect the integrity of the components. The cooling 

film protects the surface by isolating it from the hot gas flow. The difference between film cooling 

and effusion cooling is the large number of cooling holes and the small diameter of the holes. With 

effusion cooling the in-hole and back-side convection provides significant cooling of the surface. 

The cooling exiting the holes also provides some film cooling effect. A combustor liner with 

effusion holes on the surface is shown in Figure 2.6. In effusion cooling the diameter of the holes 

can be less than one millimeter and the number of holes exceeds more than a thousand while in 
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film cooling only a limited rows of holes are placed on the surface for cooling. One of the main 

advantages of effusion cooling is that the jets from the holes influence each other and because of 

lower impulse, it does not affect the main flow significantly and the cold flow remains inside the 

boundary layer. On the other hand, in film cooling since the number of holes are lower than effusion 

cooling more coolant is needed to protect the surface from hot gases, otherwise the cooling 

effectiveness reduces significantly. This excessive need for coolant flow results in a reduction of 

cooling effectiveness because of flow separation and mixing of the secondary flow and the main 

flow.  

 

 

        Figure 2.5 Various cooling methods in GT engines (Zhang et al. 2009, Cerri et al., 2006)  
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        Figure 2.6 A combustor liner with effusion holes on the surface (Savary et al. 2017)  

 

In impingement cooling there is a back plate with small holes and the coolant jets from these holes 

impinge directly on the back side of the surface to be cooled. The advantage of impingement 

cooling is that no mixing between the main and secondary flow. One can also combine 

impingement with film or effusion cooling. The new generation of turbine blades have a 

combination of film and impingement cooling to increase the cooling effectiveness. However, the 

combination of impingement and film cooling faces manufacturing challenges. A turbine blade 

with impingement walls, film hole, and pedestals for increasing the heat transfer are shown in 

Figure 2.7.  

 

Figure 2.7 A turbine blade with impingement walls, film holes and pedestals (van de Noort and 

Ireland 2022) 

Effusion holes 

with angle on 

the surface 
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Another innovative cooling method is transpiration cooling, in which, a porous wall with high 

density of micro-scale cooling holes is created to cool the surface. The application of transpiration 

cooling is limited in gas turbine engines due to the manufacturing difficulties. Also, the micro-scale 

holes are highly susceptible to clogging and this increases the cost of maintenance significantly.  

2.2.1 Performance of film and effusion cooling 

To evaluate the performance of the effusion cooling technique, it is essential to understand the 

behavior of the coolant flow within the holes and downstream. As illustrated in Figure 2.8, the flow 

can be divided into three zones: 

a. Primary Zone: This is where the main flow and coolant flow first interact. Effective 

attachment of the coolant flow to the surface is crucial in this zone. 

b. Established Zone: Here, achieving a uniform lateral distribution of the coolant flow is 

essential to ensure complete coverage of the plate surface. 

c. Recovery Zone: In this zone, the coolant flow forms a film layer downstream of the 

cooling holes, which must remain attached to the surface. 

Optimal performance of effusion cooling depends on a uniform lateral distribution of the coolant 

flow, strong attachment to the surface, and minimal mixing with the hot gas in the recovery zone.  

 

Figure 2.8 Structure of the cooling film layer (Ng and Birk 2013) 
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Effusion cooling involves various modes of heat transfer, including backside convection, in-hole 

convection, conduction through the wall, and convection on the mainstream side. As shown in 

Figure 2.9, distinct temperatures and velocities have been defined to characterize these modes. In 

Figure 2.9, the mainstream temperature Ὕ , coolant film temperature above the wall surface 

Ὕ or Ὕ, wall temperature Ὕ , coolant temperature at the hole exit Ὕ ȟ , coolant flow 

temperature Ὕ , and mainstream velocity Ὗ  are defined. These are essential for analyzing film 

and effusion cooling performance. 

 

 

Figure 2.9 Different parameters in film and effusion cooling (Ng and Birk, 2013) 

 

 

One of the most important parameters in analyzing film cooling is that the adiabatic cooling 

effectiveness (– ), which evaluates the cooling film's performance with an adiabatic wall. With 

an adiabatic wall assumption there can be no convection or conduction cooling ï only film cooling 

effects (assuming thermal radiation can be ignored). This parameter, given in Eq. (2-4), is 

especially useful in applications where the effectiveness of the cooling film layer is of high 

importance.  

                                                             

                                                                        ʂ  
Ȥ

Ȥ ȟ
                                                    (2-4)                       
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Due to the difficulty in measuring the coolant temperature at the injection hole exit, the upstream 

coolant temperature can be used and name it as Ὕ instead of Ὕ , and rewrite the equation as 

thermal cooling effectiveness – , as given in Eq. (2-5).  

                                                                –                                                       (2-5) 

Another parameter introduced by Bogard and Thole (2006) is the net heat flux reduction to the wall 

surface with film cooling as given in Eq. (2-6). 

                                                                 Ўή ρ
 

                                                    (2-6) 

 

In Eq. (2-6), ή  is the net heat flux to the wall surface with film cooling and is given in Eq. (2-7), 

                                                                 ή Ὤ Ὕ Ὕ                                                  (2-7) 

 

and ή  is the net heat flux to the wall surface without film cooling and is given in Eq. (2-8). 

 

                                                                 ή Ὤ Ὕ Ὕ                                                (2-8) 

 

In Eq. (2-7) and (2-8), Ὤ is the heat transfer coefficient for the case with film cooling, and Ὤ is 

the heat transfer coefficient for the case without film cooling. 

The advantage of effusion cooling compared to film cooling is the full coverage of discrete jets 

with a low impulse reduces the chance of the jets lifting off  from the surface and the mixing of the 

coolant flow with the primary flow and consequently increasing the overall surface cooling 

effectiveness. The effectiveness of effusion cooling depends on various modes of heat transfer, 

which vary based on the application. In scenarios with significant thermal radiation from the 

mainstream, the contribution of the film layer over the surface becomes negligible, and the cooling 
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effect is primarily governed by convective heat transfer within the holes and on the backside of the 

plate. As shown in Figure 2.10, Leger et al. (2003) categorized the cooling areas into three zones. 

The first zone (upstream) is cooled by wall heat conduction and exterior convection, after that the 

multi holed zone where cooling happens with the external convection and effusion effects, and the 

third zone where a cooling layer is formed and protects the surface. 

 

 

Figure 2.10 Different zones of cooling in effusion cooling (Leger et al. 2006) 

 

 

Andrews et al. (1988) results showed that the role of convective heat transfer at the coolant side is 

significant. They revealed that acceleration of the coolant into the multi-holed region increases the 

convective heat transfer significantly and proposed an overall cooling effectiveness –  

parameter based on the wall temperature, as given in Eq. (2-9),  

 

       0        47 
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                                                              –                                                                     (2-9) 

the wall temperature is Ὕ , the main flow temperature is Ὕ , and the secondary flow 

temperature is Ὕ . 

Analyzing the performance of effusion cooling requires a comprehensive understanding of all 

parameters influencing the interaction between the main and effusion cooling flows. Various 

factors can significantly impact the performance of effusion cooling, including the geometry and 

configuration of the holes (size, spacing, angle, shape), flow parameters, turbulence intensity in the 

main flow, and the presence of adverse pressure gradients along the walls. 

The following sections provide a brief description of these parameters and their roles in effusion 

cooling performance.  

2.2.1.1 Effusion holes shape and configuration 

Various studies have investigated the effects of hole shape, outlet geometry, inclination angle, and 

cooling hole distribution on cooling effectiveness. Among these factors, the inclination angle and 

shaped holes have received significant attention for improving cooling performance. 

The inclination angle in both the streamwise (Ŭ) and spanwise (ɓ) directions plays a crucial role in 

preventing coolant flow lift-off or detachment from the surface. Shaped holes, such as fan-shaped 

designs commonly used in many studies, further enhance coolant attachment to the surface. 

Cooling hole distribution is characterized by parameters such as the streamwise spacing (row 

spacing to diameter), lateral spacing (pitch to diameter), and the number of holes per unit surface 

area, all of which influence cooling effectiveness. 

