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Abstract 

This thesis presents an experimental and computational fluid dynamics (CFD) study on a 

rectangular S-bend with straight and diffusing passages with passive effusion cooling.  

Experimental tests were performed at both cold and hot flow conditions over a range of Reynolds 

numbers from 2.5×10
5
 to 4.5×10

5
.  Hot flow testing was conducted with the primary flow 

temperature up to 300 °C. 

Severe backpressure penalties occurred with full -surface passive effusion injection in cold flow 

tests.  Moderate penalties occurred with reduced surface coverage whereby the performance was 

affected by the S-bend secondary fields with injection at different locations.  High surface cooling 

effectiveness with full -coverage of cooling film was measured; the impacts from the S-bend 

secondary flow fields were measured to be minimal. 

The CFD study revealed the importance of using experimental flow boundary conditions for 

simulations.  Using the standard k-Ů model with wall functions was confirmed as appropriate for 

simulating the S-bend flow with effusion cooling. 

A coarse-grid CFD methodology using a porous wall boundary condition to simulate the 

effects of effusion cooling was investigated.  From a design perspective, this model is preferable 

for quantifying the injection flow rate since the actual mass flow rate is not known.  Comparison 

to the alternative solution using uniform mass flow boundary conditions showed that both models 

incorrectly predicted the momentum.  The porous wall model, however, is promising for practical 

design applications of S-duct flow fields with effusion injections. 
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Chapter 1 

Introduction 

1.1 Project Background and Motivation 

The present research is related to the design study of S-bend diffusing passages with passive 

effusion cooling.  The study was initiated for the practical design of specialized gas turbine (GT) 

engine exhaust systems for infrared (IR) signature suppression applications. 

An S-bend duct is a common mechanical device used for diverting the flow direction in many 

engineering applications.  The applications of S-bend with a diffusing passage serve the important 

functions of both flow redirection and pressure recovery in gas turbine engines.  Such devices are 

found at the engineôs intake, inter-connecting-duct, and exhaust systems.  The studies of S-bend 

diffusers are widely available in the literature because it is a challenging geometry to understand, 

and there is an interest to have better S-bend designs for improved turbomachinery performance. 

Film cooling, on the other hand, is a surface cooling technology which applies the injection of 

air to create a protective gas layer from the high temperature primary flow.  Effusion cooling is a 

type of film cooling, in which coolant flow is injected through a full-surface coverage of discrete 

holes on a cooling surface.  The creation of thermal barriers, either by film or effusion cooling, is 

essential for GT components, such as combustor liners and high pressure turbines, with the 

operating gas temperatures higher than the metallurgical melting points. 

The incorporation of film cooling in S-bend diffusing passages is sometimes required for 

specific applications such as hot-spot remedy, structural cooling, flow temperature reduction, and 

IR-suppression.  For the IR-suppression applications, an S-bend passage also provides a means of 

optical blockage to prevent direct-line-of-sight into the engine hot section.  The sub-atmospheric 

diffusing passage provides the driving force for passive coolant injections; in other words, an 

active device is not required to blow the cooling air.  The incorporation of effusion cooling has a 
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great advantage in this situation, owing to the structural simplicity of drill ing cooling holes at 

strategic locations on an S-bend, as compared to the integration of cooling slots. 

Undesired drawbacks are, however, associated with coolant injections.  The injected flows will 

distort the flow field uniformity and deteriorate the pressure recovery performance of a diffusing 

passage.  This will in turn impact the power output of GT engines, and the effect is commonly 

referred to as a backpressure penalty in the design of engine exhaust systems. 

Design challenges are prevalent since empirical correlations of film or effusion cooling are of 

little use.  The secondary flows in S-bends will also affect the thermal effectiveness of film 

cooling.  Computational Fluid Dynamics (CFD), a numerical tool for flow simulations, has 

proven to be valuable in modeling the complex flow interactions in practical designs.  An S-bend 

passage with film cooling in a GT exhaust system is illustrated in Figure 1ï1.  The right side of 

the figure shows the temperature contours of the simulated film cooling effects using CFD. 

 

 

 

        

Figure 1ï1.  CFD Simulations of S-Bend Diffusing Passage with Film Cooling (W.R. Davis 

Engineering Website, 2013) 
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There are even greater challenges in designing an S-bend passage with passive effusion 

cooling.  The interactions between the secondary flow and the multiple discrete injections make it 

very difficult to predict the flow distributions in an S-bend, wherein excessive passive injection 

can incur flow separation that deteriorates the pressure recovery.  The design of effusion cooling 

is also difficult because the streamline curvature and flow separation could induce the lift-off and 

dispersion of discrete coolant injection.  Most importantly, a practical CFD approach is required 

to model the effects of effusion cooling because it is almost impossible to model the hole-by-hole 

discrete injection in a large-scale device due to computational limitations. 

Despite the widely available literature on S-bend diffusers and effusion cooling, a related study 

to address the coupled effects is absent.  It is very important to study the flow fields in such a 

complex system involving S-bend curvature, diffusing flow, and effusion cooling.  The present 

applied research thus studies the interactions between effusion cooling and S-bend diffusing flow 

to obtain better knowledge for design purposes. 

1.2 Goal, Objectives and Scope 

The goal of the design study was to develop a practical means of predicting the pressure 

recovery performance and surface cooling effectiveness of S-bend passages with passive effusion 

cooling.  Ultimately, it was intended to model the effects of effusion cooling in a complex flow 

passage using CFD. 

There were no data available in the literature for such a large-scale flow passage with effusion 

cooling.  The objectives of the present study thus included (i) to generate a data set based on a 

generic S-bend model over a range of flow conditions, (ii) to have a better understanding of flow 

interaction between the injected coolant flow and the primary S-bend flow, and (iii) to make the 

benchmark data available for computational studies. 

The experimental study was conducted at both cold and hot flow conditions to produce a data 

set over a range of flow parameters.  To maintain an attainable scope of work, the test model was 



4 

limited to a 45°-to-45° rectangular S-bend.  The passages with and without flow diffusion were 

considered, based on the diffuser area ratio (AR) of 1.0 and 1.5.  A single configuration of 

effusion holes was considered, which was based on holes with a diameter of 1 mm linearly and 

are spaced 4 mm apart.  Different surface coverage of effusion injection at different locations on 

the S-bend passages was investigated in the study.  The effects were analyzed based on the flow 

measurements of (i) wall static pressure distribution, (ii) outflow velocity and temperature 

contours, (iii) overall pressure recovery and backpressure, (iv) injection mass flow rate, and (v) 

wall surface temperature distribution.  The photograph of the test section is found in Figure 1ï2. 

 

 

 

Figure 1ï2.  S-Bend Test Model 

 

The numerical study focused on the development of a practical CFD approach in modeling the 

effects of effusion cooling.  It was important to document the capabilities and limitations of such 

a new CFD methodology for future improvements and for possible practical applications.  

Fundamental CFD research, such as the fine-tuning of turbulence models to capture the 

anisotropic turbulent flow fields, was outside the scope of the present study. 

The numerical study was performed using the ANSYS
®
 FLUENT CFD solver.  Turbulence 

modeling was limited to the two-equation Reynolds-averaged NavierïStokes (RANS) models, 

S-Bend Section Transition Duct Diffuser Outlet Wind Tunnel Outlet 
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including the standard k-e, realizable k-e, and SST k-w models.  The non-injection S-bend 

passages were first simulated to study the sensitivities of different computational domains, 

boundary conditions, and turbulence modeling.  Simulations with effusion cooling were then 

completed to isolate the effects due to the injected flow. 

Two coarse-grid CFD approaches were used to simulate the effects of effusion mass injection.  

In particular, the solverôs mass inlet boundary and one-dimensional (1D) porous jump boundary 

functions were separately imposed on the cooling surface to simulate the effects of effusion 

injection.  A selection of configurations with the distinct cooling locations based on the AR 1.5 S-

bend diffuser was considered for the effusion simulations with CFD. 

The research tasks were completed with the 5 progressive phases as summarized in Figure 1ï3. 

 

Figure 1ï3.  Flow Chart of Research Works  

Test Section Design

Designed the 45Á-to-45ÁS-bend with 

effusion cooling holes

(Fabricated by industrial sponsor)

Cold Flow Test I

Tested the non-cooling S-bend with 

both AR1.0 and AR1.5 passages

CFD Simulation I

Non-cooling S-bend with both AR1.0 and 

AR1.5 passages

Sensitivity CFD study

(Published in ASME Turbo Expo 2013)

CFD Simulation II

3 injections configurations of S-bend  with 

AR1.5 passage

Cold flow effusion simulations

(Published in ASME Turbo Expo 2013)

Cold Flow Test III

Repetitive tests of the 3 injection configurations 

with AR1.5 S-bend

Coolant flow rate measurements with auxiliary 

apparatus

Hot Flow Test I

Tested 2 injection configurations with AR1.5 S-

bend with IR camera measurements

(Submitted for ASME Turbo Expo 2014)

CFD Simulation III

3 injections configurations with AR1.5 S-bend

Validations of coolant mass flow predictions

Preliminary CFD Study

Simulated S-bend flow without effusion 

cooling

(Published in the 2nd Asian-US-

European ThermophysicsConference)

Cold Flow Test II

Effusion injection S-bend with both 

AR1.0 and AR1.5 passages

Tested 5 injection configurations

(Published in Journal of Engineering 

for Gas Turbine and Power) CFD Simulation IV

1 injections configurations with AR1.5 S-bend

Effusion simulations with variations of model 

coefficients

Hot flow effusion simulations

1

5

4

32
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1.3 Contributions 

The contributions of the present study included: 

i. characterizing S-bend flow fields with effusion cooling; 

ii. better understanding of the effusion cooling effectiveness in S-bend curvature; 

iii.  application of a coarse-grid CFD approach to simulate the effects of effusion cooling. 

The detailed flow analysis of the S-bend diffusing passage with passive effusion cooling 

provided a better understanding of the flow interactions between the injected flow and the 

primary flow.  Similar flow analysis has not been reported in the previous literature.  The study 

extended the knowledge of fluid dynamics in S-bend passages with injection. 

The previous studies of film cooling with curvature effects are mostly available based on single 

or double rows of film cooling injection.  The effects are certainly different with full-surface 

effusion cooling.  The cooling effectiveness and coolant mass flow rates with full -coverage 

effusion cooling on different surfaces of the S-bend passage were measured in the present study. 

CFD simulations of effusion cooling are of great current interests for GT cooling design.  An 

original coarse-grid CFD methodology, based on porous wall boundary, was proposed to simulate 

the effects of effusion cooling.  The main advantage of the porous wall model is the ability to 

calculate the injection flow rate; whereas a known injection flow rate was specified in the 

simulations based on the other coarse-grid CFD models.  Implementation of the porous wall 

boundary, to simulate the effects of effusion cooling, is a promising CFD methodology for 

practical design applications. 
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Chapter 2 

Literature Review 

The chapter reviews the following in three different sections: 

i. a general overview of CFD turbulence modeling 

ii. S-bend diffusing passages 

iii.  film and effusion cooling 

Implications for the present research are summarized at the end of the chapter. 

2.1 CFD and RANS Modeling 

2.1.1 Overview of CFD Turbulence Modeling 

CFD is the numerical simulation of fluid flows by solving the governing equations, including 

the conservation of mass and momentum: the Navier-Stokes equations, the conservation of 

energy, and the equations of state.  The details of flow dynamics obtained with CFD simulations 

provide the important flow features in a fluid system that are difficult or impossible to obtain 

from experimental tests (Versteeg and Malalasekera, 2007).  Furthermore, the use of CFD has a 

great advantage in cost savings as compared to the empirical-input-and-experimental-test 

techniques, especially for product designs that involve parametric studies. 

Despite the increasingly popularity and use of CFD for practical problems, the applications still 

require a great deal of knowledge and expertise in the modeling of flow turbulence that is 

encountered in almost all mechanical flow devices.  CFD modeling in turbulent flow use semi-

empirical models, derived based on turbulence theory together with empirical inputs.  Various 

modeling approaches exist including Direct Numerical Simulation (DNS), RANS simulation, and 

Large Eddy Simulation (LES). 

A turbulent flow has a highly random fluid motion with the velocity and pressure changing 

continuously with time.  The time-dependent turbulence fluctuations, or turbulence eddies, can 
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range over a large range of frequencies.  To resolve small scales, extremely fine computational 

grid cells and time-steps are required.  The simulation of the resulting fluctuation governing 

equations to resolve fully the turbulence eddies is referred to as DNS.  A very high computational 

demand is required so applications of DNS are limited to simple problems for fundamental 

research or as a validation tool for the other turbulence models.  The application of DNS in 

complex flow simulations, such as an S-bend with effusion flow, is not foreseen in the near future. 

The RANS approach bypasses the enormous computational expense to model the exact 

instantaneous Navier-Stokes equations by representing the governing equations with time-

averaged flow quantities.  Additional equations are required to obtain closure for fluctuating 

quantities, for which various semi-empirical RANS turbulence models have been introduced.  

These RANS based models are often criticized for lack of physical representation since turbulence 

eddies of different sizes are based on a universal model.  Nonetheless, the RANS approach has 

been the most commonly used turbulence model because of its computational economics, 

numerical stability, and reasonable simulation accuracy for many classes of turbulent flow, 

especially for industry applications. 

LES is situated between DNS and the RANS in terms of complexity, wherein the largest scale 

turbulence structures are explicitly computed and the smaller-scale turbulence structures 

(universal scale) are modeled.  LES provides an attractive feature in resolving the limitations of 

the RANS models especially for the simulations with large-scale flow mixing and high geometry-

dependent flows.  The approach has less restrictive mesh resolution requirements than DNS, 

however, extremely fine meshes and long computational times are still necessary.  With the 

intention to enable the applications of LES in practical industrial flows, some recent modeling 

approaches based on hybrid LES and RANS simulations have been proposed.  The basic idea is to 

detach the near-wall boundary layers zones from a LES simulation and model with RANS, or, to 

embed a LES simulation region in a RANS computational zone with specific interest such as high 

separation.  A general discussion was given by Batten et al. (2002).  These hybrid models have 
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shared same successes in practical flow simulations in some recent publications, including S-bend 

flows that will be discussed in Section 2.2.5. 

2.1.2 RANS based Simulations and Turbulence Models 

In the RANS turbulence simulations approach, a turbulent flow is expressed into mean and 

fluctuation components as shown in Equation (2.1): 

 fff ¡+=  (2.1) 

where f represents a scalar quantity, such as a velocity component, pressure, or energy.  

Substituting these expressions into the continuity and momentum equations (the Navier-Stokes 

equations) and taking an ensemble-average (Reynolds averaging), the equations can be simplified 

by dropping the over-bar on the mean component, thus, giving the ensemble-averaged Navier-

Stokes equations as shown in Equation (2.2) and (2.3): 
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The additional term ( ''
j

u
i

ur- ), that arises on the right side of Equation (2.3) by the averaging 

procedure, is defined as Reynolds stresses that must be modeled numerically.  Depending on the 

additional number of partial differential equations used to model Reynolds stress (i.e. to obtain 

closure of the system of equations), the RANS based turbulence models are commonly referred to 

as (number-equation models), such as zero-equation and two-equation models. 
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2.1.2.1 Eddy Viscosity Concept 

The classical modeling approach is the eddy viscosity model, in which the Reynolds stresses 

are related to the mean flow velocity tensors, ijS , based on the Boussinesq hypothesis as shown in 

Equation (2.4), 

 ij
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The first term on the right is analogous to the molecular viscous stress, introducing a 

mathematical term ï turbulent eddy viscosity (mt).  The second term that involves the Kronecker 

delta (dij) and turbulence kinetic energy (k) is employed to give the correct results for the normal 

turbulence Reynolds stresses. 

The eddy viscosity mt is treated as an isotropic scalar quantity based on the eddy viscosity 

model and can be described in term of velocity scale (J) and length scale (?) as shown in 

Equation (2.5), where C¡ is a dimensionless constant. 

 ?Jrm Ct
¡=  (2.5) 

2.1.2.2 Mixing Length Model 

The simplest description of mt is the zero-equation turbulence model, such as the Cebeci-Smith 

model and the Baldwin-Lomax model (Cebeci et al., 2005), in which eddy viscosity is resolved 

by an algebraic formulae based on the Prandtl mixing length theory.  These models have shared 

some successes in turbulent flow simulations despite the simplicity in the modeling effort, e.g. 

flow simulations without separation or recirculation.  The mixing length model is inadequate to 

model a turbulent flow in a more complete manner, since it does not model the convection and 

diffusion of turbulence energy.  More details on the various algebraic models and their 

applications are available in Cebeci (2004). 
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2.1.2.3 k-e based Two-Equation Models 

More elaborate models of mt are based on the turbulence transport properties governed by 

partial differential equations, also known as transport-equation turbulence models.  Among the 

transport-equation based turbulence models, the k-e model, originally proposed by Jones and 

Launder (1972) along with the enhanced modifications of the Re-Normalization Group (RNG) k-e 

and the realizable k-e models are the most widely used turbulence models, especially for 

industrial flows. 

Two additional transport equations for k and e are solved along with the system of RANS 

equations to obtain turbulent flow solutions.  Eddy viscosity is defined as a function of turbulent 

kinetic energy (k) and its dissipation rate (e) with a dimensionless constant (Cɛ) as shown in 

Equation (2.6).  The derivation of the k and e transport equations has relied on empirical inputs, 

which required a number of built-in constants in the formulations.  More details of the transport 

equations and model constants are in widely available CFD text books such as Versteeg and 

Malalasekera (2007). 

 
e

rm m

2k
Ct =  (2.6) 

A different methodology for developing the k and e equations was proposed by Yakhot and 

Orszag (1986) based on the RNG mathematical theory.  In essence, the calculation of eddy 

viscosity mt is sensitized to the magnitude of rate-of-strain through the addition of a specific R-

term in the Ů-equation.  The detailed formulation of the RNG k-e model and its applications in 

complex flow problems including transient heat transfer and time-dependent behavior of large-

scale structures is available in Gatski et al. (1996). 

The realizable k-e model by Shih et al. (1995) is another alternative version of the standard k-e 

model that has been widely employed in practical flow simulations, including the prediction of 

the rotating shear flow, boundary-free shear flow, channel flow, and separating flow.  A new 
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equation for e derived from the transport of the mean-square vorticity fluctuation was employed 

in the model to better simulate the transfer of spectral energy.  An alternative formulation of mt 

with Cɛ as variable is also included in the model to define the realizability constraints in the 

model, i.e. maintaining a higher-than-zero value for the turbulence quantities such as k and e. 

2.1.2.4 Near-wall Modeling for k-e Models 

The above discussions of k-e  models have focused thus far on the modeling of the fully 

turbulence flow regions.  For wall bounded flow simulations, such as the flow around airfoils and 

internal duct flows, special treatment is required to account for the viscosity damping effects on 

turbulence in the presence of a wall boundary.  The three common approaches are: (i) wall 

functions, (ii) a low Reynolds number modification, and (iii) a two-layer zonal modeling 

approach. 