Paitich et al. (2022) investigated the impact of inclination angles of 0°, 30°, 60°, and 90° on cooling 

performance. Their findings revealed that angles of 30° and 90° provided the best cooling 
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effectiveness, producing a uniform protective cooling layer. Additionally, the performance at 30° 

was slightly higher compared to 60°. Gustafsson and Johansson (2001) compared cooling 

effectiveness at two different (30° and 20°) injection angles. Their results showed that reducing the 

injection angle from 30° to 20° led to only a negligible improvement in cooling performance. Li et. 

al (2023) revealed that smaller inclination angles could provide a higher cooling effectiveness, 

however, the thermal stress concentration of the film hole increases as well.  

Xie et.al (2020) experimentally tested an effusion/impingement flat plate and suggested that the 

staggered arrangement of effusion holes improves the overall cooling effectiveness compared to 

overlapped arrangements of holes. Bogard and Thole (2006) investigated the effect of hole 

distribution on cooling performance. They demonstrated that a lateral spacing of 3 millimeters 

allows the coolant to behave as individual jets, whereas reducing the lateral spacing to 2 millimeters 

results in the formation of a continuous film layer. Murray et al. (2018) tested two different flat 

plates with two different hole pitches (3 millimeters and 5.75 millimetres) under varying blowing 

ratios. Their results indicated that the flat plate with 3 millimeters pitch holes exhibit significant 

spanwise jet interactions, forming an acceptable spanwise film layer at low blowing ratios. They 

concluded that the optimal cooling effectiveness is achieved by combining a low number of pitch 

rows with low blowing ratios. 

Sun et al. (2018) investigated four different hole geometries: cylindrical, fan-shaped, double jet, 

and holes with sister holes. Their findings confirmed that cylindrical holes exhibit poor film cooling 

effectiveness at low blowing ratios. This is due to the interaction between the main flow and the 

coolant flow, where counter-rotating vortices lift the coolant flow away from the wall, reducing its 

effectiveness. Fan-shaped holes and double jet holes showed better cooling performance compared 

to the cylindrical holes, particularly at higher blowing ratios. The best overall cooling effectiveness 

across a range of blowing ratios was reported for the sister holes configuration, as shown in Figure 

2.11. 
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    a) cylindrical holes            b) fan-shaped holes           c) double jet holes           d) sister holes  

Figure 2.11 Four different hole shapes and configurations (Sun et al., 2018) 

 

The combination of geometric configurations has been extensively studied, with Andrews et al. 

(1985, 1986, 1988, 1990) conducting some of the most important and comprehensive 

investigations. These studies examined the effects of the number of holes, hole diameter, and hole 

distribution on cooling effectiveness across a wide range of coolant flow rates. From their findings, 

a clear guideline for selecting the optimal configuration of effusion holes can be established. 

To enhance cooling effectiveness while maintaining a constant number of holes per unit area, the 

focus should be on the hole diameter. Increasing the hole diameter helps prevent coolant flow lift-

off. Conversely, when operating under a fixed coolant flow rate and surface area, cooling 

effectiveness improves by decreasing hole spacing and diameter while increasing the number of 

holes.  

2.2.1.2 Flow parameters 

In effusion cooling, understanding the interaction between the main flow and the secondary flow 

plays a crucial role for an optimized design. Different flow parameters are involved in designing 

effusion-cooled surfaces. One of the main parameters is the blowing ratio (M), as given in Eq. (2-
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10), Ὗ  and ”  are the velocity and density of the secondary flow, respectively, and Ὗ  and 

”  are the velocity and density of the primary flow, respectively. 

                                                                      ὓ                                                       (2-10) 

Rozati and Tafti (2008) investigated three different blowing ratios, ranging from 0.4 to 1.2. Their 

results demonstrated that as the blowing ratio increased, the transition to turbulence of coolant jet 

occurred earlier, and the flow structures exhibited lower coherency. They also confirmed that 

higher blowing ratios resulted in increased mixing between the coolant and the mainstream flow. 

Wang et al. (2018) investigated five different blowing ratios in a flat plate with inclined holes, 

testing values of 0.4, 0.6, 0.8, 1, and 2. Their results followed a similar trend to previous studies. 

For blowing ratios less than 0.8, film cooling effectiveness increased with the blowing ratio. 

However, once the blowing ratio exceeded 0.8, the effectiveness began to decrease with further 

increases in blowing ratio. 

Two other parameters are the momentum flux ratio (I) and density ratio (DR) given in Eq. (2-11) 

and (2-12), respectively. The momentum flux ratio is a good parameter for identifying the cooling 

film separation from the surface by scaling the mainstream dynamics force to coolant jet. The 

density ratio is used for scaling the temperature difference between the coolant and main flow. 

These two parameters have not been the primary focus of many studies in effusion cooling, and 

some literature suggests that no general trend could be identified for them. 

                                                                   Ὅ                                                        (2-11) 

                                                                     ὈὙ                                                      (2-12) 

One of the comprehensive studies on momentum flux ratio was conducted by Bogard and Thole 

(2006). They suggested that for momentum flux ratios less than 0.4, the film layer remains attached 
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to the surface, providing good film cooling effectiveness. However, for higher momentum flux 

ratios greater than 0.8, the film layer completely lifts off, resulting in poor cooling performance. 

Their findings also revealed that for momentum flux ratios between 0.4 and 0.8, the film layer 

undergoes fluctuations, initially detaching from the cooling surface before reattaching. 

Andrei et al. (2014) indicated that the effect of density ratio is more significant in the mixing region, 

while it can be neglected in the penetration area. Another study by Andreini et al. (2012) confirmed 

that the density ratio has a negligible effect within the penetration regime. Their findings also 

suggested that at a constant blowing ratio, heat transfer decreases as the density ratio increases. 

Additionally, the velocity ratio plays a crucial role in scaling the density ratio within the jet's 

penetration zone. Yao et al. (2019) investigated the effect of changing density on various hole 

geometries, examining blowing ratios between 0.5 and 2, and density ratios of 1, 1.5, and 2.5 across 

five different hole geometries. Their results showed that, at a constant blowing ratio, higher density 

ratios correspond to lower coolant velocity at the hole exit. As a result, the likelihood of jet lift-off 

decreases, and the lateral distribution improves due to the higher density of the coolant. However, 

cooling effectiveness in the downstream zone decreased. They concluded that higher density ratios 

generally improve film layer cooling effectiveness for most hole geometries, except for fan-shaped 

holes at low blowing ratios.  

2.2.1.3 Turbulence intensity of the primary flow 

Turbulence intensity of the primary flow has both advantageous and disadvantageous effects on 

effusion cooling performance. In the mixing zone, increased turbulence enhances the lateral 

distribution of the film layer, improving uniformity. However, in the downstream zone, higher 

turbulence significantly reduces adiabatic cooling effectiveness. 

In a study by Saumeweber et al. (2003), three different hole shapes were investigated: cylindrical, 

fan-shaped, and laidback fan-shaped, under varying turbulence intensities. The results showed that 
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for cylindrical holes, increased turbulence at high blowing ratios resulted in a slight improvement 

in cooling effectiveness. However, for the fan-shaped and laidback fan-shaped holes, even at the 

highest blowing ratios, increased turbulence had a detrimental effect on cooling performance. Chen 

et al. (2021) conducted experimental and numerical studies on a flat plate under turbulence 

intensities of 5% and 20% and blowing ratios ranging from 1.8 to 4.1. Their findings revealed that 

at high turbulence intensity (20%), the cooling performance improved by up to 4% with increasing 

blowing ratio, compared to only a 2% improvement at low turbulence intensity (5%). The 

simulations further confirmed the overall trend of turbulence effects on cooling performance. 

Kakade et al. (2013) investigated the effect of mainstream turbulence on the adiabatic cooling 

effectiveness. The data revealed that increasing the mainstream turbulence at low blowing ratios 

results in an increased lateral spreading of the coolant adjacent to the injection points, however a 

faster decay in the downstream zone. A minimal increase in cooling effectiveness was seen with 

increasing the blowing ratio.  

2.2.1.4 CFD simulation of film and effusion cooling 

Numerical simulation of film and effusion cooling has been the subject of extensive research. With 

advancements in computer science and emerging CFD techniques, the role of CFD simulations is 

expanding significantly. However, despite these advancements, significant challenges remain in 

accurately modeling effusion and film cooling in practical devices. Identifying the most effective 

method to predict flow behavior within cooling holes while maintaining computational efficiency 

has led researchers to explore various CFD approaches, including Large-Eddy Simulation (LES), 

Direct Numerical Simulation (DNS), and Reynolds-Averaged Navier-Stokes (RANS) simulations. 

Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS) are more advanced tools, 

providing detailed insights into jet interactions. However, in practical gas turbine (GT) engines, 

where tens of thousands of cooling holes are required, the computational cost of these methods 

becomes unmanageable. Consequently, alternative approaches with lower computational demands 
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are necessary. The Reynolds-Averaged Navier-Stokes (RANS) method, commonly used in 

industrial applications, offers a feasible solution for simulating effusion and film cooling. Despite 

its limitations in accurately predicting certain flow behaviors, RANS remains a suitable and widely 

applied technique for these simulations.  

The majority of the CFD simulations of film cooling aimed to optimize the shape of a single hole 

and its effect on the cooling performance. In Figure 2.12, Burdet et al. (2005) showed the formation 

of counter-rotating secondary flow at the trailing edge of the film hole. This counter-rotating 

secondary flow increases distribution of the film layer over the surface. 

 

Figure 2.12 Formation of counter-rotating vortex at the exit of the hole (Burdet et al., 2005) 

 

Sung et al. (2016) conducted LES of 52 cooling holes at two different blowing ratios to analyze the 

detailed interactions between the jets. The simulations revealed that at low blowing ratios, the initial 

cooling performance is higher, aligning well with experimental data. Jin et al. (2022) simulated a 

flat plate with a single row of film cooling using three approaches: novel Very-Large Eddy 

Simulation (VLES), a RANS-LES hybrid method, and the classic Large Eddy Simulation (LES) 

method. Their results indicated that at low momentum flux ratios, the three methods produced 
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significantly different outcomes. However, at higher momentum flux ratios, all methods yielded 

similar performance. 

Studies on the simulation of film cooling using different RANS models, such as k-Ң and k-ɤ, are 

widely available due to the low computational cost and acceptable accuracy of these models. 

Yuewen et al. (2022) specifically investigated the effect of mesh sensitivity on film cooling 

performance using RANS models. A cylindrical and a fan-shaped holes with different blowing 

rations and number of grid points were compared. As shown in Figure 2.13, for a cylindrical hole 

and fan-shaped hole, increasing the number of nodes around the hole revealed significant 

discrepancies between experimental and CFD data. With a lower number of nodes and low blowing 

ratios (M), incorrect features such as jet lift-off were observed. Even among the three finest grids, 

discrepancies remained evident near the injection location. The data indicated that achieving grid 

convergence becomes increasingly challenging at higher blowing ratios (M). In these cases, the 

laterally averaged cooling effectiveness was slightly under-predicted, even with a high number of 

grid points. Additionally, convergence proved to be particularly challenging in scenarios involving 

flow separation. Miao et al. (2009) employed the RANS k-ɤ turbulence model to simulate two 

rows of effusion holes in a curved geometry. The coolant flow was modeled in two configurations: 

(1) blowing from a cross-blower plenum and (2) blowing from a straight-blower plenum, each at 

different blowing ratios.  
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Figure 2.13 Comparison of laterally averaged cooling effectiveness for cylindrical and fan-shaped 

holes with different node numbers and blowing ratios (M) (Yuewen et al., 2022) 

 

The results demonstrated that the k-Ů model effectively captured the counter-rotating vortex pairs. 

Additionally, the lateral film cooling performance in the concave zone was moderately improved 

when injection was conducted from the straight-blower plenum compared to the cross-blower 
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plenum. Li et al. (2018) investigated the effects of curvature in two distinct passagesða bent 

passage and a straight passageðusing various RANS turbulence models. The models included the 

Realizable ËȤצ  model, the Standard Ὧ-‭ model, the Shear Stress Transport (SST) model, and the 

Transitional SST model, aiming to identify the most accurate model for predicting film cooling 

performance. At low blowing ratios (M = 0.5), the results revealed an overestimation of laterally 

averaged cooling effectiveness compared to experimental data, although the overall trend matched 

well. Among the models, the Realizable k-Ů model demonstrated the closest agreement with 

experimental results. At higher blowing ratios (M =1.0), two distinct behaviors were observed: 

cooling effectiveness was underestimated in the upstream region and overestimated in the 

downstream region. Despite these discrepancies, the Realizable Ὧ-‭ model again outperformed the 

other turbulence models in predictive accuracy, as shown in Figure 2.14. 

 

Figure 2.14 Laterally averaged adiabatic film cooling effectiveness with different turbulence models 

(Li et al., 2018) 
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Yao et al. (2021) simulated a combined impingement and film cooling plate using various 

turbulence models, including k-Ů Realizable, k-ɤ Standard, SST, Transition SST, and a novel model 

referred to as Ὧ-Ὧ-ɤ. The temperature and velocity contours for these models are presented in 

Figure 2.15. The contours revealed that turbulence models with ɤ equations exhibited broader 

coolant jet spreading compared to those with Ů equations. Additionally, the velocity values at the 

core of the wall jet in the ËȤצ  model were distinct from those in the k-ɤ models. Flow separation, 

observed in simulations using the k-ɤ model, showed better agreement with experimental results, 

highlighting its potential for capturing critical flow features. 

 

 

Figure 2.15 Temperature and velocity contours of a single hole simulation with different turbulence 

models (Yao et al., 2021) 

 

Velocity contours Temperature contours 
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The investigation of film and effusion cooling using both LES and RANS models has been widely 

explored in the field. From earlier studies, such as those by Walter and Leylek (2000) and 

Cccherinig et al. (2008), to more recent works by Murray et al. (2018), Feng et al. (2024), and Li 

et al. (2024), a common trend emerges: most simulations and experiments are conducted with a 

single hole or one to two rows of effusion holes. Rarely do studies investigate surfaces with full 

coverage of effusion holes, as is typical in real-world applications where the number of holes often 

exceeds ten thousand. The case study in our research features over five thousand effusion holes, 

making it highly relevant and applicable to real-world effusion cooling designs. 

 

2.3 CFD fundamentals 

Numerical methods are an effective alternative to experimental approaches, offering significant 

cost and time savings while providing more detailed data compared to experimental results 

(Versteeg and Malalasekera, 2007). Despite recent advances, challenges remain in using numerical 

methods, including the complexity of grid generation for intricate geometries, computational power 

limitations, and the validation of CFD simulations. A solid understanding of the fundamentals of 

numerical methods is essential for interpreting CFD simulation results more thoroughly and for 

generating grids more efficiently, leading to improved accuracy. 

This section discusses the core principles of numerical methods employed in RANS CFD 

simulations, offering deeper insights into the processes and results of these simulations. 
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2.3.1 Governing equations 

The numerical methods and simulations of fluid motions are based on solving Navier-Stokes 

equations which is one of the fundamental equations in fluid mechanics science. Navier-stokes 

equations include continuity equation, momentum equations in different directions, and energy 

equation (Fox and McDonaldôs, 2011). These are shown below. 

Continuity equation 

‬”

‬ὸ
Ͻɳ”ό π  (2-13) 

Momentum equation 

                                                      ” ”Ὣ ​ὴ ​Ͻ†                                               (2-14) 

 

In momentum equation ὭȟὮ ρȟςȟσ which represents x, y, and z directions, respectively. Also, †  

are viscous stresses proportional to viscosity ‘ and strain rate Ὓ  for 

incompressible flows.  