The wall function, derived based on the near-wall logarithm law, was introduced by Launder 

and Spalding (1974) in their standard k-e CFD simulations to bridge the inner wall viscous 

dominant zone to the outer fully turbulent zone.  The approach avoided the integration of the k 

and e equations all the way to the wall boundary, and thus greatly reduced the grid counts to 

resolve the near-wall flow boundary layer.  The wall function is only valid in the log-law layer 

with the equilibrium condition between the production and dissipation of turbulence kinetic 

energy.  The accuracy is always questionable for flow simulations with low Reynolds number and 

separating and recirculating flow. 

The applications of the wall function typically require the first wall boundary grid to be 

controlled within the non-dimensional wall distance y
+
 of 30 to 300.  The appropriate low 

Reynolds number region using the wall function simulation is illustrated in Figure 2ï1.  The 

dimensionless velocity u
+
, and wall distance y

+
 are defined in Equations (2.7) and (2.8), where  U 

is the mean flow velocity, y is the wall distance, rtt wu = is the friction velocity, and tw is the 

wall shear stress. 
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Figure 2ï1.  Pipe Flow Velocity Profile (Launder and Spalding, 1974) 

 

The low Reynolds number modification is the adjustment of the original k-e equations to 

enable their integration in the low-flow region to the wall boundary.  The wall viscosity damping 

effects are typically integrated in the formulations by: (i) including the (molecular) viscosity in 

the diffusion term of the k and e transport equations (i.e. replacing the term ɛt as ɛ+ɛt), and (ii) 

incorporating damping functions in the modeling constant of the ɛt and e-equations.  Since these 

models involved substantial manipulations of the modeling constants and the non-linear damping 

functions, the accuracy and consistency in CFD simulations are rather arbitrary as shown in the 

review of the eight different low Reynolds number eddy viscosity models published by Patel et 

al. (1985). 

y+ 

u+ 
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With the same intention to enable the integration to the wall boundary, Chen and Patel (1988) 

introduced the two-layer zonal model that subdivides the near-wall flow domain into the viscous-

affected sub-layer and the fully turbulent region.  The division of the two layers is governed by 

the wall distance Reynolds number (Rey) defined as in Equation (2.9), where y is the normal 

distance from wall. 

 
m

r
k

yRey =  (2.9) 

In the full turbulent region with Rey > 200, k-e models are employed and turbulent viscosity is 

determined based on Equation (2.6).  In the viscous sub-layer with Rey <  200, the one-equation 

model by Wolfstein (1969) is employed; i.e. the k-equation is retained with alternative 

formulations for the length scale and the turbulent viscosity.  This approach has an advantage in 

resolving the boundary layer flows with the numerical stability and modeling consistency (with 

the use of a sub-layer model), as compared to the low-Re models.  A higher grid density is 

unavoidable where the first wall cell with y
+
 of about 1 and a sufficient number of cells (10 to 20) 

in the viscosity-affected sub-layer (Rey < 200) are required for CFD simulations.  Nonetheless, 

the method resolves the inherent limitations of the wall function in simulating turbulent flow 

boundary layers in situations that are highly strained, have strong curvature effects with high 

adverse pressure gradients, and separating flow with recirculation situations. 

2.1.2.5 Low Reynolds Number Spalart-Allmaras, k-w and k-Ů-v
2
 Model 

Eddy viscosity models based on the turbulence properties other than k and e have also been 

developed.  These include the one-equation Spalart-Allmaras model (Spalart and Allmaras, 1992) 

that uses the turbulent kinematic viscosity (n~ ) as transport variable; the two-equation k-w model 

by Wilcox (1988, 1988a, 2006, 2008) that used the turbulence frequency (w = Ů/k); the shear 

stress transport (SST) k-w model by Menter (1994) that blended the k- Ů and k-w models; and the 
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four-equation k-Ů-v
2
 model by Durbin (1991, 1991a) with the addition of a 2v  velocity scale and 

an elliptic relaxation function as the third and fourth variables. 

These models have been developed for general flow simulations with low Reynolds number 

effects, thus allowing for the simulations of wall boundary layers without the need of wall 

functions.  Among these models, the SST k-w model (Menter, 1994) has attracted significant 

interest for general industrial flows with its blending formulations employing the k-w model for 

near-wall viscosity dominant flow simulations and the k-Ů model for the outer layer fully 

turbulent flow simulations.  Eddy viscosity in the original k-w model is determined as a function 

of k and w as shown in Equation (2.10).  The blending between the two models is achieved by 

transforming the k-Ů model into a k-w formulation as detailed in Menter (1994). 

 
w
rm

k
t =  (2.10) 

2.1.2.6 Reynolds Stress Model and Advanced Turbulence Model 

The Reynolds Stress Model (RSM) is a more elaborate turbulence model that solves different 

transport equations for each Reynolds stress in Equation (2.4) to account for the anisotropic effect 

of turbulent flow.  Theoretically, it develops a more accurate prediction for complex flow.  The 

application is limited to the reliability of the closure assumptions employed for the Reynolds 

stresses tensor and the additional computational time to solve the extra equations. 

Approaches have been made by modifying the two-equation eddy viscosity model to preserve 

the anisotropic effects of Reynolds stresses while maintaining a reasonable computational time.  

The applications of models such as the algebraic stress equation model and the non-linear k-e 

model, have also been used for practical CFD application such as S-bend simulations and film 

cooling simulations. 
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2.2 Curvature and S-Bend Flow Passages 

2.2.1 Fluid Dynamics of Curvature/Turning Flows 

The fundamentals of flow dynamics in S-bend passages could be understood through the study 

of simple turning flows.  Figure 2ï2 shows the three fundamental turning flow dynamics of: (i) 

the radial variation of pressure distribution, (ii) the generation of pressure-driven secondary flow, 

and (iii) the occurrence of separating and recirculating flow. 

As shown in Figure 2ï2 (a), a turning flow is subjected to the centrifugal force by fluid motion 

through a curvature, which is balanced by the variation of radial pressure increasing from the 

inner to outer bend.  The radial pressure variation creates a low pressure region at the inner-bend 

convex surface with onset favourable pressure gradients and adverse gradients towards the outlet.  

Oppositely, a high pressure region is developed at the outer-bend concave surface with onset 

adverse gradients and favourable gradients at the bend outlet. 

The high velocity core of the flow is deflected to the outer bend under the centrifugal motion.  

As the displaced flow encounters the higher pressure region, it is redirected from the outer bend 

to the lower pressure inner bend region along the sidewalls.  Following the continuity, a 

corresponding motion arises in re-distributing the fluid flow from the inner to outer bend along 

the centre symmetry plane of the passage.  This secondary fluid motion generates a pair of 

counter-rotating vortices in the streamwise direction as shown in Figure 2ï2 (b). 

Low-energy fluid is accumulated at the outlet of the inner bend as a consequence of the 

secondary flow motion.  The region is susceptible to flow separation, as shown in Figure 2ï2 (c), 

when the low momentum flow encounters the adverse pressure gradient at the bend outlet. 
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Figure 2ï2.  Turning Flow in Single Bend (Miller, 1978) 
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Flow fields with secondary flows in curving passages were studied in some earlier studies 

through theoretical solutions of the reduced forms of the Navier-Stokes equations, as discussed by 

Humphrey et al., 1981.  It was the development of non-intrusive optical measurement techniques, 

such as Laser-Doppler Anemometry (LDA), has confirmed the effects of turning flow.  Those 

researchers measured the flow distortions in a square duct with a normal bend and secondary 

vortices at the corner regions that were induced by the normal stress imbalances incurred by the 

presence of corner walls.  The effects of the corner vortices were however found to be negligible 

as compared to stronger pressure-driven secondary flows on the flow distribution towards the 

bend exit. 

Enayet et al. (1982) conducted a similar study based on a similar duct but with a more 

moderate curvature.  The secondary flow behavior was consistent to the measurements by 

Humphrey with weaker secondary cross-stream velocities based on the passage with more 

moderate curvature. 

The secondary flow phenomena were consistent with the numerical study conducted by Dennis 

and Ng (1981), which showed the occurrence of the secondary flow with symmetrical vortex 

pairs at Dean Number (De) of greater than about 1000.  De is defined in Equation (2.11), 

 
R

D
ReDe

2
=  (2.11) 

where D is the length scale (inlet width), R is the curvature radius, and Re is the flow Reynolds 

number.  The values of De were about 2×10
4
 and 1×10

4
 in the studies of Humphrey (1981) and 

Enayet (1982), corresponding to the radius/duct-width ratio (R/D) of 7 and 2.3 respectively. 
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2.2.2 Diffuser Performance with Curving Passage 

The performance of curved diffusers, both single-bend and S-bend, is measured with the same 

pressure recovery coefficient that is used for straight diffuser design.  The pressure recovery 

coefficient, following the conventions in Figure 2ï3, is defined as shown in Equation (2.12), 
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where Pin is the inlet/free-stream static pressure, Pout is the outlet static pressure, PT is the inlet 

total pressure, and 221 inindyn UP r=  is the inlet dynamic pressure. 

The ideal Cp based on the assumption of frictionless flow is defined as, 

 
2,

1
1

AR
C ssfrictionlep -=  (2.13) 

where inout AAAR=  is the diffuser area ratio.  Cp is limited by pressure losses and diffuser stall 

(flow separation) for practical devices.  The diffuser length (L) and diffuser angle (qd) are 

additional important geometrical parameters for diffuser design. 

 

 

Figure 2ï3. Geometry of Simple Diffuser 
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The keys in designing a high performance diffuser are to maintain (i) a diffuser length to avoid 

excessive pressure losses, and (ii) a diffuser angle without any large flow separation and to 

maintain a uniform outflow distribution.  The same design principle is applicable to the design of 

diffusers with a curvature or S-bend passage.  Nonetheless, the flow field distributions driven by 

the curvature effects have made the design more complicated.  Besides the viscous effects, 

additional pressure losses are induced by flow instabilities and boundary layer separation due to 

the steepened adverse pressure gradients.  For such reasons, the typical S-bend design is limited 

to AR of 1.5 due to the diffusion-curvature flow interaction (Miller, 1978). 

The performance of a diffuser with curvature passage is closely related to the re-distributions 

of the turbulence energy in curvature passages, that are susceptible to flow separations at the 

inner bend convex surface as shown in Figure 2ï2 (c).  The highly anisotropic turbulence stresses 

measured by Humphrey et al. (1981) illustrated the (i) stabilizing effects at the inner convex wall, 

and (ii) destabilizing effects at the outer concave wall, corresponding to the decreasing and 

increasing turbulence intensity respectively, at the two regions.  At the outer bend concave 

surface, the high-momentum fluid is transferred to the outer radius, resulting in a higher 

turbulence energy region that energizes the flow, allowing it to withstand the onset adverse 

pressure gradient.  At the bend outlet of the inner convex surface, the resistance to flow 

separation is greatly dependent on the strength of secondary flow to re-energize the low 

momentum flow accumulated in the region. 

Figure 2ï4 shows the impact of turbulence intensity on Cp in single bend passages (Sullerrey et 

al., 1983).  The study showed a higher Cp was obtained in a curved diffuser by testing it under 

high turbulence flow to suppress the flow separation at the downstream section of the convex 

surface. 

High performance curved wall diffusers with rapid turning are possible with the diffusion angle 

concentrated away from the low momentum flow region to avoid flow separation.  Figure 2ï5 

shows a design of such a diffuser given in Miller (1978).  The use of passive flow control devices 
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was studied to improve the outflow uniformity of curved diffusers (Sullerey et al., 2002 and 

Chong et al., 2008). 

 

 

Figure 2ï4. Higher Cp in a Curved Diffuser at High Tu Flow (Sullerrey et al., 1983) 

 

 

  

Figure 2ï5.  Curved Diffuser with Parallel Section and Angled Diffuser (Miller, 1978) 
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2.2.3 S-Bend Flow Dynamics 

The studies of S-bend diffusing flow passages for GT engine applications are generally 

categorized into (i) S-bend annulus passages, and (ii) S-bend internal flow passages.  The 

fundamental difference is that the secondary flow in annulus passages is affected by upstream 

struts or swirls, whereas, the secondary vortices in internal flow passages are induced by the end 

walls. 

Previous research on both flow passages is widely available in the literature owing to the 

relevance to GT applications.  Studies include inter-turbine annulus S-bend diffusers by Norris 

and Dominy (1997) and Zhang et al. (2010), S-bend internal passage for engine intake 

applications by Whitelaw and Yu (1993), Menzies (2001), and Zhang et al. (2009), and S-bend 

nozzle for engine exhausts by Coates and Page (2012).  The present study is focused on S-bend 

internal flows because of the direct relevance to the specific interest for GT engine exhaust 

applications. 

In S-shaped internal flow passages, the fluid motion at the first bend is the similar as the single 

bend flow but becomes more complex at the second bend due to the opposite curvature.  The 

diverting flow through the two opposing curvatures creates a flow field variation with wall 

pressure gradients in reversing sense from the first bend to second bend.  Several adverse pressure 

gradient regions arise in such a flow passage, generating pressure-driven counter-rotating vortices 

at both bends. 

Low-momentum flow is gathered at the first bend inner convex surface and continues to flow 

toward the second bend concave region, resulting in a low-flow region.  A flow in a reversed 

sense is induced by the opposite curvature, and a great region at the outlet of the second bend is 

occupied by the secondary flows with reversed vorticity.  The counter-rotating vortices 

originating from the first bend are deflected to the outer wall at the second bend and continue to 

propagate to the outlet with the same rotating direction, as illustrated in Figure 2ï6. 
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Figure 2ï6.  Pressure Distribution and Secondary Flow in an S-Bend Passage 

 

Taylor et al. (1982, 1984) completed experimental studies on the S-bend flow dynamics in S-

bend passages with square-section and circular-section using LDV measurements (Laser-Doppler 

velocimetry).  A moderate S-bend angle of 22.5°/22.5° was used to avoid flow separation.  

Comparison between the laminar and turbulent flow results in the circular S-bend, where Re was 

about 800 and 40,000 respectively, showed that greater pressure-driven secondary flows 

measured for the laminar flow case could be attributed to the thicker inlet boundary layer.  The 

same argument was also made for the case with the square-section, where stronger secondary 

flows were measured for the inflow with boundary layer trips. 

The redistributions of the vortices originating from the first bend towards the S-bend outlet 

were measured in both square and circular section S-ducts.  More extensive redistribution regions 

were measured for the circular-section S-duct, which might be attributed to the suppression of 
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secondary flow due to the corner effects in the square duct.  The vortex stretching mechanism 

was analyzed based on the Squire and Winter formula, where the magnitude and direction of 

streamwise vorticity are related to the local sign of radial vorticity passing through the second 

bend concave region.  The details of the Squire and Winter formula and the derivation based on 

potential flow theory were given in the study by Rowe (1970). 

A more recent study of S-bend flow dynamics was conducted by Ng et al. (2006) based on 

square-section S-bend ducts with three different turning angles of 33.4°/33.4°, 43.6°/43.6°, and 

53.1°/53.1°.  Greater pressure differences between the inner and outer surfaces were measured 

with the higher turning angles.  For all three cases, higher adverse pressure gradients were 

measured at the two inner bend convex walls as compared to the two outer concave walls.  Flow 

separations were detected for all three passages at the first bend inner convex wall.  The study 

showed that the locations of flow separation were indicated by the slight distortions in wall 

pressure distributions obtained from pressure taps.  In the study, flow separations were verified by 

flow visualizations. 

Figure 2ï7 shows a separation line (on the sidewalls) dividing the two secondary flow regions 

with opposite swirling directions recorded based on oil flow visualizations.  Ng et al. (2006) 

claimed that this S-bend flow feature was not reported previously in literature.  Figure 2ï8 (a) and 

(b) shows the generation of double pair counter-rotating vortices at the S-duct exit along the 

second bend outer region based on the passage with the lower turning angle comparing to the 

single vortex pair for the highest turning angle S-bend passage.  The creation of the double vortex 

pairs were correlated to the two sign changes in local radial vorticity governed by the Squire and 

Winter formulation, i.e. predominant inviscid effects. 

In their later study, Ng et al. (2008) introduced a new parameter derived from dimensional 

analysis to characterize the flows in normal bend curved and S-bend ducts.  A promising outcome 

was obtained in this attempt, where various data sets from different researchers (including their 

own data) were collapsed into a single correlation line.  Notable deficiencies were, however, 
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illustrated in the correlation for passages with flow separation.  In the studies, corner effects were 

mentioned briefly without much detailed discussions. 

 

 

 

Figure 2ï7.  Separated Secondary Flow Regions with Opposite Swirling Direction (Ng et al., 

2006) 

 

 

   

Figure 2ï8.  S-Bend Outflow with Double Vortex Pairs and Single Vortex Pair (Ng et al., 

2006) 
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2.2.4 S-Bend Diffuser Design 

S-bend flow fields, similar to the curved diffusers, become more complicated with the 

increased adverse pressure gradients in diffusing passages.  Besides AR, there are other key 

geometrical parameters for S-bend diffuser design including the turning angle, turning radius, and 

passage cross section. 

An AR of about 1.5 was typically used for S-bend diffusing passages due to the complex 

diffusion-curvature flow interaction.  Examples include the S-shaped diffusers in studies by 

Whitelaw and Yu (1992, 1993) with AR 1.5 and AR 1.4, Dey et al. (2002) with AR 1.5, Zhang et 

al. (2000) with AR 1.52, and Harloff et al. (1992) with AR 1.52. 

The range of Cp from about 0.35 to 0.4 was typically reported in the design studies of S-bend 

diffusers.  The CFD study with LES of circular S-bend diffusers by Abdellatif et al. (2008) 

showed that an optimum Cp was obtained with an AR 1.51 and no improvement was obtained by 

increasing the AR to 1.9. 

Moderate turning angles of less than 30°/30° were typically used for the design of S-bend 

diffusers to avoid flow separation.  Anand et al. (2003) investigated the effects of turning angles 

of 15°/15°, 22.5°/22.5° and 30°/30° in an AR 1.9 circular S-bend diffuser experimentally.  The 

decrease of overall Cp from 0.45 to 0.35 was demonstrated with the increase of turning angle. 

A similar study was conducted numerically by Dey et al. (2002), with the turning angle of 

15°/15°, 22.5°/22.5° and 30°/30° , in conjunction with different AR.  The study showed that 

stronger secondary flows were predicted with higher turning angles but the trend of overall 

pressure recovery was incorrectly predicted as a weak function of turning angle. 

Gupta et al. (2001) investigated the effects of turning angle and diffuser AR on rectangular S-

bend diffusers numerically.  A high Cp of 0.42 was predicted, compared to the experimental result 

of 0.46, based on an AR of 2 and an inlet aspect ratio (AS) of 6.  The high Cp was largely 

attributed to the uniformly distributed flow at the duct outlet and the confinement of secondary 
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flow to small outer regions at the sidewalls due to the high AS.  The study also indicated the 

increase of Cp with AS by maintaining a bend angle of below 30°. 

Higher pressure recoveries were also reported for S-bend diffusers with rectangular or square 

cross sections as discussed in Anand et al. (2003).  Improvements could be related to the 

suppression of the stronger pressure-driven streamwise vortices by the flow imbalances at the 

corners and smaller losses associated with the secondary corner vortices. 