Energy equation 

                                             ” ὴ Ͻɳό Ͻɳ‗ɳὝ ɮ                                                                         (2-15) 

 

In energy equation, ό όὴȟὝȢ  is the material derivative operator and ‗ is the thermal 

conductivity. The viscous-dissipation term appears in the energy equation as ɮ for incompressible 

flows (ANSYS theory guide, 2024). 
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2.3.2 Introduction to the CFD models 

Turbulence causes fluctuations in transported quantities by fluctuating the flow parameters such as 

temperature and pressure within turbulent flows, necessitating the development of specific models 

to account for these fluctuations and their effects on the flow. Different CFD methods such as DNS, 

LES, and RANS were developed to account for these fluctuations. 

DNS resolves all turbulence scales directly by solving the Navier-Stokes equations without any 

turbulence models. In this method, very fine grids are needed to capture the Kolmogorov scales 

(Wendt, 1995). In LES, the CFD software resolved the large-scale turbulent structures directly and 

models only the smaller, subgrid-scale eddies. Similar to the DNS, a fine grid is necessary with the 

LES method. However, the RANS model decomposes the flow filed into mean components and 

fluctuating components and the turbulent fluctuations are not directly solved; instead, their effects 

are modeled using turbulence models like Ὧ-‭ or k-ɤ. The RANS models do not require fine grids, 

and they reveal an acceptable level of detail and have accuracy acceptable for many engineering 

applications. RANS models are widely used in industrial applications due to the low cost of 

simulations (Versteeg, 2000, Anderson and Wendt, 1995). A summary of different methods is 

shown in Table 2.1. 

In this research, RANS models were used for all simulations, and a summary of various RANS 

turbulence models will be discussed in the following sections. 
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Table 2-1 Comparison of different CFD methods 

   DNS LES RANS 

Method Fully resolved Large eddies resolved Modeled entirely 

Computational 

cost 

Very high Moderate to high Low to moderate 

Accuracy Very high High  Moderate to low 

Application  Fundamental 

research 

 Unsteady flows, 

large-scale turbulence 

Industrial design, steady 

flows 

 

2.3.2.1 RANS turbulence models 

In RANS turbulence models, the turbulent flow has instantaneous quantities such as velocity and 

pressure that vary in time and space. These quantities are decomposed into two components: time-

averaged mean component ό, and fluctuating component ό . By Applying these components into 

Navier-Stokes equations, for an incompressible flow, the RANS equations for momentum and 

continuity are as follows: 

 

                                                           ᶯ”ό π (2-13) 
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The όό term, known as the Reynolds stress, in the continuity and momentum equation reperesents 

the effect of turbulence on the flow. Introducing the Reynolds stress term in the equations creates 

closure problem for the equations, and now the number of unknowns is more than the total of four 

equations (one continuity and three momentum equations). The turbulence models are used to 

provide additional equations. 

Different approaches were proposed to address this problem. Prandtl mixing length was the first 

approach and expressed the eddy scales in a linear relation to wall distance and the wall reduce the 

size of the eddies. Van Driest model damped the eddy scales near the wall, reducing mixing by 

accounting for viscosity (Zawislak, 2019). 

In 1877 Boussinesq hypothesized that the momentum transfer caused by turbulent eddies can be 

modeled with an eddy viscosity (Schmitt, 2007). Boussinesq relates the Reynolds stress with mean 

velocity gradient through turbulent viscosity and turbulent kinetic energy and proposed the 

Boussinesq eddy viscosity approximation. 

 

Boussinesq hypothesis 

”όό ‘
‬ό
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‬ὼ

ς

σ
”Ὧ‏  (2-15) 

turbulent kinetic energy 

                                                                       Ὧ όό.                                               (2-16) 

and ‏ is the Kronecker delta. 

 



 

35 

 

2.3.2.2 Category of RANS models 

RANS models can be organized based on the number of equations. The first model is called zero-

equation in which the turbulent viscosity depends on a mixing length and the mean velocity 

gradient. This model can be used for simple flows, but it is not reliable for the complex geometries.  

A one equation model is Spalart-Allmaras (ANSYS theory guide, 2024) which solve one transport 

equation for turbulent viscosity, given in Equation (2-17). This model balances simplicity and 

robustness for wall-bounded flows. 
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ὨȡÄÉÓÔÁÎÃÅ ÔÏ ÔÈÅ ÎÅÁÒÅÓÔ ×ÁÌÌ 

ὛȡὛὸὶὥὭὲ ὶὥὸὩ 

ὅ , ὅ , „: model constants 

Other models such as k-Ң and k-ɤ models are known as two equation models. There are common 

turbulence models for industrial and most types of engineering simulations (Bredberg, 2000). 

 4ÈÅ ËȤצ  model was proposed by Jones and Lauder (1972) and it includes two extra transport 

equations for turbulent kinetic energy Ὧ and turbulent dissipation rate ‭ to find turbulent viscosity 

                                                         ‘ ”ὅ                                              (2-18) 

and transport equation for k in the Ὧ-‭ model is 

Ͻɳ”όὯ ᶯ‘ Ὧɳ ὖ ὖ ”‭Ὓ                                (2-19) 
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in which 

: time rate of change; 

Ͻɳ”όὯ: convection term; 

ᶯ‘ Ὧɳ: diffusion term; and 

ὖ ὖ ”‭Ὓȡ sources and sinks term (ὖ due to mean velocity shear, ὖ due to buoyancy, Ὓ 

is a user-defined source term). 

It should be noted that for the standard, RNG, and Realizable Ὧ-‭ models the transport equation for 

k is the same. 

The transport equation for ‭ in the standard Ὧ-‭ model is 

Ͻɳ”ό‭ ᶯ‘ ‭ɳ ὅ ὖ ὅὖ ὅ” Ὓ          (2-20) 

in which 

: time rate of change; 

Ͻɳ”ό‭: convection term; 

ᶯ‘ ‭ɳ: diffusion term; and 

ὅ ὖ ὅὖ ὅ” Ὓ : sources and sinks term (ὅȟ ὅȟὥὲὨ ὅ coefficients varying 

between different models). 

The standard Ὧ-‭ model used the numbers from Lauder and Spalding (1974) for the coefficients of  

ὅ , ὅ , ὅ , ὅ , „ , and „in the transport equations. To account for the near wall damping 
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introduced by the Van Driest mixing length model in the ‭ equation the damping functions of Ὢ, 

Ὢ, and Ὢ were applied based on the cell turbulent Reynolds number. 

                                                         ὙὩ                                                             (2-21) 

The standard Ὧ-‭ model is suggested for the flows with swirling, recirculating, however not for the 

flows with strong adverse pressure gradient (Nallasamy, 1987). Yakhot and Orszag (1986) added 

an additional term for strain rates in the turbulence dissipation equation to increase the accuracy 

for the flows with rotation and swirling. In Realizable Ὧ-‭ model the eddy viscosity equation 

constant ὅ replaces to a function of Ὧ, ‭, mean stress and rotation rates. On the other hand, the 

RNG model added an additional term in the dissipation equation. These modifications to the 

standard Ὧ-‭ models increase the capability of RNG in simulation of swirling flows and Realizable 

model in simulation of flow with flow separation and strong adverse pressure gradients.  

The other two equations turbulence models such as Standard k-ɤ and SST k-ɤ solves one transport 

equation for turbulent kinetic energy (k) and another for specific dissipation rate (w). The ËȤʖ 

turbulence models are highly effective in capturing the near-wall effects, and they widely used for 

boundary layer analysis. However, these models require fine grid resolution near walls, leading to 

significantly higher computational costs compared to k-  ᷾ turbulence models. Due to the 

computational costs and computing power limitations, the Realizable Ὧ-‭ turbulence model was 

used for this study. Also, the Realizable Ὧ-‭ model has good accuracy for the flows with strong 

adverse pressure gradient and flow separation. 

A summary of different RANS models and their applications are shown in Table 2.2. 
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Table 2-2 Comparison of different RANS models 

Turbulence 

model 

Advantages Disadvantages 

Number of 

equations 

Spalart-

Allmaras 

Good accuracy for wall-bounded flows 

Large errors for some free shear 

flows 

One 

Standard Ὧ-‭ 
Good accuracy for attached flow and 

turbulent jets 

Not accurate for the flows with 

strong adverse pressure 

gradients 

Two 

RNG Ὧ-‭ Good accuracy for swirling flows 

Large errors for the flows with 

strong adverse pressure 

gradient 

Two 

Realizable 

Ὧ-‭ 

High accuracy for the flow with 

separation, circulation, and strong 

adverse pressure gradient 

Not suitable for rapidly strained 

flows 

Two 

Standard 

k-ɤ 

High accuracy near walls, good flow 

separation prediction 

High computation costs, not 

accurate for the free stream 

simulations, circulation, swirl 

Two 

SST 

k-ɤ 

High accuracy near walls, good flow 

separation prediction, better 

performance in free stream condition, 

aerodynamic applications 

High computation costs, not 

accurate for the simulations of 

swirls 

Two 
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2.3.2.3 Near wall treatment 

For modelling wall-bounded flows such as airfoils it is of high importance that the grid be able to 

accurately predict the viscous dissipation across the boundary layer. The boundary layer region can 

be divided into three layers: 

1. Viscous sublayer: close to the wall, viscous forces are dominant. 

2. Buffer layer: transition zone between the viscous sublayer and the fully turbulent region. 

3. Law of the wall region: where the turbulence is dominant and far from the wall. 

In turbulence modelling, the ideal scenario is that the first cell from the wall lies within the viscous 

sublayer, however the requirements for a grid with high resolution increase the computational costs 

significantly. To address this problem, wall functions were introduced by Lauder and Spalding 

(1974) to capture the distance of the wall and fully turbulent region with lower computational costs, 

shown in Figure 2.16.  

 

Figure 2.16 Difference in the velocity profile with ◐  (ANSYS theory guide, 2024) 
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A dimensionless distance from the wall to the first node from the wall ώ  was defined to categorize 

the near wall behavior, 

                                                                             ώ
Ў

                                             (2-21)  

in which ɝώ  is the distance to the wall. Based on the Ù , the different regions of the turbulent 

boundary layer can be defined: the viscous sublayer ώ υ, buffer layer υ ώ σπ, r and 

the log-layer or turbulent layer  ώ  σπ,  (ANSYS theory guide, 2024). 

For the standard wall function, the first cell cannot be placed within the viscous sublayer; it lies in 

the log layer region. The ώ  for the standard wall function should be between 30 and 300. For 

complex flows in which flow separation and adverse pressure gradients existed the non-equilibrium 

wall function is needed for a prediction with better accuracy. Similar to the standard wall function  

ώ should be between 30 and 300. In the cases where the viscous sublayer needs to be captured the 

first cell has to be placed within the viscous sublayer.  In this case, the recommended ώ  is less 

than unity, however up to 5 is acceptable for the more complicated geometries. A summary of 

different wall functions is shown in Table 2.3. 
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Table 2-3 Comparison of different near-wall treatments methods (Zawislak, 2019, ANSYS theory 

guide, 2024, Hou, 2024) 

Method Strengths Weaknesses 

Standard ¶ Low-computational costs ¶ Limited accuracy in complex flows 

(APG), low Re numbers 

Non-

equilibrium  

¶ Moderate computational costs 

¶ Not accurate for the flows with large 

flow separation 

¶ Relies on assumptions and empirical 

constants 

Enhanced ¶ Capturing details near-wall physics, 

separation, reattachment 

¶ High computational costs for 

complex geometries 
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Chapter 3 

Experimental procedure 

This chapter covers the S-bend duct apparatus geometry and experimental setup. All the 

experimental work was conducted on the Queen's University Hot Gas Wind Tunnel (HGWT) 

facility in Kingston, Ontario, Canada. 

Experiments were conducted with effusion cooling applied at three distinct locations on the S-bend. 

Experiments were conducted using both cold and hot flows, during which flow characteristics such 

as wall static pressure distributions, outflow temperature, and velocity contours were measured. 

The diffuser performance was evaluated based on the pressure recovery coefficient. 

3.1 Hot Gas Wind Tunnel (HGWT) 

The HGWT consists of the following: 

i) A 30-kW centrifugal blower, which is controlled by using orifice plates at its inlet;  

ii)  A natural gas burner rated at 1600 kW heating;  

iii)  A conical diffuser; 

iv) A settling chamber;  

v) A conical nozzle; and  

vi) A straight section for mounting the apparatus.  

The S-bend apparatus was connected to the straight section using a round-to-rectangular transition. 

The most downstream of device was a diffuser. Details of the wind tunnel are summarized in Table 

3.1, the schematic of the hot gas wind tunnel with the exhaust system is shown in Figure 3.1, while 

Figure 3.2 shows the HGWT. 
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Table 3-1 Hot gas wind tunnel details 

Centrifugal blower Burner  Settling duct 

¶ 40-hp (30 kW) 

¶ Velocity up to 100 m/s 

¶ 1600 kW 

¶ Temperature up to 600 ↔C  

¶ Circular 

¶ Inner diameter of 8 inches 

 

 

Figure 3.1 Hot Gas Wind Tunnel (HGWT) schematic 

           

Figure 3.2 Hot Gas Wind Tunnel (HGWT) 
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3.2 Test section 

3.2.1 S-bend  

The test section included three parts. The first part after the settling ducts is the guide duct, which 

is a round to rectangular duct and connects the settling duct to the S-bend, followed by a diffuser. 

In Figure 3.3, three parts of the exhaust system are shown. Bolt was used for connecting different 

sections of the exhaust system. 

 

 

Figure 3.3 Test section: transition round -to-rectangular duct (guide duct), S-bend with effusion 

holes, and diffuser 

 

The S-bend was made of two bends with 45 ↔-to-45↔ turning angle, and a straight section connects 

the two bends. The details of the geometry are shown in Figure 3.4 and Table 3.2. 

 

 

Guide duct S-bend Diffuser 

Flow direction 
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Table 3-2 Test section specification 

Total lenght of the test section ╛ἼἷἼἩἴ 100 cm 

Centerline offset (OS) 10 cm 

S-bend centerline turning radius (R) 20 cm 

S-bend turing angle ʃ  45 ↔ 

Distance between two bends ,  10 cm 

Diffuser angle ʃ  (both walls) 4.8 ↔ 

Height (b) 30 cm 

Outlet width (╦ ) 15 cm 

S-bend total length 36 cm 

S-bend width 10 cm 

Guide duct lenght 30 cm 
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Figure 3.4 Test section details (Ng, 2014) 

 

All the parts were made from 16-guage SS316 stainless steel sheet metal. Also, graphite heat 

insulation sheets were used between each part, as shown in Figure 3.5. The plans of each part are 

provided in the Appendix A.  

 

Figure 3.5 Heat resistant sealant at the connections 

Graphite sealant 
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3.2.2 Cooling Plena 

To provide coolant air flow to the effusion holes of the S-bend, a separate cooling plenum was 

required for each side. One of the primary design challenges for the test section was constructing 

functional cooling plena for both walls of the S-bend. The geometry of the S-bend and the presence 

of bolt edges at the connection points of the cooling plena made sealing the gaps between the S-

bend walls and the plenum edges particularly difficult. Additionally, the use of graphite sealant was 

not feasible due to the curvature of the geometry. To address this, two cooling plena with the lengths 

of 84 cm and height of the S-bend, one for each side wall, were designed and fabricated from sheet 

metal at Queen's University's machine shop. The cooling plena are shown in Figure 3.6.  

Three adjustable latches were welded onto the surfaces of the cooling plena and the S-bend to 

ensure a secure attachment. The latches on both the S-bend and the cooling plena are shown in 

Figure 3.7. Small gaps between the S-bend and the plena were sealed with a layer of flexible, heat-

resistant sealant, followed by an additional layer of heat-resistant wax to prevent any leaks from 

the cooling plena. Also, two holes with a diameter of 5 cm were drilled at the end of each plenum 

for the supply of coolant air. 