Geometrical parameters are typically constrained for an S-bend diffuser design in aerospace 

applications.  The design improvement is thus focused on the control and minimization of flow 

separation initiated at the first bend convex surface with low-energy flow.  The investigation by 

Whitelaw and Yu (1993) revealed a larger flow separation in the AR 1.4 circular S-bend diffuser.  

The separated flow induced outflow distortions with a large counter-rotating vortex pair as shown 

in Figure 2ï9.  The study also showed the greater separation region and outflow distortion for the 

inflow with thinner boundary layers as compared to the inflow with thicker boundary layers based 

on a same inflow Reynolds number. 

Whitelaw and Yu (1992) studied the effects of asymmetric inflow conditions in an AR 1.5 

square-to-rectangular S-bend diffusing passage by installing trip wires to increase the boundary 

layer thickness in three different orientations.  Greater outflow uniformity with a smaller vortex 

pair at the second bend outer concave surface was obtained with trip wires installed at the inner 

convex surface of the first bend inlet.  The effect on the pressure recovery was, however, found to 

be insignificant, giving the same Cp of about 0.25 regardless of the improved outflow uniformity.  

The author explained that the insignificant effects on Cp were attributed to the insignificant gain 

or loss of kinetic energy in the flow field without a flow separation. 

Flow control devices, such as vortex generators studied by Jirasek (2007), are commonly used 

to eliminate, or reduce, the flow separation to improve the overall S-bend pressure recovery.  

Instead of eliminating the flow separation, the S-bend diffuser design optimization study 

conducted by Zhang et al. (2000) showed that the creation of a local separated zone at the 
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opposite wall effectively reduced the cross-flow effects by the flow separation and yielded a 

uniform outflow distribution.  The S-bend diffuser design is illustrated in Figure 2ï10.  Instead of 

the local geometry refinement, Lee and Kim (2007) employed an elaborated numerical approach 

to optimize the overall profile of an S-shaped diffuser. 

 

 

Figure 2ï9.  Flow Separation in an S-Bend Diffuser (Whitelaw and Yu, 1993) 

 

 

Figure 2ï10.  S-Bend Design Optimization with Local Separation Zone (Zhang et al., 2000)  

Flow Separation 

Local Separation Zone 
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2.2.5 CFD Simulations of S-Bend Passages 

The complex flow phenomena in S-bend passages make numerical simulations using CFD a 

challenging task.  There are many concerns regarding the validity of various turbulence models in 

predicting the boundary layer growth and flow separation under the effects of multiple regions of 

adverse pressure gradient and secondary flows. 

The applications and improvements of the various semi-empirical RANS turbulence models 

have been studied extensively and are easily available in the literature.  For CFD studies of 

simple curvature passages, focuses were on the modeling of turbulent boundary layer growth with 

curvature effects and the modeling of turbulence generation and damping at the concave and 

convex surfaces respectively.  Most of these studies were conducted with the efforts in modifying 

the existing turbulence models, such as the studies of Luo and Lakshminarayana (1997, 1997a) 

and Sotiropoulos and Ventikos (1998).  A comprehensive review is given by Patel and 

Sotiropoulos (1997). 

For the simulations of more complex S-bend flow passages, the inherent limitation of the RANS 

based eddy viscosity models is the simulation of anisotropic turbulence flow fields.  Jongen et al. 

(1998) tested a composite algebraic Reynolds stress model, which coupled the algebraic stress 

and anisotropic dissipation formulations, in the simulations of a constant area S-duct.  The study 

showed that better predictions in both mean and turbulent flow properties were obtained with the 

composite model as compared to the simulations based on the eddy viscosity model and the 

explicit algebraic stress model. 

Coates and Page (2012) conducted a more recent CFD study in simulating the S-bend passage 

based on the study of Ng et al. (2006).  The study highlighted the limitations of the various RANS 

turbulence models in predicting the pressure distributions at the second half of the S-bend as 

illustrated in Figure 2ï11. 
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Figure 2ï11.  S-Bend Wall Pressure Distributions based on Different RANS Turbulence 

Models (Coates and Page, 2012) 

 

The limitations of the RANS based turbulence models in simulating the streamwise vortices in 

curvature flows were discussed by Liu et al. (1996) and Lopes et al. (2006) in their CFD studies 

using LES simulations.  The advantages of LES simulations were also demonstrated in their 

studies, in modeling the high anisotropic turbulence of S-bend flow fields. 

Despite the advantages of using LES in S-bend flow simulations, the practical applications are 

still limited to smaller size or down-scaled models.  To improve simulation efficiency, some 

recent modeling approaches based on the hybrid LES and RANS simulations have had success in 

S-bend diffuser design applications.  These hybrid LES approaches include the Detached Eddy 

Simulation (DES) study by Chalot et al. (2007), and Vuillerme et al. (2006). 

A comprehensive comparison between the eddy-viscosity models, the algebraic RSM, and the 

DES model was also presented in the study by Vuillerme et al. (2006).  Better predictions of 

outflow distortion and of the recirculation zone were obtained with both the algebraic RSM and 
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DES model, as compared to the eddy viscosity models.  Nonetheless, the improvement in the 

prediction of pressure recovery was only marginal. 

Despite the known limitations, numerous CFD studies of S-bend diffusers were still conducted 

using the RANS based eddy viscosity models.  These CFD studies could be roughly categorized 

into: 

(i) evaluating the performance of different turbulence models based on a specific S-bend 

diffuser 

(ii)  studying the geometric effects in S-bend design, using a validated CFD methodology 

based on a specific experimental data set. 

Reasonable predictions of overall pressure recovery are generally obtained using the different 

eddy viscosity models.  To capture better the flow separations and outflow distortions, 

simulations using the one-equation and two-equation turbulence models, such as the Spalart-

Allmaras, k-Ů and k-w models, are required, in place of the algebraic or zero-equation model such 

as the Baldwin-Lomax model.  Such comparative studies were presented in the research by 

Harloff et al. (1992) and Jenkins and Loeffler (1991). 

In the CFD simulation of the RAE 2129 S-bend model, Menzies (2001) showed that the SST k-

w model outperformed the Spalart-Allmaras and the standard k-w models in capturing the 

streamwise secondary flow field.  Lee et al. (2013), in the simulations of the Allison 250 S-bend 

diffuser, showed better predictions of outflow velocity profiles using the SST k-w model as 

compared to the standard k-Ů and the standard k-w model. 

In the CFD studies of geometrical effects and design optimization of S-duct diffusers, it seems 

like a common practice to conduct the various investigations based on a validated CFD 

methodology.  The same grid model and same turbulence model were applied in the CFD 

approach, even though the baseline CFD model was only validated against a specific flow 

parameters with a single S-bend design. 



32 

In designing vortex generators to suppress the flow separation in a shortened S-bend diffuser, 

Jirasek et al. (2007) showed the possible use of combined CFD-DOE (Design of Experiment) for 

design optimization based on a developed CFD procedure.  Papadopoulos et al. (2012) employed 

CFD validated against the RAE 2129 S-bend model, to design an S-bend diffuser with oblong to 

circular transition passage.  The considerable difference in geometric features between the two S-

bend passages was disregarded. 

Others relevant S-bend studies include those conducted by Zhang et al. (2000), Gupta et al. 

(2001), Dey et al. (2002), Lee and Kim (2007), and Gopaliya et al. (2011).  CFD results obtained 

from such a simulation methodology are useful in providing the details of the important flow 

features for design improvements.  Experimental tests are still required for the design validations, 

and flow parametric studies are also necessary to verify the validity of the CFD results. 
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2.3 Film and Effusion Cooling 

2.3.1 Surface Cooling for Gas Turbine Applications 

Film cooling, in its basic form, is the injection of coolant flows through opening slots or rows 

of discrete holes to create a thermal insulation layer on a wall surface.  A variety of surface 

cooling technologies based on this principle have been developed to obtain higher cooling 

efficiency, as illustrated in Figure 2ï12. 

 

 

Figure 2ï12.  Different Film  Cooling Technologies (Adapted from Cerri et al., 2006 and 

Zhang et al., 2009a) 

  

(a) 

 

 

 

(b) 

 

 

 

(c) 

 

 

 

(d) 

 

 

 

 

(e) 
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Figure 2ï12 (b) shows the effusion cooling scheme with multiple rows of discrete hole 

injections that provides a full -coverage cooling film on the surface.  It is probably the simplest 

technique with the highest cooling efficiency and the fewest structural requirements.  This 

cooling technique combines the performance of a cooling film layer with backside and internal 

hole-by-hole convective cooling.  It is an important cooling technology in GT combustion system 

applications.  The use of effusion cooling for localized hot-spot remedy in IR suppressor 

applications was described by Birk and Davis (1988). 

As for the impingement cooling configuration in Figure 2ï12 (c), the enhancement of cooling 

effectiveness is achieved by injection of coolant through the inner wall to increase the local heat 

transfer efficiency, without disturbing the main stream.  The effectiveness of impingement 

cooling can be significantly improved if combined with effusion cooling as shown in Figure 2ï12 

(d).  The implementation is however with intrinsic structural complexity where two wall layers or 

even more complicated internal passages are required. 

Figure 2ï12 (e) shows a more unique transpiration cooling technique with coolant flow 

bleeding through a multi-perforated porous wall with a high density of micro-scale cooling holes.  

Transpiration cooling is often referred to as the surface cooling technique with the optimal 

cooling performance (Andrews and Asere, 1984).  Nonetheless, the integration of porous walls in 

gas turbines, sintered metals in most cases, is restricted by the inappropriate mechanical 

properties, and the cooling surfaceôs susceptibility to clogging.  Effusion cooling, a comparatively 

simple technique, has thus been studied with an aim of matching cooling effectiveness of 

transpiration cooling. 
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2.3.2 Film Cooling Performance 

A schematic of film cooling is illustrated in Figure 2ï13.  The flow parameters are: main 

stream temperature (Thot), coolant film temperature above the wall surface (Taw or Tf), coolant 

temperature (Tcool) and wall temperature (Twall). 

 

 

Figure 2ï13.  Film Cooling of Discrete Hole Injection 

 

For simple film cooling with discrete hole injections, an effective cooling film is obtained with: 

(i) a good lateral distribution of cooling film that prevents the penetration of the hot free-

stream gases, i.e. film coverage comparable to the one of slot injection 

(ii)  a well attached coolant layer to the surface, with no lift -off 

(iii)  minimum dilution/mixing with hot free-stream as a function of downstream distance 

from injection location. 

Two key parameters that measure film cooling performance are the film cooling effectiveness 

(or adiabatic cooling effectiveness, ɖad), and the net heat flux reduction to surface (ȹqr).  

Adiabatic effectiveness provides a measure of cooling film effectiveness as a thermal protection 

layer.  Bogard and Thole (2006) suggested that the most precise definition of cooling 

effectiveness is based on the argument of adiabatic wall, as defined in Equation (2.14). 

Uhot
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Taw / Tf

TwallTcool, exitTcool, in
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Nonetheless, some earlier literature referred to Taw as Tf and used the upstream temperature of the 

coolant instead of the exit temperature due to the difficulty of measuring the coolant temperature 

at the injection hole exit.  The more general form of thermal cooling effectiveness is thus written 

alternatively as shown in Equation (2.15), 
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The net heat flux to the wall surface, with and without the cooling film effects, are written as 

shown in Equation (2.16) and (2.17), 

 ( )wfff TThq -="  (2.16) 

 ( )whot TThq -= o
"
o  (2.17) 

where h is the heat transfer coefficient and the subscripts f and o denote the flow conditions with 

and without film cooling respectively.  The net heat flux reduction to the wall surface with 

effusion cooling is thus given by Bogard and Thole (2006) as the expression shown in Equation 

(2.18), 
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The ratio of 
oh

h f
 is more commonly reported in film cooling studies, where a value lower than 

unity is desirable for cooling film to be effective as a thermal barrier. 
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2.3.3 Effusion Cooling Performance 

The greatest advantage of film cooling with multiple holes injection is the breakdown of a high 

injection momentum (from a single cooling hole) into full -coverage of discrete jets with low 

injection momentum.  This in turn reduces both the tendency of jet lift-off, and penetration of 

coolant into the main stream, thereby improving overall surface cooling effectiveness. 

With an effusion cooling configuration, overall cooling effectiveness is greatly enhanced with 

internal wall convective heat transfer through the full -coverage coolant passages.  As discussed in 

Andrews and Asere (1984), convective heat transfer in effusion cooling with low coolant flow-

rate (to simulate the effectiveness of transpiration cooling) can attribute up to 60 % of the total 

cooling effectiveness.  In the study of overall convection heat transfer with effusion geometry, 

Andrews et al. (1988) revealed that overall convective heat transfer is largely attributed to coolant 

side hole surface area due to the acceleration of coolant air into the holes.  Smaller contributions 

are associated with the convective heat transfer in the internal wall surfaces of injection holes.  

The augmentation of convection heat transfer due to the entrainment of the high temperature 

main-flow on the hot gas side is comparatively insignificant. 

To account for the higher wall temperature cooling efficiency from both the coolant side 

convective cooling and the hot gas side film cooling, a more appropriate cooling effectiveness 

measurement is the overall cooling effectiveness that is defined based on the wall temperature 

(Twall) as shown in Equation (2.19), 
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The intense internal wall heat convection inevitably reduces the effectiveness of cooling film, 

i.e. decreasing had with increasing hf /ho, which in turn reduces the ideal overall cooling 

effectiveness associated to transpiration cooling.  This negative impact is in a large part due to the 

boundary layer mixing induced by the discrete hole injections (Andrews et al., 1985).  While 

discussed in more detail in Section 2.3.4.3, a properly designed effusion cooling geometry will 
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give a minor perturbation to the boundary layer mixing resulting in reduced negative impacts on 

overall cooling effectiveness. 

Besides the measure of effusion cooling effectiveness on a specific cooling section, the 

implementation of effusion cooling has the additional advantages of upstream and downstream 

cooling by heat conduction in the cooling wall.  Leger et al. (2003) showed that thorough cooling 

effectiveness from effusion cooling is the sum of (i) the upstream section being cooled by wall 

conduction and exterior convection, (ii) the full -coverage discrete holes section being cooled by 

effusion effects, and (iii) the downstream section being cooled by the cooling film layer that is 

developed from the coolant injections surface, as shown in Figure 2ï14. 

 

 

Figure 2ï14.  Wall Cooling Effects with Effusion Cooling (Leger et al., 2003) 
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2.3.4 Effects on Film or Effusion Cooling Performance 

2.3.4.1 Flow Parameters for Film/Effusion Cooling  

There has been a great deal of research to correlate cooling effectiveness to the scaled coolant 

and main flow in order to match the turbine engine operating conditions for film cooling designs.  

Scaling parameters are mass flux or blowing ratio (M), momentum flux ratio (I), and density ratio 

(DR), each described as Equations (2.20), (2.21) and (2.22). 

 hothotcoolcool UUM rr=  (2.20) 
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hothotcoolcool UUI rr=  (2.21) 

 hotcoolDR rr=  (2.22) 

The thermal capacity of a cooling film mass is proportional to M, with which had increases with 

higher M up to an optimum value and then decreases due to jet lift-off and separation of the 

coolant flow from the coolant hole.  The effects on streamwise distribution of had are illustrated in 

Figure 2ï15 with coolant jet lift-off and reattachment based on a single hole injection with M 

from 0.6 to 2.0. 

The more commonly used coolant flow parameter in effusion cooling studies is coolant mass 

flow per unit surface area, denoted as G with the units of kg/s-m
2
.  As pointed out by Arcangeli et 

al. (2008) in their correlation study, an increasing trend of hov with higher cooling mass flow rate 

was obtained, whereas a predictable trend was not obtainable based on had and M.  Illustrated in 

Figure 2ï16 is the increase of hov with higher G, based on the correlations study by Zhang et al. 

(2009b), with IR thermography on an effusion-cooled test plate. 
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Figure 2ï15.  IR Image of Single Hole had with  Different M (Baldauf et al., 2001) 

 

 

 

Figure 2ï16.  IR Image of Effusion Holes hov with  Different G (Zhang et al., 2009b) 
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Momentum flux ratio, I, gives an indication of cooling film separation from the surface by 

scaling the main stream dynamics force to coolant jet.  Bogard and Thole (2006) showed that the 

film cooling injection flow (i) remains attached with I < 0.4, (ii) lifts-off and re-attaches with I < 

0.8, and (iii) fully detaches with I > 0.8.  The use of momentum flux is not relevant in the study of 

effusion cooling. 

The DR ratio is the scaling of the temperature difference between the coolant and main-flow.  

Intuitively, a higher DR would be beneficial as higher M is required to lift-off a coolant jet.  For 

effusion cooling, Bazdidi-Tehrani and Andrews (1994) showed that the effect of higher DR on 

effusion cooling configurations was relatively insignificant. 

Besides the above scaling ratio, Gustafsson and Johansson (2001) and Leger et al. (2003) used 

the temperature ratio (Thot/Tcool) and velocity ratio (Uhot/Ucool) to obtain a direct relation with the 

temperature distributions on effusion-cooled wall surfaces.  The IR thermography by Gustafsson 

and Johansson showed that a continuous cooling on the wall was measured with the increase of 

Thot/Tcool from 1.4 up to 1.8.  The same effect was observed with the increase of Uhot/Ucool from 56 

to 150; however, the cooling effect was reduced upstream with a minor improvement downstream 

with the higher Uhot/Ucool.  The effect based on the injection hole Reynolds number (Rehole) was 

also investigated by comparing Reynolds numbers of 90 and 150, and found to be insignificant. 

Leger et al. (2003) obtained the same trend of an increase in hov with Thot/Tcool from 0.9 to 1.25 

with the IR thermography measurements of an effusion-cooled wall with different hole 

geometries.  The study of pressure drop effects, DP = (Pcool ï Phot)/Pcool, was also conducted in 

their study, which showed an insignificant improvement on hov with the increase of DP from 0.66 

to 2.2.  These results are illustrated in Figure 2ï17. 
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Figure 2ï17.  Effusion Cooling Effectiveness as a Function of Thot/Tcool and DP (Leger et al., 

2003) 
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2.3.4.2 Main Stream Turbulence 

In general, main flow with high turbulence intensity (Tu) promotes flow mixing and enhances 

coolant flow dispersion at the injection hole vicinity.  This has induced a greater lateral 

distribution of coolant (increase of upstream lateral had) and reduced the adiabatic cooling 

effectiveness downstream, due to the diminishing film cooling effects. 

Bons et al. (1996) reported that the reduction of downstream had with higher Tu only held for 

low to moderate M.  The high dispersion rate with high Tu actually improved had at high M due to 

the alleviation of the jet lift-off.  Similar observations were reported by Mayhew et al. (2003) and 

by Saumweber et al. (2003).  However, they only observed a slight improvement of had with an 

increase in Tu at high M, which might be attributed to the higher DR of 1.7 used in their 

experiment as compared to DR of 0.95 used by Bons. 