 

Figure 3.6 Cooling plena for both side walls at the machine shop 

 

Cooling plena 
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Figure 3.7 Welded latches on the cooling plenum and S-bend duct 

 

The coolant air was supplied using two variable spead leaf blowers. Also, two venturi meters 

(HYSPAN, diameter of 1.25 inch) were used for the flow measurement of the air entering the plena. 

The blower and venturi are shown in Figure 3.8. The venturi was connected to the plenum with 

adding a straight pipe with the length of the 10 cm, and the leaf blower was connected to the venturi 

with a hose. The final setup of the cooling plenum, venturi, and the blower connection is shown in 

Figure 3.9. 

   

Figure 3.8 Leaf blower and venturi 

Latches connector 

on the S-bend 

Latches on the 

cooling plenum 

Toro leaf blower Venturi 
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Figure 3.9 Cooling air  supply setup 

 

3.2.3 Effusion holes 

Effusion holes with a 1 mm diameter and a linear spacing of 4 mm were laser-drilled on both 

sidewalls of the S-bend, as shown in Figure 3.10. Due to the manufacturing limitations, the holes 

were drilled perpendicular to the surface. A total of 4947 effusion holes were drilled on each 

sidewall of the S-bend, and margins of 15 mm from the side edges and 52 mm from the top and 

bottom edges was maintained to provide space for attaching the cooling plena. The fully perforated 

surface had a total cooling area of 200 mm × 384 mm, with effusion holes covering approximately 

5% of the total surface area as open space. The S-bend was sprayed with flat black paint to achieve 

high emissivity for IR thermography purposes. This paint caused minor (up to 10%) blockage in 

some of the effusion holes. The details of the effusion holes for each segment of the S-bend are 

summarized in Table 3.3. Side wall design drawings are provided in Appendix A. 
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Figure 3.10 Laser-drilled effusion holes on the S-bend wall 

 

Table 3-3 Details of the effusion holes on the S-bend surface area 

Segment Number of holes Cooling holes area □□   Cooling surface area □□  

Convex 1377 1081 20,600 

Spacer 1224 961 20,000 

concave 2346 1843 26,200 

Total surface area 4947 3885 76,800 
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3.2.4 Cooling injection configuration 

Three different locations on the S-bend passage were considered for cooling: the first convex 

surface, the second convex surface, and the left wall with full coverage of effusion holes, as shown 

in Figure 3.11. 

 

Figure 3.11 Cooling hole locations on the S-bend duct 

 

As previously discussed, the walls of the S-bend had full surface coverage with effusion holes. For 

each test location, the effusion holes at the other locations needed to be blocked so no effusion flow 

would take place in those locations. To achieve this, self-adhesive industrial aluminum foil was 

used. Four layers of aluminum foil were applied on the duct outside to ensure durability, preventing 

burning or detachment of the first layer from the surface. As shown in Figure 3.12, for the second 

convex configuration, the effusion holes on the remaining surfaces of the S-bend passage were 

covered with aluminum foil. 
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Figure 3.12 Second convex effusion cooling area 

 

3.3  Instrumentation 

Various measurement instruments were used for inflow and outflow measurement including: 

 

I. A two-axis traverse system equipped with a 7-hole probe was installed at the diffuser outlet 

to measure the outflow temperature, pressure, and velocity. 

II.  Pressure transducers and duct surface pressure taps for measuring pressures at different 

locations in the duct. 

III.  Digital hand-held manometer for the inflow measurments at the inlet of the test section. 

IV.  A venturi for measuring of the total effusion coolant mass flow rate. 

 

Second convex 

effusion cooling area 

Flow direction 
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3.3.1 Two-axis traverse and pressure transducers 

A two-axis traverse (X-Y) system with a 7-hole probe mounted on a frame was used to map the 

outflow velocity and temperature distribution. To measure temperatures, a K-type thermocouple 

wire was added to the tip of the 7-hole probe, shown in Figure 3.13. For the cold tests, the probe 

was positioned 0.5 cm from the edge of the diffuser.  

During the hot tests, the test section expanded due to thermal effects, with the expansion reached 

up to 14 cm. Consequently, the distance of the probe from the edge of the diffuser varied between 

1 cm and 3 cm, depending on the thermal expansion of the test section. The probe was intentionally 

kept at a safe distance from the edges to prevent damage to the tip of the 7-hole probe.  

  

Figure 3.13 Placement of the two-axis traverse and the 7-hole probe 

 

The 7-hole probe was driven by two stepper motors, enabling movement in the X and Y directions. 

It was connected to a 12-bit analog-to-digital data acquisition (DAQ) system. In-house MATLAB 

codes were used for DAQ, processing, and controlling the stepper motors. 

To map the temperature and velocity distribution at the diffuser outlet, the probe was programmed 

to collect data at 1620 points, as illustrated in Figure 3.14. Data collection began at the top-left 

Stepper motor 

(X-axis) 

Stepper motor 

(Y-axis) 

7-hole 

probe tip 
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corner of the outlet, moving horizontally to the right to complete each row. Afterward, the probe 

returned to the left side to start the next row. The step size was 6 mm in the X-direction and 5 mm 

in the Y-direction. To study the effect of the data point density on the results one test with the step 

size of 4 in the X-direction and 4 mm in the Y-direction was conducted, and no significant change 

was observable. 

To ensure full coverage of the outlet area, the traverse was programmed to collect data over a 

slightly larger area than the diffuser outlet, with excess data trimmed during post-processing. The 

outlet mass flow rate was calculated by integrating the data collected at these points.  

 

Figure 3.14 7-hole probe data collection map at the outlet of the diffuser 

 

3.3.2 Wall pressure taps  

To measure pressure on the walls of the test section, pressure taps (Scanivalve-TUBN-040-L2) 

were welded along the centerline of the both side walls of the test section . A total of 27 were 

installed, including 2 on the guide duct, 19 on the S-bend duct, and 6 on the diffuser, as shown in 

Figure 3.15. Additionally, 4 pressure taps were welded onto the walls of the cooling plenum to 
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End of data 
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points x 

y 



 

55 

 

measure static pressure within the plenum. Heat-resistant tubes were used to connect the pressure 

taps to the pressure transducers, and a small hole was drilled on the cooling plenum to connect the 

tubes to the pressure transducers. 

The welding process caused some irregularities in the diffuser segment due to exposure to high 

heat, resulting in slight deformation of the side walls at the centerline. Furthermore, two K-type 

thermocouples were attached to the surface to measure the wall temperature.  

   

Figure 3.15 Welded pressure taps on the S-bend and diffuser 

 

To measure pressures, Omega (PX139 ±1 psi) strain-gauge sensors were used. The pressure 

transducers were grouped into boxes, each containing 8 sensors. Based on the available transducers, 

a total of 6 pressure transducer boxes were assembled, as shown in Figure 3.16. Detailed calibration 

procedures for the 7-hole probe and the pressure transducers are provided in the Appendix B.1 and 

B.2 

S-bend duct Diffuser 

Pressure 
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56 

 

     

Figure 3.16 Pressure transducers 

 

3.3.3 Inflow measurement 

A Dwyer digital handheld manometer (0-20 inches of water) as shown in Figure 3.17 and  wall 

mounted static pressure taps were used for measurement the inlet parameters of the flow. The 

measurments location was 130 cm upstream of the test section. The inlet of the guide duct is 

considered as the the beginning of the test section. The handheld manometer was used to manually 

linear traverse at the centerline of the settling duct to the wall. Also, K-type thermocouples (D=1 

mm) were used for temperature measurements. The details and location of the instrumentation are 

shown in Figure 3.17. 

The inlet mass flow rate ά  and outlet mass flow rate ά ά ά  were 

calculated by integrating the velocity profiles at the inlet and outlet locations. The mass balance 

results showed that the differences between the inlet and outlet mass flow rates for the first convex 

case, second convex case, and left wall case with low coolant mass flow rates were 4%, 3%, and 

4%, respectively. For the cases with high coolant mass flow rates, the differences were 6%, 5%, 

and 8% for the first convex surface, second convex surface, and left wall, respectively. The 8% 

difference for the left wall with high coolant mass flow rates was attributed to drilling a third hole 

Assembled box of pressure transducers Single pressure transducer 
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and modifying the surface of the cooling plenum to accommodate a third blower, since two blowers 

were insufficient to achieve the high coolant mass flow rate required for full surface coverage of 

the left wall. A summary of the mass balances for different cases is shown in Table 3.4 and Table 

3.5. 

 

 

Figure 3.17 Inlet flow measurement 
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Table 3-4 Flow mass balances for different cooling locations and low coolant mass flow rates (LCM) 

Cooling location 
Inlet mass flow rate 

□░▪ (kg/s) 

Outlet mass flow 

rate 

□▫◊◄ □▫◊◄

□╬▫▫■╪▪◄  (kg/s) 

Difference between 

inlet and outlet (æ) 

(%) 

First convex 2.35 2.22 + 0.034 4 

Second convex 2.38 2.27 + 0.032 3 

Left wall 2.32 2.2 + 0.024 4 

 

Table 3-5 Flow mass balances for different cooling locations and high coolant mass flow rates (HCM) 

Cooling location 
Inlet mass flow rate 

□░▪ (kg/s) 

Outlet mass flow 

rate 

□▫◊◄ □▫◊◄

□╬▫▫■╪▪◄  (kg/s) 

Difference between 

inlet and outlet (æ) 

(%) 

First convex 2.11 1.9 + 0.075 6 

Second convex 2.22 2.05 + 0.059 5 

Left wall 2.31 2.04 + 0.083 8 

 

 

 

3.3.4 Coolant mass flow rate measurement  

To measure the coolant mass flow rate, a venturi was installed at the inlet of the cooling plenum. 

For cases with low coolant mass flow rates, only one venturi and one blower were used. For the 

first convex and second convex cases with high coolant mass flow rates, two venturis and two 

blowers were employed. For the full surface coverage of the left wall at high coolant mass flow 

rates, three venturis and three blowers were used. 

A HYSPAN venturi with a throat diameter of 1.25 inch pipe ID and throat 0.725 x ID inches was 

used, and the static pressures at the venturi inlet and throat were measured by connecting tubes to 

pressure transducers linked to a DAQ system. 
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To calculate the mass flow rate for each venturi ά (kg/s) 

                                                        ά ὅȢὃȢς”Ўὖ                                             (3-1) 

Where: 

ὅ : discharge coefficient (dimensionless) of the venturi and accounts for different non-ideal 

conditions like friction and turbulence. The range value is typically from 0.95 to 0.99 for well-

calibrated venturis. Based on the model number and manufacturer recommendations of the 

HYSPAN venturi the considered value for the calculations were 0.96. 

ὃ: Throat cross-sectional area of the venturi (ά ) 

                                                              ὃ                                                                      (3-2) 

and Ὠ is the throat diamter. 

”: Fluid density 

Ўὖ: Differential pressure (Pa), measured between the inlet and throat of the venturi. 

                                                            Ўὖ ὖ ὖ                                                                  (3-3) 

And ὖis the static pressure at the inlet and ὖ is the static pressure at the throat. 

3.4 Experimental procedure 

The schematic of the experimental facility and the all measurments equipment with the cooling 

plenum at the left wall are shown in Figure 3.18. 
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Figure 3.18 Schematic of experiments setup with effusion cooling at the left wall (not to scale) 

The experimental procedure was as follows: 

An orifice plate was selected at the blower intake that gave the desired primary mass flow. Then 

the primary HGWT blower was turned on. 

The effusion air blower was turned on to deliver the air to the plenum. The blower speed was set 

to the desired flow rate recorded by the venturi meter. 

Once the blowers were operational, the measurement system was started. The 7-hole probe was 

connected to a pressure transducer box, which was further linked to the data acquisition (DAQ) 

system and computer 2. Inlet primary flow measurements were conducted using a digital 

manometer positioned at the designated upstream location of the test section. 

Duct wall pressure distributions were measured by connecting the pressure tap tubes to multiple 

pressure transducer boxes, which were linked to another DAQ system, with data recorded on 

computer 1. Additionally, effusion air venturi pressures were measured using a separate pressure 

transducer box and DAQ system. 

Flow direction 
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It should be noted that the wall pressures were measured multiple times during each experiment to 

account for any variations in the data caused by the extended duration of each test. 

For the hot tests, the temperature of the primary flow varied by approximately 4°C from the 

beginning to the end of each test. Each test lasted about 4 hours for the hot tests and 2.5 hours for 

the cold tests. 

For each effusion hole location, two different coolant mass flow rates with constant primary mass 

flow rate were tested: the lowest mass flow rate that provided effective cooling on the surface and 

the highest achievable coolant mass flow rate. These experiments investigated the effect of varying 

coolant mass flow rates on the pressure recovery performance of the diffuser. These experiments 

were categorized as low coolant mass flow rate (LCM) and high coolant mass flow rate (HCM). 

The S-bend duct system was tested without any effusion cooling at the walls as a baseline for 

investigating the effect of the effusion cooling. 

In total, 13 experiments were conducted: 

i) The baseline case without effusion cooling.  

ii)  Experiments for the first convex, second convex, and left wall with both hot and cold 

primary flow.  

iii)  For each configuration, experiments were conducted with both low coolant mass flow 

rate (LCM) and high coolant mass flow rate (HCM).  

iv) 50 supplementary experiments were performed to ensure repeatability and to address 

potential issues in the measurements and the HGWT setup.  
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3.5 Measurement and uncertainty analysis 

The pressure transducers for the wall pressure taps were configured to record data for 10 seconds 

per measurement, with a sampling rate of 250 Hz, following the guidelines provided by Zawislak 

(2019) and Ng (2014). For the 7-hole probe measurements during the cold tests at the outlet, the 

pressure transducers recorded data for 4.5 seconds at each data point, with a settling time of 1 

second and a sampling rate of 300 Hz. During the tests with hot flow, the pressure transducers 

recorded data for 3.5 seconds per data point, with a settling time of 3 seconds and a sampling rate 

of 250 Hz. The longer settling time for the hot tests was necessary to accommodate the additional 

temperature measurements at each data point. The details of the sampling time and rate are provided 

in the appendix C.2.2.  

The total uncertainties in the experimental measurements were calculated by accounting for the 

sensor errors and the standard deviation of individual readings using the root-sum-square (RSS) 

approach. Other uncertainties, such as those for the mass flow rate ά , were evaluated through 

error propagation methods. 

A summary of overall uncertainties in the results and flow measurements for the low coolant mass 

flow rate (LCM) for the first convex case and experimental test details is provided in Tables 3.5 

and 3.6, respectively. It should be noted that the uncertainties varied depending on the effusion 

location and the coolant mass flow rate. The first and second convex cases had approximately the 

same uncertainty values except for the pressure recovery performance with low coolant mass flow 

rate. The first convex case showed the uncertainty of  ╕╕ /+ 79% due to pressure values close to zero. 

Furthermore, the pressure recovery coefficients showed the highest values of uncertainty for all 

cases compared to other parameters. In other parameters, the left wall case with high coolant mass 

flow rate had the highest uncertainty. The details of each location uncertainty and calculations can 

be found in Appendix C. 
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Table 3-6 Uncertainties for the first convex case with LCM 

Instrument/ Parameter Measurements Overall uncertainty 

Thermocouples Temperature ╕╕ /+ 2% 

Pressure taps at the walls Static pressures ╕╕ /+ 3% 

7-hole probe Total Pressure 

3-axis velocity 

╕╕ /+ 4% 

╕╕ /+ 4% 

Pressure coefficient (╒▬ )           - ╕╕ /+ 79% 

Inlet mass flow rate           - ╕╕ /+ 4% 

Outlet mass flow rate  ╕╕ /+ 5% 

Coolant mass flow rate  ╕╕ /+ 6% 

 

Table 3-7 Experimental tests matrix 

    

 Cold test 

   

Hot test 

     

  LCM  

      

HCM  

Constant 

primary  

mass flow 

rate 

 

Varied primary flow 

mass flow rate 

No cooling 

case 

V  V  
× × ×        × 

First 

convex 

V  V  V  V  V  
× 

Second 

convex 

V  V  V  V  V  
× 

Left wall  
V  V  V  V  V  

× 
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Chapter 4 

Slot method and CFD simulations details 

In this chapter, the novel slot method for simulating effusion-cooled surfaces is introduced, 

followed by details of the CAD designs, grid generation, sensitivity study, turbulence model, and 

final CFD models. 