The full -coverage film cooling with ten rows of normal injection holes studied by Harrington et 

al. (2001) also revealed that a high Tu has more significant effects on cooling performance with 

low M.  The study showed that the cooling effectiveness was reduced by 30% when Tu increased 

from 5% to 18% for M = 0.25, whereas the reduction was only 15% for higher M of 0.65 and 1.0. 

Kelly and Bogard (2003) have discussed the effects of Tu on the convective heat transfer based 

on the same cooling test plate.  The study showed that the reduction of hf /ho was mainly 

attributed to the increase of ho with a high Tu of 18%, whereas the effect on hf was not significant.  

By conducting tests with heated and unheated initial lengths upstream of the cooling section, they 

also concluded that the developed upstream thermal boundary layer had a more significant effect 

on the heat transfer mechanism as compared to the local turbulence effects at an injection hole. 
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2.3.4.3 Geometric Configurations 

Extensive research efforts have been devoted to optimize the geometric configuration of 

discrete injection holes, including injection hole diameter (d), hole length (lhole), injection angles 

(a) and (b), and injection passages with shaped outlets, to improve the effectiveness of film 

cooling performance.  The use of inclined injection holes, in streamwise (a) and spanwise (b) 

directions, has been a common practice in film cooling design to overcome the jet lift -off problem 

associated with coolant injection in the normal direction, especially at high coolant blowing rates.  

Shaped holes with diffuser-like passages, such as fan-shaped and laidback fan-shaped, illustrated 

in Figure 2ï18, are incorporated to diffuse the coolant jet for better flow attachment on the 

cooling surface, to further improve the film cooling effectiveness. 

 

Figure 2ï18.  Cooling Hole with Different Outlet Geometry (Saumweber et al., 2003) 

hole length, lhole hole diameter, d 

incline angle, Ŭ 
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The effects of injection hole modifications were investigated in effusion cooling studies, such 

as the compounded angle injections studied by Zhang et al. (2009b) and the fan-shaped outlet 

holes studied by Bohn and Krewinkel (2009).  The advantage over the simple normal injection 

hole was not certain as a comparison of cooling performance with the simple injection hole was 

not presented in these studies.  Leger et al. (2003), in the experimental study of effusion cooling 

with the coolant injection angle a of 30° and 90°, showed that with inclined injection, a slight 

improvement of cooling effectiveness of about 5% was obtained only at the location half-length 

through the effusion plate. 

Hole density and hole distribution on the cooling surface are more important geometry 

parameters for effusion cooling design.  Hole density is defined as the number of holes per unit 

surface area, normally denoted as n with the unit of m
-2
.  The hole distributions are commonly 

defined with (i) lateral hole centreline distance (pitch-to-diameter, p/d), and (ii) streamwise hole 

centreline distance (row spacing to diameter ratio, s/d). 

Effusion cooling with normal angle injection holes have been studied in detail based on 

different configurations of hole distribution by Andrews et al. (1985, 1985a, 1986, 1988, 1990).  

These earlier studies have made benchmark comparisons with the film cooling performance of 

transpiration wall and two commercial effusion plates with complex flow passages in the multi-

layered wall structure: Transply® and Lamilloy®.  The study revealed that even with the 

significant effects of convective heat transfer in effusion cooling, the overall cooling 

effectiveness was still greatly dependent on the cooling film efficiency to replicate the 

performance of transpiration cooling.  It is through the configuration of effusion holes in terms of 

spacing (p/d and s/d), hole number per unit area (n) and hole diameter (d), combined with the 

right coolant flow rate (G) and pressure change across injection holes, that an optimum cooling 

performance is possible. 
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As a general guideline, overall cooling effectiveness can be improved by reducing the cross-

flow mixing between the coolant flow and the hot gas main stream flow.  The two practical 

approaches are: 

i. for a fixed n, cooling effectiveness can be improved by increasing d 

ii. for a constant G, cooling effectiveness is increased through the increase n while 

maintaining the same total surface area of the coolant injection holes, i.e. reduce the 

hole spacing (p or s) and d 

The similar approach to improve effusion cooling effectiveness by reducing the hole spacing was 

also reported in more current studies by Gustafsson and Johansson (2001), Leger et al. (2003), 

and Zhang et al. (2009b). 

2.3.4.4 Discharge Coefficient 

The geometry configurations have a great effect on the discharge coefficient for film or 

effusion cooling, which is defined as the ratio of ideal and actual coolant flow rates through the 

cooling holes, 
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D
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#

#
=  (2.23) 

where ἂideal is the theoretical coolant flow rates without viscous effects. 

The study of Saumweber et al. (2003) showed that higher CD values of about 0.75 were 

obtained using effusion holes with fanshaped outlets as compared to the CD of about 0.65 with the 

cylindrical effusion holes (Figure 2ï18).  The study showed that CD increased with higher 

pressure ratio up to a maximum value.  The effects of Tu were also studied, and found to be more 

significant for the shaped holes than the cylindrical holes, as illustrated in Figure 2ï19. 
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Figure 2ï19.  Cooling Hole Discharge Coefficient as a Function of Pressure Ratio and Tu 

(Saumweber et al., 2003) 

 

 

  

(a) Cylindrical Hole 

(b) Fanshaped Hole 
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Andrews and Mkpadi (1984) tested the effusion plates with full -coverage of effusion holes 

with n of about 4,000 and 27,000 m
-2
.  The study showed that CD gradually increased with higher 

Rehole and reached the maximum value at a Rehole of about 2,000.  The range of CD about 0.8 was 

reported in the study.  Higher CD was obtained with the test plates with n = 4,000 m
-2
, which 

could be attributed to the larger cooling hole diameter.  The study also showed that a slightly 

higher CD was obtained with the cooling holes drilled rather than spark eroded. 

In the study of impingement-effusion film cooling on a curve section, Yang et al. (2011) 

presented experimental data of CD as functions of M.  The study concluded the decrease of CD 

with greater hole-to-hole spacing, i.e. low hole density, and also reported the peak CD value of 

about 0.6.  The authors related the low CD to the curvature effects, but did not provide a 

comparison to a case without curvature. 

2.3.4.5 Effects of Curvature and Pressure Gradients 

The study of the film cooling effectiveness with curvature and pressure gradient effects is one 

of the key topics of the present research.  The available literature is limited to the study of 

curvature effects based on a single row or double rows of hole injection.  Also, most relevant 

results in the literature have the coolant injection apparatus at an inclined angle.  A higher 

injection in the tangential direction along the wall curvature was applied, as opposed to the 

normal injection where there would be a higher tendency of jet lift -off. 

In principle, the performance of film cooling in curved flow passages is affected by the 

secondary flow fluid motion, and the stabilizing and destabilizing stress effects respectively, on 

convex and concave surfaces: 

i) secondary flow increases the lateral effectiveness while reducing the downstream 

effectiveness on the concave surface due to the stronger lateral flow mixing induced by the 

counter-rotating flow in the outward direction along the wall 
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ii)  with a low coolant injection flow rate, the cooling effectiveness is higher at the inner 

radius convex surface with better injection attachment to the surface due to the flow stabilizing 

effects; whereas, the effectiveness at the outer concave surface is lower because of the lift-off 

effect due to the flow destabilizing effects 

iii)  with a high coolant injection, cooling effectiveness becomes higher at the concave 

surface with the high momentum coolant jet flowing into the curved surface, suppressing initial 

lift -off effects.  On the other hand, high momentum coolant through the convex surface tends to 

overcome the main stream momentum and causes flow lift-off, reducing cooling effectiveness. 

These effects on curvature cooling film have been reported in the experimental study by Ko et 

al. (1986) and Schwarze et al. (1991).  The results from Ko et al. are illustrated in Figure 2ï20. 

Jung and Hennecke (2001) studied double staggered rows injection on both convex and 

concave surfaces of the 45° and 90° bend rectangular ducts and observed the same flow effects.  

Additionally, the study also revealed that: (i) row spacing was more significant on a curved 

surface than on a flat plate, and (ii) curvature effects were less pronounced with double row 

injection. 

Lutum et al. (2001) revealed that the simultaneous effects of free-stream pressure gradient and 

curvature had significant effects on the film cooling performance.  The Transient Liquid Crystal 

technique (TLC) experiment conducted with single row coolant injection on a convex surface in a 

converging channel with accelerating flow (favorable pressure gradient) showed that there is a 

slight increase of adiabatic effectiveness near the injection holes and a significant decrease of 

effectiveness downstream as compared to the convex surface injection without a pressure 

gradient. 
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Figure 2ï20.  Cooling Effectiveness on Concave and Convex Walls with Different Blowing 

Ratios (Ko et al., 1986) 
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2.3.5 CFD Simulations of Film/Effusion Cooling 

CFD studies on film or effusion cooling design are widely available in the literature with 

extensive efforts focusing on the simulation of flow injection by resolving the hole geometry and 

jet mixing layers with the main flow.  Most numerical studies on film cooling aimed to capture 

the formation of counter-rotating secondary flow at the coolant hole exit and the cross-flow 

interactions between free-stream and coolant, as shown in Figure 2ï21. 

 

 

 

 

Figure 2ï21.  Formation of a Counter Rotating Vort ices at Cooling Hole Exit  
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The RANS based two-equation eddy viscosity CFD turbulence models, such as the standard 

and modified k-Ů and k-w turbulence models, are largely used to study film and effusion cooling.  

Walters and Leylek (1997) used high grid density to capture the inlet separation, reattachment 

and outlet wake of coolant jet flow by including the detailed hole passage connecting the main 

flow and coolant domains, as shown in Figure 2ï22.  Such CFD methodology has been 

successfully applied in a series of studies with the use of the k-Ů model and standard wall 

functions or two-layer near-wall treatment by Walters and Leylek (2000), McGovern and Leylek 

(2000), Hyams and Leylek (2000), and Brittingham and Leylek (2000). 

 

   

Figure 2ï22.  Simulations of Cooling Film Injection with a Detailed Hole Passage between 

the Coolant Plenum and Main Flow Domain (Walters and Leylek, 1997) 

 

Gustafsson and Johansson (2006) conducted a detailed turbulence model comparison of the 

mean-flow and Reynolds stresses at the coolant jet exit.  The realizable k-Ů model, the SST k-w 

and the RSM turbulence model were evaluated.  Azzi and Jurban (2003) and Bacci and Facchini 

(2007) incorporated the anisotropic correction on the tensor based formulation of turbulence 

stresses in the standard k-Ů turbulence model.  These studies demonstrated a moderate 

improvement in cross-flow prediction with the use of the more computationally intense 

turbulence models. 
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For multiple rows of injection, the simulations were normally limited to a single line of 

injection holes or half holes with a symmetry plane for the computational studies to be viable.  

Harrington et al. (2001) modeled a multi-hole injection with 10 rows of injection holes using the 

RNG k-Ů model.  They reported that a better prediction was obtained at the downstream rows 

compared to the first several rows where the averaged cooling effectiveness was under-predicted.  

Yusop et al. (2007) modeled 10 rows of 90 degree normal hole effusion cooling with the standard 

k-Ů model.  With the use of non-conformal hybrid meshes, a low cell count of about 190,000 was 

maintained.  The study reported that a better agreement was obtained for the simulations with 

larger hole diameter and lower coolant flow rate. 

Ceccherini et al. (2008) employed the anisotropic corrected k-Ů model to simulate 8 rows of 

staggered holes, as shown in Figure 2ï23.  With y
+
 maintained at a value of less than 1, the total 

cell count was 4 million.  The predicted lateral averaged adiabatic effectiveness with the 

anisotropic corrected k-Ů model showed improvement over the standard k-Ů model that under-

predicted the cooling film spreading. 

 

 

Figure 2ï23.  Simulations of Multiple Holes of Coolant Injection with Detailed Hole 

Passages between the Coolant Plenum and Main Flow Domain (Ceccherini et al., 2008)  
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The aforementioned research efforts are important for the fundamental understanding of flow 

interactions between the main flow and coolant injection, including the effects of hole geometry 

and hole-to-hole arrangement.  For the design of film/effusion cooling on practical GT 

components, turbine blades and combustion chamber liners for example, simulations with fine 

enough grid density to resolve the detailed flow dynamics are computationally expensive.  The 

requirements for a practical CFD approach have in turn triggered the studies of coarse-grid 

simulations. 

The applications of coarse-grid CFD models have been reported for both single hole film 

cooling and full -coverage effusion cooling.  The principles of these models involve the 

specification of uniform boundary conditions or source terms to reproduce the effects of mass and 

momentum by cooling injections.  Most of these models have been developed based on the results 

of detailed numerical simulations with resolved hole geometry such as LES, or experimental 

results with advanced optical measurements. 

For single hole coarse-grid models, Burdet et al. (2005) developed an inlet-like boundary 

condition that accounts for the effects of jet trajectory, jet mixing, and hole exit counter-rotating 

vortices by placing a cross plane at the trailing edge of the cooling hole.  Slip wall boundaries 

were used at the leading edge to define the jet trajectory around the cooling hole vicinity by 

blocking the main flow as illustrated in Figure 2ï24. 

Similar to the method of defining a trajectory boundary in the hole vicinity, auf dem Kampe 

and Volker (2010) employed a different principle where volumetric source terms were assigned 

on the nodes of the jet trajectory volume.  The model, as shown in Figure 2ï25, was claimed to 

resolve better the jet mixing with the main flow by simulating the non-uniform distributions of 

momentum and energy from the injection. 
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Figure 2ï24.  Course Grid CFD Simulations of Cooling Film Injection with Source Terms 

on the Injection Plane (Burdet et al, 2005) 

 

 

 

Figure 2ï25.  Course Grid CFD Simulations of Cooling Film Injection with Volumetric 

Source Terms on Trajectory Nodes (auf dem Kampe and Volker 2010) 
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The computation times were reduced using these coarse-grid CFD methodologies with reduced 

grid density to define the hole geometry, and without the coolant supply plenum in the 

computational domain.  For the simulation of full -coverage effusion cooling that involves 

hundreds or thousands of cooling holes with much smaller length scales compared to the systemôs 

geometry, such as combustion chamber liner cooling and gas turbine exhaust cooling, resolving 

the hole-by-hole injections, even without the definition of hole geometry, is unrealistic.  CFD 

simulations using uniform surface boundaries to reproduce the effects of full -coverage effusion 

cooling on the main flow are thus advanced. 

In the study by Voigt et al. (2012), point sources were assigned on both suction and injection 

sides of an effusion-cooled surface to model eight rows of staggered cooling holes.  The model 

resolved the mass sink/source and momentum source on the suction and injection surfaces, and 

also resolved the conjugate heat transfer by assigning a heat sink inside the solid wall.  The study 

showed that with a grid spacing of 0.5 times the cooling hole diameter, reasonable results were 

obtained in predicting the lateral averaged cooling effectiveness.  In a study to simulate a simple 

combustor, Michel et al. (2009) employed the MultiPerforation Model by Mendez and Nicoud 

(2008) to model the effects of effusion cooling from multi-perforated cooling surfaces.  The 

simulations were conducted by constructing uniform boundary conditions with corrected mass 

and momentum flux on the cooling surfaces, where the effects of normal and angled injection 

holes were both modeled in the study. 

These coarse-grid CFD models were developed based on the assumption of homogenous 

distributions of mass and momentum flux on the cooling surface, which essentially allowed the 

representation of effusion cooling effects without resolving the discrete injections.  From the 

reported applications of these models, the injection flow conditions were a priori known and were 

specified as inputs for CFD simulations.  The readiness to be applied for more general design 

applications is thus limited. 
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2.4 Implications for  Present Research 

The review of literature provides the important information for the present study, including: 

i. the design and instrumentation of an S-bend test model with diffusing passage and 

effusion cooling: 

a. the optimum performance of an S-bend diffusing passage occurs with an AR of 

about 1.5 

b. the use of effusion cooling holes with smaller diameters and denser distributions 

for greater cooling effectiveness 

c. the identification of two low pressure zones at the 1
st
 and 2

nd
 convex surfaces, for 

passive effusion cooling, and the possibility of full-surface cooling with a 

diffusing flow passage 

d. the occurrence of secondary flow and flow separation initiated from the 1
st
 bend 

inner wall, convex surface, that propagates to the passage outlet 

e. effusion holes CD in a range of about 0.7 ± 0.1. 

ii. the injected flow by effusion cooling will distort the primary flow fields and induce 

backpressure penalties where a greater impact is expected with higher injection from 

larger cooling surfaces.  It is important to study the flow interactions of: 

a. the extents of flow distortion and degradation of pressure recovery performance 

with different levels of effusion injection 

b. the effects of S-bend secondary flow that could augment or suppress the flow 

distortion by injection; from another point of view, the effects of injected flow 

that could augment or suppress the secondary flow fields 

c. the effects of S-bend secondary flows on the jet lift-off and dispersion and 

mixing of cooling film, and the overall cooling effectiveness 
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d. the effects of primary flow rate and inflow temperature, i.e. Reynolds number 

and temperature ratio dependencies, on these flow interactions. 

iii.  the enormous efforts reported in the CFD literature exposed the difficulties and 

limitations in modeling the effects of effusion cooling in complex S-bend flow 

passages.  In developing a CFD methodology for the present needs, it is important to 

realize that: 

a. a universal RANS turbulence model (even RSM) is not available to capture the 

detailed anisotropic turbulence flow fields in S-bend passages 

b. benchmarking and sensitivity studies are typically required to validate a CFD 

model  

c. the simulation of detailed coolant injection from effusion holes is not practical  

d. it is more practical to model the effects of coolant injection by using the 

distributions of mass and momentum flux on cooling surfaces; the requirements 

of a priori known conditions of coolant injection have, however, limited the 

applications of the reported coarse-grid CFD model for passive effusion cooling. 
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Chapter 3 

Apparatus and Experimental Techniques 

The experimental study was performed at the hot gas wind tunnel facility (HGWT) located off-

campus of Queenôs University, Kingston, Canada.  The HGWT is a research wind tunnel that has 

been used for previous projects on gas turbine engine exhaust systems, including Chen (2008), 

Maqsood (2008), and Irwandi (2012). 

A single geometry S-bend duct was used to study the flow fields with and without flow 

diffusion, and with different levels of passive effusion cooling.  Tests were conducted over a 

range of flow parameters based on both cold and hot primary flows.  Flow data was acquired for 

analysis and comparison to CFD simulations: wall static pressure and temperature distributions, 

outflow velocity and temperature contours, and effusion surface injection mass flow rate.  

Performance was evaluated on the basis of pressure recovery and backpressure. 

3.1 Hot Gas Wind Tunnel 

The HGWT illustrated in Figure 3ï1 consisted of a centrifugal blower, a natural gas burner, a 

diffusing chamber and a settling chamber.  The centrifugal blower, driven by a 40-hp (30 kW) 

electric motor at 3500 RPM, could deliver an air flow velocity of above 100 m/s at an air flow 

rate of above 2 kg/s .  The natural gas burner, rated at 5.5 MMBTU.Hr (1600 kW), could produce 

flow temperatures of up to 600 °C.  The outlet section of the wind tunnel consisted of a circular 

settling duct with an 8-inch (203 mm) inner diameter (ID) where test sections were connected for 

experimental tests.  The HGWT was thermally insulated from the settling chamber to the outlet. 

Airflow  rates are controlled by using obstruction orifice plates with different diameters at the 

10 ¾-inch (27.3 cm) blower inlet.  Three orifice plates with diameters of 5, 6, and 7-inch (12.7, 

15.2, and 17.8 cm) were used to obtain different inflow conditions in the present study. 
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Operating specifications are summarized in Table 3ï1.  A list of the major components of the 

HGWT is given in Appendix A. 

 

 

Figure 3ï1.  HGWT and Test Section 

 

Table 3ï1.  HGWT Operating Specifications 

 Temperature Air flow  ȹP 

Blower 

 40 hp (30 kW) 

 ȹP (max) ï 13,200 Pa 

 3500 CFM (100 m
3
/s) 

 Velocity ï above 100 m/s 

ambient 2.6 kg/s 11,200 Pa 

500 °C  2.1 kg/s 12,700 Pa 

Natural Gas Burner 

 5.5 MMBTU.Hr (1600 kW) 

500 °C  

(max continuous operation); 

650 °C (max) 

- 
87 Pa (min); 

300 Pa (max) 

  

Blower ï 30-kW 

(Flow control with orifice plates 

installed at inlet) 

Burner 

1600 kW 

20.3 cm ID 

Settling Duct with 

Thermal Insulation 

S-bend 

Test Section 

Settling Chamber with 

Thermal Insulation 

Round-to-Rectangular 

Transition 

Diffuser 

Chamber 
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3.2 Test Section 

3.2.1 S-Bend Test Model Design 

A test section with an S-bend passage was selected over a single curvature passage because of 

the practical design interest in the present study.  The reverse pressure regions could also 

accommodate the implementation of passive effusion cooling at different locations. 

A rectangular cross-section was selected, instead of round or oblong, because of: (i) the 

simplicities in manufacturing and incorporating effusion holes on the curvature surfaces, (ii) the 

ease of rectification of the surface distortions due to hot flow testing, and (iii) the uniform lateral 

pressure distributions on the flat surfaces that provided a better platform for the analysis of 

curvature effects on effusion cooling performance. 

Two types of diffusing passages based on (i) the continuous expansion of S-bend area, and (ii) 

the installation of a diffuser at the outlet of a constant area S-bend, were simulated numerically to 

study the static pressure distributions and the pressure recovery performance.  This preliminary 

CFD study is documented in Appendix B.2.  The S-bend with outlet diffuser was selected to give 

a test model with interchangeable configurations ï an interchangeable S-bend section with and 

without cooling holes, and outlet sections with different AR. 

The S-bend was designed with a 45°-to-45° turning angle and a spacer between the two bends 

to obtain a high streamline curvature without flow separation.  The high centreline offset also 

prevented direct line-of-sight of the inlet.  The rectangular section with an AS of 3.0 was 

predefined based on an available round-to-rectangular transition duct connecting to the wind 

tunnel.  More details of the test model design are given in Appendix B. 
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3.2.2 Final S-Bend Test Model 

Figure 3ï2 shows the S-bend test model consisting of the three flange-connected sections: 

i. the round-to-rectangular transition section connecting to the wind tunnel 

ii. the 45°-to-45° S-bend section, exchangeable between two models with and without 

effusion holes, based on the AS of 3.0 

iii.  the outlet section exchangeable between a diffuser with AR 1.5 or a straight duct with 

constant cross sectional area (i.e. AR 1.0). 

The test sections were made of 16-guage SS316 stainless steel sheet metal to facilitate hot flow 

testing.  The geometry specifications of the S-bend model are summarized in Table 3ï2 following 

the symbols as given in Figure 3ï3. 

For the ease of discussion, the sidewall along the first convex surface to second concave 

surface, the side displayed in Figure 3ï2, is referred to as the left-wall, and the rear side is 

referred to as the right-wall. 

 

 

 

Figure 3ï2.  S-Bend Diffuser Test Section 
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Figure 3ï3.  Geometry Specifications of a Generic S-Bend Diffuser 

 

Table 3ï2.  Geometry Specifications of the Rectangular S-Bend Diffuser Model 

 Height, b 300 mm 

 Inlet width, W1 100 mm 

 Outlet width, W2 100 mm (AR 1.0) or 150 mm (AR 1.5) 

 Aspect ratio, AS (b/W1) 3.0 

 Area ratio, AR  (W2/W1) 1.0 or 1.5 

 Model total length, Ltotal Approx. 10 × W1 

 Inlet transition length 3 × W1 

 S-bend section length 3.6 × W1 

 Spacer section between two bends, Ls 1 × W1 

 S-bend turning angle, ɗb 45 degree 

 S-bend centreline turning radius, R 2 × W1 

 Diffuser length, L 3 × W1 

 Diffuser angle, ɗd 4.8 degree 

 Centreline offset, OS 1 × W1 

Ltotal

Ls

b

b

W1

W2

OS

R

qd

qb
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Some geometry irregularities of the S-bend diffuser model included small steps between flange 

connections and surface distortions due to the installations of pressure taps, which were effects 

using high temperature silver solder.  Distortions also occurred due to the release of the residual 

stresses from hot flow tests, and from the fabrication and welding of the test models.  Most of 

these geometry imperfections had an insignificant impact on the experimental accuracy.  The 

most severe one was the deformation at the upper right wall of the AR 1.5 diffuser.  That 

deformation was noticeable in the outflow measurements even with stiffeners installed to restore 

the outlet profile of the diffuser.  Photographs showing the deformed AR 1.5 diffuser and the 

restored one by installing the stiffeners are given in Figure 3ï4. 

 

 

(a) Deformed Diffuser Outlet 

 

(b) Stiffeners Installed 

Figure 3ï4.  Restoration of the AR 1.5 Diffuser Outlet Geometry with Stiffeners 
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3.2.3 Effusion Cooling Holes 

Full-coverage of discrete effusion holes had a 1 mm diameter and were spaced 4 mm linearly 

in both axial and lateral directions.  A small effusion hole diameter was essential to obtain a high 

effusion cooling performance, as shown in the initial design study in Appendix C.1.  A diameter 

of 1 mm, the smallest feasible hole size for manual drilling, was thus selected.  A hole spacing 

was selected for similar reasons, where there were concerns in drilling a hole spacing of less than 

4 mm.  Linear spacing, instead of staggered spacing, was a design choice made for manufacturing 

simplicity. 

Margins of 15 mm and 52 mm were maintained from the side edges and top-bottom edges 

respectively on the S-curve surface.  Full-hole coverage gave a total cooling surface area of 200 

mm ³ 384 mm with the total effusion area ratio (Af /Ap) of about 0.05, i.e. 5% opened area.  The 

number of cooling holes, total hole area (Af), and cooling area (Ap) on the convex, spacer, and 

concave surfaces on the S-curve are summarized in Table 3ï3. 

The actual average area of cooling holes was about 80% of the designed area based on 1 mm 

diameter holes.  Sprayed black paint necessary for IR thermography was primarily responsible for 

the partial hole blockage.  The design drawings and the inspection of the cooling holes are given 

in Appendix C.2 and C.3. 

 

Table 3ï3.  Configurations of Effusion Cooling Holes and Cooling Surface Area 

 Number of 

Holes 

Cooling Hole Area, 

Af (mm
2
) 

Cooling Surface Area, 

Ap (mm
2
) 

Effusion Area 

Ratio, Ap/Af 

Convex 1377 1081 20600 19 

Spacer 1224 961 20000 21 

Concave 2346 1843 36200 20 

Full-Surface 4947 3885 76800 20 
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3.2.4 Effusion Injection Configurations on the S-Bend Passage 

Industrial aluminum foil tape was used to blank the effusion holes to give a variation of 

effusion cooling configurations at different locations of the S-bend passage, as illustrated in 

Figure 3ï5.  A total of 5 effusion cooling configurations were considered in the study.  The 

geometric consistency between the two S-bend sections, with and without effusion holes, was 

confirmed through supplementary tests by covering all the discrete cooling holes on the effusion-

holed S-bend test section. 

 

 

Injection on 1
st
-Convex Surface 

 

 

Injection on 2
nd

-Convex Surface 

 

 

Injection on 1
st
 and 2

nd
 (Both) Convex Surfaces 

 

 

Injection Left-Wall Surface 

 

 

Injection on Left and Right (Full) Surface 

 

Note: Top view of the S-bend with AR 1.5 diffuser. 

Figure 3ï5.  Configurations of Passive Effusion Injection on the S-Bend Passage 
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3.3 Instrumentation and Flow Measurements 

Measurements of flow pressures and temperatures were acquired with a 12-bit analog-to-digital 

signal data acquisition system (DAQ) as illustrated schematically in Figure 3ï6.  An in-house 

software written in LabVIEW
®
 was used for the data acquisition, processing, and control of a 

two-axis traverse that was driven by stepper motors.  Pressure transducers with a ±1 psi (±6895 

Pa) differential range were used for most of the measurements.  A handheld digital manometer 

with a water differential pressure range of ±1 -inch (± 250 Pa) was used to confirm the accuracy 

of low value measurements, as detailed in Appendix D.1.  Both Type-K and Type-R 

thermocouples (TC) were used for temperature measurements. 

Figure 3ï7 shows the top view of the S-bend test section with the instrumentation for flow 

measurements.  The inlet flow measurements were obtained with a manual linear traverse of 

either a 7-hole probe or a pitot-static probe in the 8-inch (203 mm) diameter settling duct.  The 

measuring location was about 1.3 × diameter upstream of the test section at x = ï0 .26 m.  The 

inlet of the round-to-rectangular transition duct is referred to as x = 0 m. 

The inflow temperatures were measured with two Type-K TC installed in the insulated circular 

duct (about 2 m upstream of the reference inlet plane).  Ambient temperatures were measured 

with a Type-R TC.  The outlet flow measurements were obtained using the two-axis traverse of 

another 7-hole pressure probe for full velocity mappings at the test section outlet.  A Type-K TC 

wire was attached near the tip of the 7-hole probe for outflow temperature measurements. 
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Figure 3ï6.  DAQ Flowchart 

 

 

 

Figure 3ï7.  Instrumentation for Main Flow Measurements  
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3.3.1 Inflow Measurements 

The inflow measurements of static pressure (Pin), total pressure (PT), inlet velocity (Uin), and 

inlet mass flow rates (ἂin) were obtained from the linear traverse of a 7-hole pressure probe.  

These flow data were used as the reference parameters for the performance analysis of the S-bend 

flow fields.  The inflow parameters of Pin and Uin were determined by taking the averaged values 

at the centreline region that was defined as 0.99 × Uin. 

Calculations of ἂin were obtained from the integration of the velocity profiles from the duct 

centreline to the duct wall with the radius of 101.5 mm.  The near-wall inaccessible region by the 

pressure probes (about 20 mm) was modeled with a 1/7-power-law profile.  The inlet velocity 

profile, based on the measurements of the 7-hole probe and the 1/7-power-law profile, is 

illustrated in Figure 3ï8. 

The inflow measurements with the 7-hole pressure probe were compared to measurements 

using the pitot-static pressure probe and wall-mounted static pressure taps at the test section inlet.  

Wall pressure taps were installed at two axial locations to compare a slight difference in the 

measuring position due to the difference in probe-tip lengths, as illustrated in Figure 3ï9.  The 

study revealed that the 7-hole probe measurements were sensitive to the flow conditions.  

Misleading results could be obtained if the Reynolds numbers based on the probe tip (Retip) were 

different from calibration and measuring conditions, since separation regions were different at the 

tip.  The details of the 7-hole probe measurements with Retip effects are given in Appendix D.5.  

More reliable measurements were obtained using the pitot-static pressure probe. 

The results of ἂin were about 4 to 5% lower than the calculations of inlet mass flow rate (ἂbulk) 

based on the uniform inlet velocity of Uin.  A correlation was obtained from the linear curve 

fitting of the two types of flow measurement, as shown in Appendix E.  This correlation was used 

in the parametric studies of coolant mass flow rates measurements (ἂcool), instead of performing a 

full linear traverse at the test section inlet. 
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The mean turbulence intensity (Tu) was measured to be 4.2% (Wexler, 2013) with the S-bend 

test model installed at the wind tunnel outlet, i.e. the same reference location (x = -0.26 m) of 

inflow measurements.  In comparison, Chen (2008) and Maqsood (2008) measured Tu of about 

6% with LDV at a nozzle outlet; the disagreement could be attributed to the different 

measurement locations.  The data of Tu measurements of the HGWT is given in Appendix E. 

 

 

Figure 3ï8.  Test Section Inlet Velocity Profile  

 

 

 

Figure 3ï9.  Inflow Measurements Schematic based on Pitot-Static Pressure Probe 
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3.3.2 Outflow Measurements 

The outflow mappings from the traverse of the 7-hole pressure probe were used to provide a 

baseline for the analysis of outflow velocity and temperature distortion at the S-bend outlet based 

on the different effusion injection configurations.  The measuring location was maintained at 

about 10 mm from the exit plan. 

In processing the outflow results, the boundary regions with axial velocity lower than 5 m/s 

were excluded using the blanking function in Tecplot 360®.  This was to ensure that only the S-

duct outflow velocity component was included in the calculation since the traverse area was 

larger than the outlet cross section.  The outlet mass flow rate (ἂout) was subsequently determined 

by integration. 

The measured outflow axial velocity contours and ἂout without and with the boundary blanking 

are illustrated in Figure 3ï10.  The results are based on the AR 1.5 S-bend with effusion cooling 

at the 1
st
-convex surface, i.e. along the side with flow distortions.  Note the distorted flow at the 

upper right corner was due to the imperfection of diffuser outlet shape.  The uniform traverse grid 

of 8 mm in both directions was used for the outlet traverse.  The calculated ἂout is about 6% lower 

with the boundary blanking as illustrated in the particular measurement.  The traverse with a finer 

grid of 6 mm and the blanking criteria with a lower velocity of 1 m/s confirmed that no 

significant changes were obtained in the results. 

The validity of the mass flow rate measurements was confirmed based on the mass balances 

between ἂin and ἂout for the S-bend configuration without effusion cooling.  Differences (

ininout mmm ### /% -=D ) of less than about 5% were obtained for both AR 1.0 and AR 1.5 non-

injection S-bend passages, as summarized in Table 3ï4.  The differences were within the result 

uncertainties (as detailed Appendix D). 
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ἂout = 1.97 kg/s (No Blanking) 

 

 

ἂout = 1.86 kg/s (Blanking the boundary 

with velocity of less than 5 m/s) 

 

 

Axial Velocity, 

u (m/s) 

 

Figure 3ï10.  Outflow Measurement with the 7-Hole Pressure Probe based on 8 mm Grid 

 

 

Table 3ï4.  Mass Balance between Inflow and Outflow for the Non-Injection S-Bend 

 
Inlet Orifice 

(inch) 

ἂin ± 3 % 

(kg/s) 

ἂout ± 3.5% 

(kg/s) 
ȹ (%) 

AR 1.0 5 1.33 1.38 4 

 6 1.82 1.74 4 

 7 2.28 2.17 5 

AR 1.5 5 1.39 1.40 1 

 6 1.85 1.90 3 

 7 2.33 2.40 3 
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3.3.3 Wall Pressure Taps 

Wall static pressures (Pwall) were measured with pressure taps installed along the centre section 

of both the left and right surfaces of the test model from the transition inlet section to the outlet 

section.  Additional pressure taps were added at locations about ± 75 mm offset from the 

centreline to verify the uniformity of lateral pressure distributions.  These pressure taps were 

installed using high temperature silver solder for facilitate hot flow tests. 

Figure 3ï11 shows a photograph of the installed pressure taps on the left-wall of the S-bend 

surface with the cooling holes covered for the 1
st
-convex injection configuration testing.  The 

locations of the installed pressure taps were measured along the x-axis (x = 0 m at the transition 

duct inlet) with a height gauge.  The details of tapping locations in x-coordinates for the different 

test sections are documented in Appendix F. 

 

 

Figure 3ï11.  Wall Pressure Tapping on Effusion-Holed S-Bend 
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3.3.4 Effusion Injection Mass Flow Rate 

Two plenum enclosures were installed at the left and right side of the S-bend test section for 

coolant flow measurements as shown in Figure 3ï12. The coolant mass flow rates were obtained 

with three methods: 

i. ἂblw ï measured with plenum and blower 

ii. ἂplm ï measured with plenum (no blower) 

iii.  ἂCD ï calculated based on DP and CD 

Coolant air was supplied by a 5-hp centrifugal blower to maintain Pplm = 0 Pa inside the plenum 

to simulate passive effusion injection from atmospheric conditions; ἂblw was measured based on 

the pressure difference of an ISO orifice plate with a D:D/2 pressure tapping.  The injection flow 

with the coolant plenums were also measured without the use of the blower and orifice plate.  The 

injection flow rates, denoted as ἂplm, were obtained from pitot-static measurements at the plenum 

inlet that were calibrated to the D:D/2 orifice measurements.  The details of calibration procedure 

and specification of the D:D/2 orifice measurement are given in Appendix G. 

These measurements were compared to ἂCD calculated from the measured wall pressure 

distributions as shown in Figure 3ï13.  The convex and left-wall effusion surfaces were divided 

into 4 and 16 segments respectively according to the installed locations of the pressure taps.  Each 

of these segments consisted of the total number of discrete effusion holes based on the row of 

effusion holes × 51 holes per row (Appendix C.2). 

The injection mass flow rate through a single effusion hole (ἂhole) was calculated based on the 

pressure drop across the effusion section, DP as shown in Equation (3.1), and a CD value of 0.6 

using Equation (3.2), where Patm is the atmospheric pressure (0 Pa), Ahole is the area of single 

cooling hole, and ɟ is the coolant flow density.  The results of ἂCD were obtained by adding the 

injection flow rates for the total segments using Equation (3.3). 
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 wallatm PPP -=D  (3.1) 

 PCAm Dholehole D= r2#  (3.2) 

 holesofnumberTotal³= holeCD mm ##  (3.3) 

 

 

Figure 3ï12.  Measurements of Effusion Mass Flow Rate with Coolant Plenums 

 

 

Figure 3ï13.  Calculations of Injection Mass Flow Rate (ἂCD) based on Pressure Differences  
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3.3.5 IR Thermography 

Thermal images, taken with an IR camera (ThermaCAM SC1000), were used to obtain the wall 

temperature distributions (Twall) for the hot flow testing performed for the 1
st
-convex and the left-

wall configurations.  The accuracies of the IR temperature measurements were verified by 

comparing to blackbody sources over the range of 25 °C to 290 °C (Appendix D.4).  The highest 

discrepancies of +4 °C were recorded at the highest temperature range of the IR camera. 

The IR images were taken from the viewing angles as shown qualitative in Figure 3ï14.  For 

the configuration with the 1
st
-convex injection, the camera was inserted through an opening of the 

coolant plenum wall, allowing the measurements of ἂcool at the same time.  This setup only 

allowed a limited viewing segment on the cooling surface.  A distance of about 1.7 m from the S-

bend test section was required to capture the full cooling surface on the left-wall.    The test 

sections were painted in flat black for the thermal imaging, giving an emissivity of about 0.95.  