4.1 Slot Method 

Effusion-cooled surfaces with full coverage consist of thousands of small holes through which cool 

air interacts with the main flow, significantly altering its behavior. Understanding this interaction 

between the primary and secondary flows is crucial. Various methods exist for simulating effusion-

cooled surfaces. One common approach is the porous jump method, where effusion-cooled surfaces 

are modeled as porous media. While this method provides reasonably accurate results at a moderate 

computational cost, its assumptions limit precision. Another approach is hole-by-hole simulation, 

which offers the highest level of accuracy but comes with extremely high computational costs, 

making it impractical for most designers. 

In this research, a novel approach called the slot method was used and investigated in detail for the 

first time. In the slot method, instead of simulating individual holes, a limited number of slots are 

used to model rows of effusion holes. These slots mimic the interaction between the effusion flow 

and primary flow, providing an approximate representation of the effusion cooling process. Clearly 

this method does not account for the detailed flow structure of the individual jets from the holes. It 

can be used to model the main impact of the effusion mass flow and momentum on the primary 

stream. 

For using this method, the coolant mass flow rate through all the effusion holes needs to be 

calculated based on the porosity of the surface. Porosity is calculated by dividing the open hole 
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surface area by the total wall surface area. If the walls of the S-bend considered as a rectangular 

array of round holes with a diameter of d, hole spacing of h, and n number of holes the porosity 

(PO) of the S-bend walls is as follows: 

                                                                         0/
Ⱦ

 *n                                                   (4-1) 

For the first and second convex the porosity was calculated 5.23% and for the left wall was 5.12%. 

By calculating the percentage of the open area on the surface, the size and numbers of the slots for 

each location were determined. Based on that, for each location 4 different number of slots were 

considered to see the effect of the number of slots on different parameters. For the first and second 

convex the 1377 effusion holes were replaced by 3, 5, 9, and 14 slots for the CFD simulations. For 

the left wall, 4947 effusion holes were replaced by 5, 9, 14, and 22 slots for the CFD simulations. 

The details of the slots at different locations are summarized in Table 4.1. It should be noted that 

since the S-bend have curvature, the size of the slots at some locations had a tolerance of  ╕╕ /+ 0.1 

mm. 

Table 4-1 Details of slots at different locations of the S-bend 

 

 

Location on the S-

duct 

 

Effusion holes 

 

Description 

 

Number of 

slots 

 

Size of the slots 

[mm] 

 

Distance between 

slots 

[mm] 

 

First and second 

convex 

 

 1 mm diameter,  

4 mm linear 

spacing  

 

1377 effusion 

holes, 

 27 rows and  

51 columns 
 

 

3 

5 

9 

14 

 

1.8 

1.08 

0.6 

0.38 

 

50.2  

25.1  

12.5  

7.7  

 

 

Left wall 

 

1 mm diameter, 

 4 mm linear 

spacing 

 

4947 effusion 

holes, 

 97 rows and 

51 columns  

 

5 

9 

14 

22 

 

3.83 

2.13 

1.36 

0.87 

 

91.4  

45.7  

28.1  

17.4 
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4.2 CFD procedures 

The ANSYS 2020R2 package was used for all simulations. The 3D geometry models were designed 

in SpaceClaim software, grids were generated in ANSYS Meshing, and simulations were run in 

ANSYS Fluent. Some data analysis was done using ANSYS Fluent's built-in data processing tools, 

and the majority of the post-processing was done in Tecplot 360 2021R2. All simulations were run 

at the Queenôs Center for Advanced Computing (CAC). 

4.2.1 Geometry 

For each location, four different slot configurations were designed, resulting in a total of 12 CAD 

models for the three locations. The CAD models included the settling duct, guide duct, S-bend, 

diffuser, cooling plenum for both side walls, and an outlet pressure plenum. The slots on the surface 

were modeled as channels with a height of 1 mm, matching the thickness of the S-bend walls. An 

example of the CAD model for the first convex with the cooling plenum is shown in Figure 4.1.  

 

                                  Figure 4.1 CAD design for the first convex cooling location (not to scale) 
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In Figure 4.2, four different models with 3, 5, 9, and 14 slots for the first convex without the cooling 

plenum are shown. 

     

Figure 4.2 CAD designs of 3, 5, 9, and 14 slots on the first convex surface 

        a) 3 slots 

b) 5 slots 

c) 9 slots 

d) 14 slots 
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The outlet plenum was added so that the outlet ambient pressure boundary conduction could be 

applied at the plenum outlet rather than at the diffuser outlet. The pressure at the exit of the diffuser 

is not ambient pressure due to secondary flows in the diffuser.  

The starting and ending points of the slots were defined based on the positions of the first and last 

effusion holes, and these points remained fixed for all slot configurations. Also, Figure 4.3 

illustrates the design configuration for the cooling plenum and slots (3-slots). The slots are 

connected to the cooling plenum with a height of 1 mm. 

 

Figure 4.3 Connection of the cooling plenum through 3 slots to the S-bend 

 

For the second convex as the number of the effusion holes and the dimensions were exactly same 

as the first convex, the models are the same as the first convex. For the left wall, 5, 9, 14, and 22 

slots were used in the simulations. The CAD designs for the four different slot configurations on 

the left wall with full surface effusion cooling are shown in Figure 4.4. As illustrated in Figure 4.5, 

the cooling plenum for the left wall case is larger compared to those for the first and second convex 

cases. This is because the surface area of the left wall was significantly larger, and the cooling 

plenum must span the entire surface to connect both the first and last slots. 

Slots 
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Figure 4.4 CAD designs of 5, 9, 14, and 22 slots on the left wall surface 

a) 5 slots 

b) 9 slots 

c) 14 slots 

d) 22 slots 
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Figure 4.5 CAD design for the left wall case 

 

4.2.2 Grid generation 

ANSYS Meshing was used to generate grids for all the cases, with unstructured grids of varying 

sizes applied to different parts of the model. Three bodies of influence were defined: one spanning 

from the inlet to the S-bend, another from the S-bend to the outlet, and an outlet plenum at the 

diffuser outlet with twice the length of the diffuser. In these regions, different grid sizes were 

applied to balance computational cost with simulation accuracy.  

The surface grids are illustrated in Figures 4.6. As shown in Figure 4.7, 7 layers of inflation with 

the thickness of 0.08 mm for the first layer and growth rate of 1.2 at the walls were generated. For 

the cooling plenum walls only 3 layers of inflation were considered as the cooling plenum walls 

were not the focus of the research. It should be noted that minor adjustments were made to the 

number or size of the inflation layers to accommodate the different slot sizes in different cases. 

Cooling Plenum 

for the left wall 
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This chapter focuses on one specific case, while the remaining cases are largely similar, with only 

slight variations in the grid parameters. 

 

Figure 4.6 Generated grids for the first convex 

 

 

Figure 4.7 Inflation layers at the walls of the model 
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One of the main challenges in grid generation was ensuring proper meshing at the outlet of each 

slot. Given the small size of the slots and the need to apply inflation layers along all the walls, very 

fine grids were required at the slot outlets to avoid skewed cells. This challenge was more evident 

for cases with a higher number of slots, as smaller slot sizes made it even more difficult to achieve 

optimal grid configurations. 

To address this issue, a body of influence with a height 3 mm greater than the height of each slot 

was created for every slot. This additional height allowed for the generation of very fine grids at 

the slot outlets, effectively resolving the skewness problem. The average orthogonality quality of 

the grids was 0.76 with the minimum of 0.56 for less than 50 grids in the whole domain and the 

skewness had the maximum value of 0.89 for less than 30 grids in the whole domain. 

 

 

 

Figure 4.8 Grids at the location of the slots 

 

 










































































































































































