The wall temperatures were obtained after post-processing using the software FLIR® 

QuickReport. 

 

 

Figure 3ï14.  Measurements of Wall Surface Temperature with IR Camera  
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3.3.6 Multi -Sample Measurements and Result Uncertainties 

Multi -sample data, based on a sampling rate of 900 Hz, were acquired in flow measurements 

(i.e. pressure measurements) to average out the disturbances associated with the wind tunnel and 

sensors.  For the inflow, wall pressure, and coolant flow measurements, 10 data sets (X = 10) 

based on 900 samples and 900 Hz sampling rate were obtained to provide a better means to 

quantify the measurement uncertainties.  1800 samples, based on the sampling rate of 900 Hz, 

were acquired for every single traverse point in the outflow measurements. 

The overall uncertainties in the flow measurements and results were determined based on the 

single-sample and multi-sample uncertainty analyses described by Moffat (1988).  The 

uncertainties associated with the various sensors and transducers were first determined based on 

manufacturer specifications or auxiliary tests.  The overall uncertainties associated with the 

experimental measurements (such as Pin and Pwall) were determined by combining the sensor 

uncertainties and the standard deviations (2 × SX) of individual measurements using the root-sum-

square method (RSS), and the uncertainties of results, such as Cp and ἂ, were then determined by 

error propagations.  The details of the equipment calibrations and the uncertainty analysis are 

given in Appendix D. 

Average uncertainties of flow measurements and experimental results are summarized in Table 

3ï5 and Table 3ï6 respectively.  Note that the values are summarized to give an overall 

indication of experimental result uncertainties.  Actual result uncertainties were sensitive to 

different S-bend configurations and flow parameters as detailed in Appendix D.  The result 

uncertainties are included in the relevant result sections. 
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Table 3ï5.  Uncertainties of Flow Measurements 

Instrument Measurements Overall Uncertainty 

7-hole probes (inlet) Total pressure, PT +/- 3 to +/- 6 % 

 Static pressure, Pin +/- 6 to +/- 15 % 

 Dynamic pressure, Pdyn +/- 6 % 

 Axial velocity, Uin +/- 3 to +/- 4 % 

7-hole probes (outlet) Axial velocity, uout +/- 3 % 

Pitot-static probe Total pressure, PT +/- 6 % 

 Static pressure, Pin +/- 6 % 

 Axial velocity, Uin +/- 2 to +/- 3 % 

Thermocouple Temperature, T +/- 1° 

Wall pressure tapings Wall Static pressure, Pwall 5 % average 

High uncertainties associated 

with low pressure > 200 Pa 

indicated by symbol size 

Note: Uncertainty depending on different S-bend configurations. 

 

Table 3ï6.  Overall Result Uncertainties 

Inlet mass flow rate, ἂin +/- 2 to +/- 4 % 

Outlet mass flow rate, ἂout +/- 3.5 % 

Coolant mass flow rate, ἂcool +/- 2 to +/- 10 % 

Pressure Coefficient, Cp +/- 5 to +/- 15 % 

Note: Uncertainty depending on different S-bend configurations. 
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3.4 Variables and Performance Parameters 

3.4.1 Flow Parameters 

The independent parameters in the study could be categorized into the geometric and flow 

parameters.  The geometrical effects were confined to single S-bend curvature with the AR 1.0 or 

AR 1.5 passage, and with effusion injection at different locations based on single configuration of 

effusion cooling holes.  Six different injection configurations, together with a non-cooling 

configuration, were considered in the study.  That gave 12 variables as summarized in Table 3ï7. 

The flow parameters could be characterized by the Reynolds number based on the diameter of 

inlet duct (ReD), the inlet Mach number (Ma), and the temperature ratio (TR).  The definitions of 

these non-dimensional parameters are given in Equations (3.4) to (3.6), 

 
n

DU
Re in

D

³
=  (3.4) 

 
hot

in

T

U
Ma

³
=

402

 
(3.5) 

 
cool

hot

T

T
TR=  (3.6) 

where Uin is the centreline inlet velocity, D is the inlet duct diameter, ɜ is the kinematic viscosity, 

and, Thot and Tcool are the primary flow and coolant flow temperature in unit Kelvin.  Since Ma 

was less than 0.3 compressibility effects were not considered in the study, a decision explained in 

discussion found in the Results Section. 

The primary mass flow rate was controlled by using three different orifices at the blower inlet 

(Figure 3ï1).  The three ranges of inflow condition could be denoted as ReD-low, ReD-mid, and 

ReD-high.  The hot flow tests were conducted based on the inflow conditions of ReD-low and ReD-

mid only.  The inflow Thot of up to about 280 °C and Tcool from the surroundings were used in the 
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hot flow tests, giving a range of TR from 1.2 up to about 2.0.  The flow parameters are 

summarized in Table 3ï8. 

 

 

Table 3ï7.  S-Bend Geometric Parameters with Effusion Injection 

Effusion Cooling Surface S-bend Passage Variables of Geometric 

Parameters 

No effusion cooling 

× 2  

(AR 1.0 or AR 1.5) 

2 

1st convex 2 

Left wall full -coverage 2 

2nd convex 2 

1st and 2nd convex surfaces 2 

Left and right walls full -coverage 2 

Total  12 

 

 

 

Table 3ï8.  Flow Parameters for Cold and Hot Flow Tests 

 Cold Flow  Hot Flow 

ReD TR ReD TR 

ReD-low TR < 1.2 ReD-low TR = 1.2 to 2.0 

ReD-mid TR < 1.2 ReD-mid TR = 1.2 to 2.0 

ReD-high TR < 1.2 - - 
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3.4.2 Performance Coefficients 

Different dependent parameters were used to analyze the S-bend flow fields and the 

effectiveness of effusion cooling.  The pressure performance and flow field uniformity of the S-

bend passage were studied in terms of: 

i. backpressure coefficient (Cb) 

ii. pressure recovery coefficient (Cp) 

iii.  wall back pressure distributions (Cb,wall) and wall pressure change coefficient (Cp,wall) 

iv. outflow axial velocity (uout) normalized by the corresponding maximum value (uout,max) 

The performance and effectiveness of effusion cooling were studied in terms of: 

i. mass ratio between the coolant (ἂcool) to inlet mass flow rates (ἂin) 

ii. overall cooling effectiveness based on the wall temperature (ɖov) 

iii.  outflow temperature (Tout) normalized by the corresponding maximum value (Tout,max) 

The significance of these parameters are summarized in Table 3ï9.  The definitions are given 

in Equations (3.7) to (3.14), where Pin is the inlet (x = -0.26 m) static pressure, Pdyn is the inlet 

dynamic pressure, Pwall is the wall static pressure, Patm is the atmospheric pressure (0 Pa), uout is 

the outlet axial velocity, and Twall is the wall surface temperature. 
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Table 3ï9.  S-Bend Performance Parameters with Passive Effusion Cooling 

Dependent Parameter Significance for Flow Analysis Equation  

Backpressure 

coefficient 

Overall backpressure penalty; 

higher positive value = poor performance dyn

atmin
b

P

PP
C

-
=  (3.7) 

Pressure recovery 

coefficient 

Overall pressure recovery performance; 

higher positive value = good performance dyn

inatm
p

P

PP
C

-
=

 

(3.8) 

Backpressure change 

coefficient 

Comparison of inlet Cb and verifying sub-

atmospheric distribution with Cb < 0 dyn

atmwall
wallb

P

PP
C

-
=,

 

(3.9) 

Wall pressure change 

coefficient 

Comparison of pressure changes along the 

flow passages dyn

inwall
wallp

P

PP
C

-
=,

 

(3.10) 

Normalized outflow 

axial velocity 

Uniformity of outflow profile; 

propagations of secondary vortex and 

separating flow 
max,out

out

u

u
 (3.11) 

Mass ratio 
Entrainment of coolant by passive effusion 

cooling in

cool

m

m

#

#
 (3.12) 

Wall cooling 

effectiveness 

Overall thermal effectiveness of effusion 

cooling coolhot

wallhot
ov

TT

TT

-

-
=h  (3.13) 

Normalized outflow 

temperature 

Uniformity of outlet thermal profile, 

mixing between hot and cold flow max,out

out

T

T
 (3.14) 
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3.5 Experimental Test Matrix  

The initial 12 × 3 cold flow tests were conducted based on the 12 geometry parameters and 3 

cold flow parameters.  An additional 4 × 3 cold flow tests were conducted for repeatability tests 

and for coolant flow measurements based on the AR 1.5 S-bend.  The hot flow tests, with multiple 

TR, were conducted based on the AR 1.5 S-bend with the 1
st
-convex and left-wall cooling 

configurations at ReD-mid and ReD-low respectively.  The details of the test matrix are 

summarized in Table 3ï10. 

 

 

Table 3ï10.  Experimental Study Test Matrix  

Effusion 

Configuration 

Cold Flow 
(× 3 ReD = 36 test cases) 

Cold Flow with ἂcool 
(× 3 ReD = 12 test cases) 

Hot Flow with ἂcool 

(× minimum 6 TR = 12 test cases) 

AR 1.0 AR 1.5 AR 1.0 AR 1.5 AR 1.0 AR 1.5 

Non-Injection       

1
st
-Convex      (ReD-mid) 

2
nd

-Convex       

Both-Convex       

Left-Wall      (ReD-low) 

Full-Surface       
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Chapter 4 

Numerical Methodology 

4.1 CFD Study Procedure 

Numerical computations were performed using a Linux based computer cluster consisting of 10 

computers powered by Intel Core i7 processors each with 24 gigabytes of internal memory.  The 

numerical studies, involving repetitive investigations of geometric and flow parameter effects, 

were executed in batch modes to the greatest extent using text commands written in script files.  

The procedures for the creation of computational models, grid generation and refinement, setup 

and execution of CFD simulations, and post-processing are shown in a flowchart in Figure 4ï1. 

 

 

Figure 4ï1.  Computational Procedure Flow Chart 
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The academic version of ANSYS 14 package was used extensively for the present numerical 

study.  Solid modeling and meshing of the computational domain were conducted using the 

ICEM CFD grid generation software (available with ANSYS 14).  The turbulence flow fields of 

the S-bend passages were simulated using the ANSYS FLUENT 14 CFD package, where two-

equation RANS based turbulence models were used extensively.  A third-party flow visualization 

software, Tecplot 360, was used for post-processing and presentation of the numerical solutions. 

4.2 Numerical Schemes 

The pressure-based segregated algorithm was used for the present incompressible flow problem 

because steady flow behaviors were observed.  The algorithm has the benefits of more stable 

computational as compared to the pressure-based coupled algorithm and the density-based solver, 

where the latter two solvers solve the system of equations simultaneously. 

The pressure-based solver required the use of staggered grids and a pressure-velocity 

correction algorithm to satisfy mass conservation (continuity).  SIMPLEC (SIMPLE-

CONSISTENT), one of the improved SIMPLE algorithms with better convergence performance, 

was used for the current study.  A detailed discussion of the staggered grid and the different 

pressure-based algorithms (SIMPLE, SIMPLER, SIMPLEC and PISO) is given in Versteeg and 

Malalasekera (2007). 

High-order discretization schemes were used in the numerical study.  The 2
nd

 order spatial 

discretization scheme was used for the pressure interpolation, and the QUICK scheme (Quadratic 

Up-Wind Interpolation for Convective Kinematics) was used for the finite volume discretization 

of the momentum, turbulence and energy equations.  This QUICK convective scheme, originally 

proposed by Leonard and Mokhtari (1990), calculated the weighted average of central and 

second-order-upwind differencing schemes.  The method reduced inaccuracies associated with 

the numerical diffusion of a first-order scheme, and overcame the convergence difficulty 

associated with the oscillatory nature of second order schemes.  Second-order computational 
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schemes were used throughout the numerical simulations.  Table 4ï1 summarizes the strengths 

and weaknesses of the numerical schemes used. 

 

 

Table 4ï1.  CFD Simulation Numerical Schemes 

 Pros Cons 

Steady flow in 3D full/half-model   

Pressure based implicit formulation with 

segregated algorithm 

Computationally economic; 

less prone to divergence 

Poor convergence 

performance 

SIMPLEC algorithm for pressure-velocity 

coupling 

Second order pressure interpolation 
High accuracy Poor convergence 

performance 

QUICK scheme for discretization of 

momentum, energy, and turbulence equations 
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4.3 Computational Domain and Boundary 

4.3.1 Specification of Flow Properties 

The different S-bend flow passages were modeled in 3D to simulate the secondary flow fields 

induced by the streamline curvature and the cross-flow effects caused by effusion injection.  The 

computational domains modeled air with incompressible ideal gas equations for the present 

incompressible flow problem.  Specific heat was defined using a polynomial function dependent 

on temperature.  Viscosity was defined using the Sutherlandôs formula.  Since convective heat 

transfer was dominant, effects relating to conduction and radiation were ignored. 

For hot flow experimentation, complete combustion in excess air was assumed whereby the 

combustion products have similar enough properties to air (Chen, 2008).  Adiabatic wall 

boundaries with zero heat flux were applied throughout the simulations.  The common flow 

properties and wall boundaries are summarized in Table 4ï2. 

 

 

Table 4ï2.  Flow Properties and Wall Boundary for CFD Simulations 

Density Incompressible ideal gas 

Specific heat Piecewise-polynomial function of temperature 

Viscosity Sutherlandôs law as a function of temperature 

Thermal Conductivity Constant 

Wall Boundary Adiabatic, no-slip condition 
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4.3.2 Non-Injection S-Bend Model 

Figure 4ï2 shows the 3D full -model for the non-injection S-bend test section, consisting of the 

round-to-rectangular transition duct, the S-bend section, and the outlet AR 1.5 diffuser section.  A 

procedure was developed to automate the creation of meshes using ICEM CFD.  Input variables 

were defined to accommodate both outlet geometries and different grid densities. 

The upstream round-section with the length of 1.3 ³ inlet duct diameter was included in the 

computational domain, where the experimentally obtained inflow boundary conditions were 

specified at the inlet for the CFD simulations.  The wall boundaries of the model were specified 

as adiabatic walls with no-slip conditions.  Pressure outlet boundaries with zero gauge pressure 

were specified at the model outlet to simulate the outflow to atmospheric. 

Figure 4ï3 shows the non-injection S-bend model with: 

i. an extended upstream inlet section to model the upstream flow development 

ii. an outlet pressure plenum to model the outflow diffusion. 

The upstream and four side surfaces of the outlet plenum were specified as pressure inlet 

boundaries, and the downstream outlet surface was specified as a pressure outlet boundary.  This 

setup has the benefits of faster convergence by minimizing the reversed flow regions at the outlet 

plenum. 
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Figure 4ï2.  Computational Domain of the Non-Injection S-Bend 
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4.3.3 Effusion Cooling S-Bend Model 

Figure 4ï4 and Figure 4ï5 show the 3D half-models for the S-bend with effusion injection 

simulations.  The effects of passive effusion injection were modeled by imposing either: 

i. mass inlet boundary conditions (the mass injection model), or 

ii. 1D porous jump boundary condition (the porous wall model) 

on the cooling surface to omit the simulation of hole-by-hole discrete injection.  Symmetry 

boundaries were specified along the middle section of the rectangular flow passage (bottom of the 

models).  An outlet pressure plenum, not illustrated for clarity, was also included in both 

computational domains. 

For the mass injection model (Figure 4ï4), mass flow rates with normal injection direction and 

uniform distributions were specified on the cooling surfaces to simulate the effects of effusion 

injection.  The injection mass flow rates were based on the experiment measurements (ἂcool or 

ἂplm). 

For the porous wall model (Figure 4ï5), a 1D porous jump boundary condition was specified 

on the cooling surfaces.  Side pressure plenums were added, at the respective sides of the S-bend 

model according to the effusion cooling configurations, to model the passive injections from the 

atmospheric surroundings.  Pressure inlet boundaries were specified on the four sides of the 

plenums.  The porous wall model simulates the injection direction and distribution of injected 

flow on cooling surfaces based on the analogy of pressure losses on perforated plates.  The 

detailed theory and modeling approach of the 1D porous jump boundary are given in Section 4.6. 

  



91 

 

 

Figure 4ï4.  Computational Model of the S-Bend with Mass Flow Inlet Boundaries 

 

 

 

 

Figure 4ï5.  Computational Model of the S-Bend with 1D Porous Jump Boundaries 
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Two outlet plenums with different sizes and four upstream lengths were modeled to investigate 

the effects on the CFD results for the non-injection S-bend simulation.  It was determined that the 

model, without an upstream length (Inlet-0) and with the smaller outlet plenum (plm-1), was 

sufficient for continuous simulations.  The half-model for injection simulations was thus based 

entirely on the boundary domain with Inlet-0 and plm-1.  A detailed sensitivity study will be 

presented in Chapter 6.  The models with different computational domains are summarized in 

Table 4ï3. 

Table 4ï3.  Models with Different Computational Boundary for CFD Simulations 

Non-Injection S-Bend 

(full -model) 

Upstream length (mm) Inlet-0, 130, 260, 780, 1820 

Outlet pressure plenum 

plm-0: No outlet plenum 

plm-1: 2×W2, 1.5×b, 3×L 

plm-2: 3×W2, 2×b, 3×L 

S-Bend with Injection 

(half-model) 

Upstream length (mm) Inlet-0 

Outlet pressure plenum plm-1 

 

4.3.4 Inflow Boundary Condition  

The inflow boundary conditions were specified based on two methods: 

i. constant inlet mass flow rate with uniform profile 

ii. velocity profile obtained from the experimental measurements (Figure 3ï8) 

For the inflow specification with constant inlet mass flow rates, turbulence intensities of 3% 

and 10% were used.  A turbulence length scale of 0.015 m was specified for simulations, based 

on l = 0.07 ³ duct diameter (ANSYS® FLUENT Theory Guide). 
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For the inflow boundary specification with measured velocity profiles, distributions of 

turbulent kinetic energy (k) and  dissipation rate (Ů), as shown in Figure 4ï6, were specified for 

CFD simulations.  Profiles of k and Ů were determined using Equations (4.1) and (4.2) (ANSYS® 

FLUENT), 

 ( )2
2

3
TuUk in³³=  (4.1) 

 
l

k
C

23
43
me=  (4.2) 

 
lC

k

³
=

41

21

m

w  (4.3) 

where Tu (Wexler, 2013 ï Appendix E) is the turbulence intensity, Cµ = 0.09 is the empirical 

constant, and l = 0.015 m is the turbulence length scale.  The specific dissipation rate (ɤ), defined 

as in Equation (4.3) was specified for the simulations using the SST k-w model. 

 

    

Figure 4ï6.  Inlet Velocity and Turbulence Properties Profiles for CFD Simulations 
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4.4 Meshing and Grid Generation 

Structured meshes consisting of quadrilateral face elements and hexahedral volume elements 

were used for the meshing of all computational models.  The use of structured meshes has the 

advantage of better flow-to-grid alignment that yields better solution convergence efficiency and 

fewer numerical errors as compared to unstructured meshes. 

Structured mesh generation in ICEM CFD involves a blocking topology where hexahedral 

meshes are generated and projected onto the model geometry.  Figure 4ï7 shows the block 

models of the simple S-bend model without the outlet pressure plenum.  The block model was 

split into six sub-volumes according to the six geometrical sections of the S-bend model, as 

shown in Figure 4ï7 (a).  The edges and points of the model curvature were associated to the six 

block models.  The proper associations greatly reduced the complications in controlling the grid 

alignment and conformity with the model geometry. 

An O-Grid blocking topology was created on the block model as shown in Figure 4ï7 (b).  The 

use of O-Grid blocking provided a better geometry definition of the round section, and also 

allowed a better control of finer meshes at the near-wall boundary layer regions. 

For both of the mass injection and porous wall models, additional block-splitting procedures 

were performed to define the cooling surface on the block model to be associated with the 

geometry model as shown in Figure 4ï7 (c).  Elaborate procedures were involved in generating 

grids with the porous wall model, where the block-splitting and geometry associations of the side 

pressure plenum were required to obtain grid conformities between the S-bend main flow domain 

and the coolant flow domain (side plenum). 
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(a) 6 split block sections associated with the S-bend geometry (full -model) 

   

(b) O-Grid block created for better boudary layer refinement (full -model) 

   

(c) Block Topology with Split Surfaces and Side Plenums for Injection Simulations (half-model) 

  

Figure 4ï7.  Block Model and O-Grid for Structured Grid  Generation 
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Near-wall boundary layer grids were refined or coarsened by scaling the O-Grid ratio to obtain 

the desired near-wall grid resolutions.  The same grid refinement procedures were used for the 

models with an outlet pressure plenum and the 3D half-models with side pressure plenums for 

effusion cooling simulations.  An S-bend model with the structured meshing and boundary layer 

grids of the defined O-Grid ratio is illustrated in Figure 4ï8. 

 

 

 

 

 

O-Grid Ratio 

 

 

O-Grid Ratio 

Figure 4ï8.  Structured Meshes with Boundary Layer Defined by O-Grid  Ratio 
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Models with three different grid densities were created for the non-injection S-bend 

simulations, and two different grid densities were created for the S-bend model with injection, as 

summarized in Table 4ï4. 

The grid refinements from coarse to medium were obtained by 1.5 times increment of the 

global grid density in three directions in the core flow region.  The same cell counts were 

maintained at the wall boundary layers, i.e. maintaining the same grid density in the defined O-

Grid ratio.  These coarse and medium grids were created by maintaining a proper near-wall first 

cell dimension for the wall function simulations, wherein the scalable wall function was used in 

the present numerical study.  The value of y
*
, instead of y

+
, was used to confirm the acceptable 

near-wall grid resolution for the scalable wall function simulations.  The details are discussed in 

the next section. 

The finest grid density (fine) was created only for the non-injection S-bend.  The refinement 

was conducted by increasing the cell count at the boundary layer of the medium grid model to 

obtain y
+
 of less than 10.  Such a grid cell distance from the wall region was required for 

simulations resolved to the wall boundary layer.  The details of the resolved boundary layer 

simulation using the enhanced wall function will be discussed in the following section. 

Great challenge arose in refining the first wall grid with y
+
 < 10 for the large-scale model.  It 

was difficult to maintain near-wall grid cells with reasonable aspect ratio, while maintaining a 

grid count along the S-bend passage with feasible computation time.  The near-wall grid cells 

with higher AS are illustrated in Figure 4ï8 (c).  Higher quality grids with the maximum AS based 

on individual cell dimensions lower than 20 were obtained for both coarse and medium grid 

models.  Nonetheless, poor quality grids with maximum AS of about 160 were obtained for the 

fine grid models. 

Grid independent solutions were obtained with the coarse-grid resolution for both non-

injection and injection S-bend simulations.  Grid independence was assessed in terms of the 

performance variables (Section 3.4) and analysis is included in the relevant result sections. 
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Table 4ï4.  Grid Counts of the S-Bend Computational Model  

 
Grid 

Density 

Inlet-0 + 

plm-0 

Inlet-0 + plm-1 

(baseline) 

Inlet-130 + 

plm-1 

Inlet-130 + 

plm-2 

Non-injection 

S-Bend 

(full -model) 

Coarse 

(max AS = 18) 
356,000 744,000 776,000 1,232,728 

Medium 

(max AS = 13) 
- 2,585,000 2,710,000 - 

Fine 

(max AS = 158) 
- 4,575,000 5,025,000 - 

 
  No side plenum 

Left-Side 

plenum 

Both Side 

plenums 

Injection 

S-Bend 

(half-model) 

Coarse 

(max AS = 11) 

Inlet-0 + 

plm-1 
957,000 1,033,000 1,110,000 

Medium 

(max AS = 9) 

Inlet-0 + 

plm-1 
3,505,000 3,780,000 4,055,000 
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4.5 Modeling Turbulence 

The performance of several two-equation eddy viscosity models were investigated, including: 

standard k-e , realizable k-e , and SST k-w.  This investigation was made based on the 

requirement of using CFD for practical design purpose and because similar geometries evaluated 

in Section 2.1.2 gave preference.  Models incorporating anisotropic effects were not attempted 

because literature and the initial CFD study only reported marginal improvements. 

Two types of near-wall flow modeling were available in ANSYS® FLUENT.  The 

conventional standard wall functions were based on the model by Launder and Spalding (1974), 

which is valid for bridging the fully turbulent flow region and the low Re viscous dominant near-

wall flow region by maintaining the near-wall first cell height with y
+
, Equation (2.7), between 30 

to 300.  Scalable standard wall functions employ the same principle with the additional scaling 

function to avoid the deterioration of standard wall functions with y
*
 < 11 (ANSYS® FLUENT 

Theory Guide).  The definition of y
*
 is given in Equation (4.4), where ɟ is the flow density, Cɛ is 

the modeling constant, k is the near-wall turbulence kinetic energy, y is the near-wall distance, 

and ɛ is the flow dynamic viscosity. 

 
m

r m ykC
y

2141

* =  (4.4) 

Scalable wall functions were employed extensively in the present CFD study.  The values of y
+
 

and y
*
 are similar under the equilibrium condition, without abrupt flow separations and 

recirculation in the boundary layers.  The comparison between y
+
 and y

*
 for both non-injection S-

bend and injection S-bend flow passages will be discussed later in Sections 6.4.1 and 7.2.5. 

The alternative near-wall flow modeling approach that was also employed is based on 

enhanced wall treatment (ANSYS® FLUENT Theory Guide) that required a fine grid model.  

Enhanced wall treatment is based on the two-layer approach that divides the wall region into a 

fully turbulent region and a viscous affected region.  The applications of this type of near-wall 
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turbulent flow modeling typically require the near-wall grid cell to be refined to y
+
 of about 1.  

However, the solver implemented the blending function by Kader (1981) that allows reasonable 

presentations of velocity profiles with y
+
 of 3 to 10. 

The turbulence models employed in the CFD study are summarized in Table 4ï5.  

Convergence difficulties arose with the realizable k-e model in conjunction with enhanced wall 

treatment.  The simulations using the SST k-w were conducted based on the fine grid model. 

The standard k-e turbulence model with scalable wall functions was used exclusively in the 

numerical study for the S-bend with passive effusion injections.  Other turbulence models were 

not employed because an improvement in CFD results was not attained in the non-injection S-

bend simulations (Section 6.4).  It was also intended to have the numerical efforts focusing on the 

effects of effusion injection with the porous wall model.  Grid convergence studies were 

conducted by comparing the solutions obtained from the coarse and medium grid models. 

 

Table 4ï5.  Grid Densities and Turbulence Models used in CFD Simulations 

 Turbulence Modeling Grid Model 

Non-injection S-Bend 

(full -model) 

Standard k-e + Scalable Wall Function coarse, medium 

Realizable k-e + Scalable Wall Function coarse, medium 

Standard k-e + Enhanced Wall Function fine 

SST k-w fine 

Injection S-Bend 

(half-model) 
Standard k-e + Scalable Wall Function coarse, medium 
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4.6 Simulations of Effusion Cooling with 1D Porous Wall Model 

The simulations of passive effusion cooling required the calculations of coolant mass flow rate, 

injection momentum, and flow mixing.  Instead of explicitly specifying a coolant injection flow 

rate or resolving thousands of effusion holes in millimeter scale on a cooling surface, the 1D 

porous jump boundary condition available in ANSYS® FLUENT was employed to model the 

effects of passive effusion injection.  These effects included the pressure performance, the 

distortion of S-bend flow fields, and the effectiveness of passive effusion injection (Section 3.4). 

The 1D porous jump boundary condition has a momentum sink term imposed in Equation 

(4.5), which governed the flow fields across the boundary surface based on a porous wall 

pressure-loss analogy.  The formulation of pressure loss (ȹP) in ANSYS® FLUENT, as shown in 

Equation (4.6), consisted of: 

i. friction losses governed by the Darcyôs law with permeability coefficient (ɔ) 

ii. momentum losses governed by pressure losses with a pressure jump coefficient (C2) 

where v is the injection component of velocity, ɛ and ɟ are the dynamic viscosity and density, and 

ȹM is the wall thickness. 

 ( ) ( ) () SinkgPvvv
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To retain only the effect of pressure loss based on a perforated plate, the effect of the 

permeability term in Equation (4.6) was eliminated by using a large value of ɔ = 1×10
20

.  The 

effects of effusion injection and the reductions in mass flow rate were thus modeled from the 

calculated momentum sink based on C2 across the porous wall. 



102 

The formulation of C2 was derived as a function of the area ratio between the plate surface area 

to effusion hole area (Ap/Af), the perforated plate coefficient (C), and the wall thickness (ȹM) as 

shown in Equation (4.7).  The detailed derivation is given in Appendix H. 

 ( )[ ]111 2
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õ
æ
ç

å

D
ö
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õ
æ
ç

å
= fp2 AA

MC
C  (4.7) 

The calculations of effusion mass flow rate were resolved with the C2 formulation that 

accounted for flow injections across the equivalent boundary of Ap/Af.  The approach was 

originally proposed by Kolodzie and Van Winkel (1957) based on the argument that the discharge 

coefficient of a multiple-holes perforated plate (C) could be related to the discharge coefficient 

based on a (single-hole) orifice plate (CD). 

With the effusion holes drilled in the normal direction to the cooling surface, it is reasonable to 

assume that the normal component is dominant in injection flow.  The detailed analysis based on 

a 0.5 mm perforated injection by Mendez and Nicoud (2008) showed that the normal momentum 

flux can be reduced to a pressure term.  This has, in turn, supported the postulation of effusion 

injection simulations based on the pressure drop analogy. 

Values for C were given as a function of the dimensionless parameter of hole spacing-to-

diameter ratio (s/d), plate thickness to hole diameter ratio (DM/d), and Reynolds number based on 

hole diameter (Rehole) as shown in Figure 4ï9, that were taken from Kolodzie and Van Winkle 

(1957) .  The estimated C2 and the relevant data are summarized in Table 4ï6.  The Rehole of 

2,000 was selected, following the investigation by Andrews and Mkpadi (1984) who showed that 

the discharge coefficient gradually increased with Rehole and approached an asymptotic maximum 

value at about Rehole of 2,000. 
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Table 4ï6.  Estimations of Perforated Plate Orifice Coefficient 

s/d 4 

DM/d 1.6 

Rehole 2000 

C 0.83 (from Figure 4ï9) 

Ap/Af 20 (100% effusion hole area); 

24 (80% effusion hole area) 

C2 360,000 (100% effusion hole area); 

520,000 (80% effusion hole area) 

 

 

 

 

Figure 4ï9.  Discharge Coefficients (C) of Perforated Plate at Rehole of 2,000 (Kolodzie and 

Van Winkle, 1957) 

  

DM/d 

C
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4.7 Convergence Criteria and Computation Time 

Numerical solutions were judged to be converged with the residual value of lower than 1×10
-5
 

and with at least 3 orders magnitude of reduction.  This residual monitoring included the solutions 

for all of the governing equations of continuity, momentum, turbulence, and energy.  For the non-

injection S-bend simulations, residual values of as low as 1×10
-9
 for all equations were often 

obtained based on the standard k-Ů model with standard wall functions. 

Additional properties were monitored during the iterative process to verify that a converged 

solution was obtained, including Pin and ἂout.  Such additional solution monitors were useful for 

the present simulation of internal flow with injection.  Figure 4ï10 illustrats the convergence 

history with the monitoring results for a case with the residual of continuity converged only to 

1×10
-5
.  In the particular case, the solution at about the 7,000

th
 iteration was taken as the 

converged result since converged results were obtained for both Pin and ἂout.  Oscillating behavior 

was still observed in the Pin and ἂout monitors if a solution was not converged.  Converged 

solutions were typically achieved with the residual less than 1×10
-5
. 

Difficulties in obtaining a converged solution were experienced using the realizable k-Ů model 

together with the use of enhanced wall treatment for resolved boundary layers simulations (fine 

grid model).  These convergence problems could be attributed to the near-wall grid cells with an 

aspect ratio of higher than 100.  The second convergence difficult y experienced in the study 

involved the simulations of the S-bend passages with effusion cooling based on the porous wall 

model using a high C2 value.  Fine-tuning of the under-relaxation factors was only effective to a 

limited extent.  The convergence difficulties with the porous wall model are further discussed in 

Chapter 7. 
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Figure 4ï10.  Convergence Monitoring with ἂin and Pin 
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The approximate number of computation hours required to obtain a converged solution, based 

on the different grid models in conjunction with the different turbulence models, are summarized 

in Table 4ï7.  For the simulations using the standard and realizable k-e turbulence models, wall 

functions were used for the coarse and medium grid models and the enhanced wall treatment 

(with resolved wall boundary layer simulations) was used in conjunction with the fine grid model.  

The simulations using SST k-w were conducted based on the fine grid model.  All computations 

were performed using parallel processing with 4 processors in a single computer workstation. 

 

Table 4ï7.  Computation Time based on Different Grid Densities and Turbulence Models 

 Grid Model Standard k-e Rlz k-e SST k-w 

Non-injection S-bend (full -model) 

Inlet-0 and plm-1 

coarse 3 hours 9 hours - 

medium 6 hours 22 hours - 

fine 32 hours - 35 hours 

Injection S-bend (half-model) 

Mass injection simulations ï No side 

plenum 

coarse 2 hours - - 

medium 12 hours - - 

Injection S-bend (half-model) 

Porous wall simulations ï with left-side 

plenum 

coarse 10 hours - - 

medium 32 hours - - 
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4.8 Matrix of CFD Simulations 

The matrix of CFD simulations of the S-bend flow passages is shown in Table 4ï8.  The 

conducted numerical studies included: 

i. sensitivity study of the computational domains with upstream inlet and outlet plenum 

based on both the AR 1.0 and AR 1.5 non-injection S-bends using the standard k-Ů 

model and scalable wall functions 

ii. sensitivity study of different turbulence modeling based on the AR 1.5 non-injection S-

bend 

iii.  effusion injection simulations based on the AR 1.5 S-bend diffuser with (a) 1
st
-convex, 

(b) 2
nd

-convex, and (c) both-convex surface injection cooling configurations using the 

standard k-Ů model and scalable wall functions. 

 

Table 4ï8.  Matrix of S-Bend Passage CFD Simulations 

Effusion 

Configuration 

Cold Flow 
(Tested at 3 ReD) 

Cold Flow with ἂcool 
(Tested at 3 ReD) 

Hot Flow with ἂcool 
(Tested at 1 ReD) 

AR 1.0 AR 1.5 AR 1.0 AR 1.5 AR 1.0 AR 1.5 

Non-injection 
(no injection) 

               

1
st
-Convex             

2
nd

-Convex          

Both-Convex          

Left-Wall       

Full-Surface       

Note:    Performed experimental tests; 

    Sensitivity test with computational domains and boundary conditions; 

    Non-Injection sensitivity test with turbulence modeling; 

    Injection simulations using the standard k-Ů with scalable wall functions.  
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Chapter 5 

Experimental Results 

The following experimental results are presented of (i) non-injection S-bend in cold flow tests, 

(ii) S-bend with effusion injection in cold flow tests, and (iii) S-bend with effusion cooling in hot 

flow tests. 

Cold flow studies focused on the deterioration of pressure recovery and flow distortion with the 

effect of passive effusion injection.  Both AR 1.0 and AR 1.5 S-bends were tested in the initial 

cold flow study.  Additional cold flow tests were conducted to measure the injection flow rate 

(ἂcool) based on the AR 1.5 S-bend with sub-atmospheric passages.  Wall surface cooling 

effectiveness was measured in the hot flow study, which was conducted using the AR 1.5 S-bend 

with 1
st
-convex and left-wall effusion cooling configurations. 

The performed experimental tests are summarized in Table 5ï1 and the schematics of the 

different S-bend configurations are illustrated in Figure 5ï1. 

 

Table 5ï1.  Test Matrix of Experimental Study 

Effusion 

Configuration 

Cold Flow 
(Tested at 3 ReD) 

Cold Flow with ἂcool 
(Tested at 3 ReD) 

Hot Flow with ἂcool 

AR 1.0 AR 1.5 AR 1.0 AR 1.5 AR 1.0 AR 1.5 

Non-Injection       

1
st
-Convex      (ReD-mid) 

2
nd

-Convex       

Both-Convex       

Left-Wall      (ReD-low) 

Full-Surface       
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Non-Injection 

 

 

1
st
-Convex Injection 

 

 

2
nd

-Convex Injection 

 

 

Both-Convex Injection 

 

 

Left-Wall Injection 

 

 

Full-Surface Injection 

 

Note: Top view of the S-bend with AR 1.5 diffuser. 

Figure 5ï1.  Configurations of Passive Effusion Injection on the S-Bend Passage 
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5.1 Cold Flow Test Parameters 

Experiments were conducted over three ranges of main flow inlet conditions using three inlet 

orifice plates of 5, 6, 7-inch (12.7, 15.2, and 17.8 cm) for flow control at the blower inlet, as 

previously shown in Figure 3ï1.  Figure 5ï2 summarizes ReD (Eqn. 3.3) and Ma (Eqn. 3.4) for 

the given tests. 

For the cold flow tests without the operation of the burner, the main flow temperature (Thot) 

was about 10 °C higher than ambient air (Tcool) due to work done by the blower.  Compressibility 

effects were not considered in the study, since Ma < 0.2.  Three ranges of ReD, referred to as low, 

mid, and high, were obtained for the analysis of Reynolds number effects on the flow 

measurements. 

 

 

Figure 5ï2.  Average ReD and Ma for Cold Flow  
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5.2 Cold Flow ï S-Bend Passages without Effusion Injection 

The performance of the AR 1.0 and AR 1.5 S-bend passages without effusion injection are 

compared in this section.  Analyses were conducted for the wall pressure distribution, outflow 

contour, and overall pressure recovery performance. 

5.2.1 Wall Pressure Distributions 

Figure 5ï3 (a) and (b) show the wall static pressure distributions plotted in Cb,wall (Eqn. 3.8) and 

Cp,wall (Eqn. 3.9) respectively as a function of position along the S-bend passages.  The results 

were based on the low inflow setting, ReD-low.  The three sections of (i) inlet transition section, 

(ii) S-bend section, and (iii) outlet section are indicated by the drawn vertical lines at x = 0.3 m 

and x = 0.67 m.  Pressure distributions along the left-wall are represented with the hollow 

symbols, and the distributions along the right-wall are represented by the solid symbols. 

The Cb,wall results gave a direct measurement of the backpressure penalty, where a distribution 

at the model inlet (x = 0) with a value of less than zero was desirable for diffusers.  For the AR 1.0 

S-bend passage, a high backpressure penalty with the inlet Cb of 0.5 was measured, as compared 

to the Cb of slightly lower than zero for the AR 1.5 S-bend.  A pressure recovery effect due to 

flow redistributions was measured at the AR 1.0 straight outlet section.  This effect was followed 

by the pressure drop with Cb,wall = 0 at the outlet. 

The Cb,wall results were useful for identifying the sub-atmospheric pressure regions (Cb,wall < 0) 

along the S-bend passage for passive effusion injection.  The detailed pressure changes along the 

two S-bend passages were, however, better illustrated with the Cp,wall distributions shown in 

Figure 5ï3 (b).  The pressure loss in the AR 1.0 passage was depicted by the outlet Cp,wall < 0, and 

the effective pressure recovery in the AR 1.5 passage were depicted by the increasing Cp,wall > 0 

along the diffuser section towards the outlet. 

Slight changes between the two S-bend passages were measured at the two convex surfaces.  

Nonetheless, the similar Cp,wall distributions with alternating pressure gradients from the 1
st
 bend 
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to the 2
nd

 bend, induced by the opposite curvatures, were measured for both passages.  Stronger 

pressure gradients were measured at the two convex surfaces with low-pressure distributions, 

comparing to the high-pressure zones with moderate pressure gradients at the two concave 

surfaces.  The distribution was the result of the shorter flow passages along the convex walls, and 

the longer flow passages along the concave walls.  The observations were in agreement with the 

S-bend flow dynamics reported in the literature. 

Figure 5ï4 shows the results of Cp,wall based on three different ReD.  Pressure measurements at 

the six locations with added pressure taps away from the S-duct centreline are highlighted with 

the dotted ellipses.  The similarity in measurements confirmed an acceptable uniformity in lateral 

pressure distributions. 

The ReD effects were evident for the AR 1.5 S-bend with perceptible differences in Cp,wall at the 

two convex surfaces as shown in Figure 5ï4 (b).  The same effect was not observed in the AR 1.0 

S-bend as shown in Figure 5ï4 (a).  The ReD effects could be related to the dissimilarity in 

boundary layer thickness at the high velocity regions.  The ReD effect was insignificant on the 

overall pressure recovery as illustrated with the consistent Cp,wall distributions at the outlet.   
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Figure 5ï3.  Cb,wall and Cp,wall Distributions of the AR 1.0 and AR 1.5 Non-Injection S-Bend 
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Figure 5ï4.  ReD Effect on Cp,wall for AR 1.0 and AR 1.5 Non-Injection S-Bend 
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5.2.2 Outflow Contours 

Figure 5ï5 shows the normalized axial velocity contours and in-plane velocity vectors at the S-

bend outlet.  The velocity contours are normalized by the maximum value of the axial velocity 

(uout,max) summarized in Table 5ï2.  The results are based on the ReD-mid flow setting.  An 

acceptable similarity was obtained with the normalized outlet flow fields based on the three ReD. 

In Figure 5ï5 (a), the distribution of high axial velocity was measured across most of the outlet 

region with the core flow being diverted to the right-wall of the AR 1.0 straight outlet.  The 

propagation of secondary counter-rotating vortices from the 1
st
 bend was measured at the two 

corners along the left-wall.  Such vorticity distributions were attributed to the rectangular section 

with high AS of 3.0, where the streamwise vortices were suppressed and diverted by the 

redistributions of main flow in the core region. 

In Figure 5ï5 (b), the diffusion flow fields, without a perceptible streamwise flow circulation, 

were observed at the AR 1.5 S-bend diffuser outlet.  Similar to the AR 1.0 passage, a high velocity 

core was diverted towards the right-wall by the 2
nd

 bend curvature.  Greater boundary layer 

growths were measured with the diffusing flow and no propagation of separating flow was 

observed based on the outflow results.  The propagation of secondary counter-rotating vortices, 

combined with the corner flow distortions, are evidenced in the two lower velocity zones at the 

corners along the left-wall.  Note that the off-symmetry velocity contour was due to the 

imperfection of the AR 1.5 diffuser geometry shown in Figure 3ï4 and described in Section 3.2.2: 

the slightly bent outlet profile at the top right corner. 

Figure 5ï6 shows the in-plane vorticity to illustrate better the secondary flow at the S-bend 

outlet.  Two pairs of corner counter-rotating vortices were observed along the left-wall of both AR 

1.0 and AR 1.5 S-bend passages without a distinguishable flow circulation observed at the core 

region.  The vorticity plots confirmed the distributions of streamwise secondary flow that were 

confined to the left-wall corners, as observed in the velocity contours.  
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(a) AR 1.0 Straight Outlet (b) AR 1.5 Diffuser Outlet  

Figure 5ï5.  Normalized Outlet Axial Velocity of the Non-injection S-Bend 
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(a) AR 1.0 Straight Outlet (b) AR 1.5 Diffuser Outlet  

Figure 5ï6.  Vort icity at the Outlet Plane of the Non-injection S-Bend 
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Table 5ï2.  Maximum Outflow Axial Velocity of the Non-Injection S-Bend 

 ReD ×10
5
 uout,max ± 3% [ m/s] 

AR 1.0 

Straight Outlet 

2.4 45.1 

3.1 59.6 

4.0 73.2 

AR 1.5 

Diffuser Outlet 

2.5 36.5 

3.1 47.3 

4.0 59.9 

 

5.2.3 Pressure Recovery Performance 

Figure 5ï7 shows the results of pressure recovery performance plotted in Cp (Eqn. 3.7) as a 

function of ReD.  The effective pressure recoveries for the AR 1.5 S-bend passage are indicated by 

the positive value, compared to the negative value measured for the AR 1.0 S-bend passage.  

Pressure recoveries of about 1/5 × Pdyn were obtained with the AR 1.5 S-bend passage.  Pressure 

losses of close to 2/5 × Pdyn were measured for the AR 1.0 S-bend passage. 

Measurements from the 7-hole probe (7-hole) and the pitot-static probe (p-s) are compared in 

Figure 5ï7.  Better consistency in Cp (p-s) was obtained for the AR 1.5 S-bend diffuser, evidenced 

by a slight increase in Cp with higher ReD.  An unexpected trend of lower Cp with higher ReD was 

illustrated in the measurements from the 7-hole probe.  Cp (p-s) results for the AR 1.0 S-bend 

were also more uniform results as a function of ReD. 

The ReD effect on the 7-hole probe was evident in the comparison.  The analysis based on an 

inflow measurement using different 7-hole probe data reduction coefficients calibrated at 

different tip Reynolds numbers (Retip) suggested that matching Retip between the calibration and 

measurement flow conditions was necessary to obtain a reliable measurement.  Details of the Retip 

effects using the 7-hole probe are documented in Appendix D.5. 
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Inflow measurements from the 7-hole pressure and pitot-static pressure probes are summarized 

in Table 5ï3 and Table 5ï4 respectively.  The result uncertainties are included in the tables, based 

on the uncertainty analysis as documented in Appendix D. 

 

 

 

Figure 5ï7.  Cp of the Non-Injection S-Bend 
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Table 5ï3.  Non-Injection S-Bend Inf low Data from the 7-Hole Pressure Probe 

 ReD ×10
5
 Uin [m/s] PT [Pa] Pin [Pa] Cp 

AR 1.0 

Straight Outlet 

2.4 38.2 ± 1 % 1140 ± 1 .1% 306 ± 1 .2% -0.36 ± 2 % 

3.1 50.2 ± 1 % 2009 ± 1 .1% 580 ± 1 .2% -0.41 ± 2 % 

4.0 63.5 ± 1 % 3236 ± 1 .1% 907 ± 1 .2% -0.39 ± 2 % 

AR 1.5 

Diffuser Outlet 

2.5 40.3 ± 3 % 726 ± 6% -184 ± 21% 0.20 ± 18% 

3.1 51.9 ± 3 % 1257 ± 6% -251 ± 21% 0.17 ± 18% 

4.0 65.6 ± 3 % 2050 ± 6% -360 ± 21% 0.15 ± 18% 

Note: Excessive uncertainty due to the measurements of low-pressure as detailed in Appendix D. 

 

 

Table 5ï4.  Non-Injection S-Bend Inflow Data from the Pitot-Static Pressure Probe 

 ReD ×10
5
 Uin [m/s] PT [Pa] Pin [Pa] Cp 

AR 1.0 

Straight Outlet 

2.5 39.1 ± 1.5% 1192 ± 2.3% 323 ± 1.5% -0.36 ± 1.5% 

3.4 52.2 ± 1.5% 2133 ± 2.3% 577 ± 1.5% -0.36 ± 1.5% 

4.2 64.7 ± 1.5% 3293 ± 2.3% 891 ± 1.5% -0.36 ± 1.5% 

AR 1.5 

Diffuser Outlet 

2.6 40.3 ± 2% 746 ± 3% -172 ± 3% 0.18 ± 5% 

3.2 49.8 ± 2% 1341 ± 3% -275 ± 3% 0.19 ± 5% 

3.5 54.4 ± 2% 2175 ± 3% -332 ± 3% 0.19 ± 5% 

4.4 69.4 ± 2% 1130 ± 3% -549 ± 3% 0.20 ± 5% 
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5.3 Cold Flow ï S-Bend Passages with Effusion Injection 

Effects of passive effusion injection at the different surfaces on the AR 1.0 and AR 1.5 S-bend 

passage are analyzed in this section.  Schematics of the five effusion configurations were 

previously shown in Figure 5ï1.  Effects on Cb,wall are studied based on both S-bend passages.  

Detailed effects on wall pressure alterations are analyzed with the Cp,wall distributions based on 

the AR 1.5 S-bend passage.  Effects on outflow distortion are then analyzed.  This section is 

concluded with a summary of the overall pressure recovery in Cp for all effusion configurations 

based on both S-bend passages. 

5.3.1 Cb,wall of the AR 1.0 and AR 1.5 S-Bend with Effusion Injection 

Figure 5ï8 shows the Cb,wall distributions from different configurations.  A backpressure 

penalty was evident with full-surface effusion injection with the high inlet Cb,wall of 0.65 as 

compared to the value of 0.5 based on the non-injection S-bend as illustrated in Figure 5ï8 (a).  

With the smaller cooling surface, based on the 1
st
-convex, 2

nd
-convex and left-wall injection 

configurations, slightly lower inlet Cb,wall of about 0.6 were measured, as shown in Figure 5ï8 (b).  

Full-surface injection was not achieved with the full-surface and left-wall effusion configurations, 

as indicated by Cb,wall > 0 along the S-bend passage. 

Pressure recovery effects with continuous increase of Cb,wall > 0 were measured at the straight 

outlet section, as highlighted by the dotted red circles.  Outflow with better uniformity was 

obtained with flow redistributions along the straight outlet duct and led to the pressure recovery 

effects.  An expected Cb,wall of zero at the outlet was not measured for the passages with effusion 

injection.  This suggested the continuous flow redistributions at this location.  Additional pressure 

measurements, with pressure taps nearer to the S-bend outlet, would probably measure the 

decrease of Cb,wall closer to zero.  The installation of pressure taps was, however, restricted by the 

stiffeners at the duct outlet.  
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Figure 5ï8.  Cb,wall of the AR 1.0 S-Bend with Effusion Injection 
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Cb,wall distributions of the AR 1.5 S-bend are illustrated in Figure 5ï9.  A total deterioration of 

pressure recovery with full-surface injection was evident in Figure 5ï9 (a).  The inlet Cb,wall of 0.7 

was slightly higher than the AR 1.0 S-bend with full-injection.  This could be explained by the 

greater injection flows at the 2
nd

 bend concave surface with Cb,wall < 0 as compared to the AR 1.0 

S-bend passage with Cb,wall > 0 as shown in Figure 5ï8 (a). 

The inlet Cb results of lower than 0.5 were obtained for the AR 1.5 S-bend with the 1
st
-convex, 

2
nd

-convex, and left-wall injection configurations, as shown in Figure 5ï9 (b).  A lower Cb than 

the AR 1.0 S-bend also showed that the downstream outlet diffuser is effective in reducing the 

backpressure associated with effusion injection.  The distributions of Cb,wall < 0 along the injection 

surface confirmed that full-surface passive injection was obtained with the left-wall injection 

configuration.  For the same effusion configurations with the AR 1.0 S-bend passage, the 

distributions of Cb,wall > 0 revealed that ejection instead of injection occurred at the left-wall 

surface. 

In studying the performance between the different injection configurations, lower backpressure 

penalties were obtained with the 1
st
-convex and left-wall configurations, as compared to the 2

nd
-

convex configuration.  The lower inlet Cb was obtained even with the larger injection surface of 

the left-wall injection configuration.  The observation suggested that the S-bend flow field at 

different regions has a great effect on the injected flow.  This is further analyzed considering the 

alterations of wall pressure distributions in Cp,wall for the different effusion configurations in the 

AR 1.5 S-bend. 
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Figure 5ï9.  Cb,wall of the AR 1.5 S-Bend with Effusion Injection 
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5.3.2 Cp,wall of the AR 1.5 S-Bend with Effusion Injection 

Figure 5ï10 shows Cp,wall distributions for the AR 1.5 S-bend with 1
st
-convex and left-wall 

injection, i.e. the configurations with moderate backpressure penalties.  Figure 5ï11 shows the 

configurations with 2
nd

-convex, both-convex and full-surface injection, i.e. those were associated 

with high pressure deteriorations.  Results from three ReD are included for the analysis. 

The Cp,wall with the effusion injection at the 1
st
-concave surface are compared to the non-

injection S-bend distributions, indicated by the dotted profile in Figure 5ï10 (b).  The left wall 

pressure gradient at the first bend was more gradual with the injection flow.  Curvature effects 

were diminished by the passive injection and the distributions at the second bend were shifted to a 

lower magnitude.  This in turn lowered the Cp,wall at the diffuser inlet (at x = 0.75 m) from the 

value of about -0.2 to -0.4 and reduced the overall pressure recovery, as evidenced by the lower 

Cp,wall value at the diffuser outlet. 

With the increase of effusion surface based on the left-wall injection configuration, the 

pressure gradients along the left-wall were further flattened, as shown in Figure 5ï10 (c).  The 

existence of curvature effects was observed only at the onset of the 1
st
 bend convex surface.  The 

lower Cp,wall distribution at the diffuser inlet further reduced the total pressure recovery effects, 

when compared to the configuration with the 1
st
-convex surface injection. 

For the 2
nd

-convex injection configuration, shown in Figure 5ï11 (a), the decrease in pressure 

gradients was confined to the right-wall, without significant alterations of Cp,wall at the left-wall.  

The substantial deterioration in pressure recovery can be related to the very low Cp,wall 

distributions in the diffuser, where a low Cp,wall value of about -0.8 was measured (at x = 0.75 m) 

as compared to about -0.2 for the configuration with no effusion injection. 

The combined effects with the effusion injection at the 1
st
-convex and the 2

nd
-convex surface 

are illustrated in Figure 5ï11 (b).  The alteration of Cp,wall along the left-wall was similar to the 

configuration with the 1
st
-convex injection.  The combined effects have further lowered the Cp,wall 

distributions in the outlet diffuser, compared to results from the 2
nd

-convex injection.  A similar 
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effect was observed for the configuration with full-surface passive effusion injection with further 

reduction of Cp,wall along the outlet diffuser: Figure 5ï11 (c) shows the lowest diffuser inlet Cp,wall 

of about -1.4 from all the tested configurations. 

Cp,wall distributions revealed that the low total Cp, obtained with the configurations with 2
nd

-

convex, both-convex, and full-surface injection, were associated with very low Cp,wall 

distributions at the diffuser inlet.  Discontinuous Cp,wall profiles, with an abrupt change at the 

junction between the S-bend outlet and diffuser inlet, were measured for these configurations.  

These observations implied that a flow separation was induced by effusion injection at the 2
nd

-

convex surface of the AR 1.5 S-bend passage. 

Different configurations were observed to have different responses to inlet ReD.  Figure 5ï10 

(b) and (c) show similar distributions for the 1
st
-convex and left-wall configurations whereas 

Figure 5ï11 (a)-(c) show Cp deviations in the 2
nd

-convex, both-convex, and full-surface injection 

configurations.  Lower Cp,wall distributions were measured with higher ReD at the diffuser outlet.  

These effects were most distinguishable for the full-surface configuration, shown in Figure 5ï11 

(c).  This effect could be associated with the dissimilarity of flow separation induced by effusion 

injection at the 2nd-convex surface. 
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Figure 5ï10.  Cp,wall of the AR 1.5 S-Bend with 1
st
-Convex and Left-Wall Injection  
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Figure 5ï11.  Cp,wall of the AR 1.5 S-Bend with 2
nd

-Convex, Both-Convex, and Full-Surface 

Injection 
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5.3.3 Outflow Contours of the AR 1.0 and AR 1.5 S-Bend Passages with Effusion Injection  

Effusion flows were injected through the effusion surface with 2/3 height-wise coverage along 

the middle section of the S-bend sidewall, with equal margins maintained at the top and bottom 

edges, as illustrated in Figure 5ï12.  The propagations of the flow field distortions induced by the 

injected flow were measured at the S-bend outlet to study the effects of different effusion 

configurations based on both AR 1.0 and AR 1.5 S-bend passages. 

 

 

 

Figure 5ï12.  Measurements of Outflow Contours for the S-Bend with Effusion Injection  
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A distinctive interaction was measured with an injected flow on the 2
nd

-convex surface.  The 

injection in an opposing direction to the secondary flow suppressed the circulating flow motion 

and diverted the velocity core to the left-wall.  This effect was demonstrated by the two low-

velocity zones measured at the top and bottom corners along the left-wall, as shown in the top of 

Figure 5ï13 (d). 

Highly distorted outflow were observed for the both-convex and full-surface configurations, as 

shown in top row of Figure 5ï13 (e) and (f).  The injected flows from both sides of the cooling 

surface have split outflow contours with two high velocity zones distributed at the top and bottom 

regions.  Stronger flow circulations were also measured with the effects of injected flow from the 

1
st
-convex and left-wall surfaces.  The observed outflows with deficient uniformity agreed with 

the higher backpressure penalties measured for these configurations. 

5.3.3.2 Outflow Velocity Contours of the AR 1.5 S-Bend 

The effusion effects were amplified at the outflow with the AR 1.5 diffusing passage as shown 

in the bottom row in Figure 5ï13.  For the 1
st
-convex and the left-wall injection configurations, 

the slightly distorted outflow contours have evolved into highly distorted flow fields.  Large low-

velocity zones were measured in the mid-section of the diffuser outlet that split the core flow into 

a horseshoe shape.  Strong counter-rotating vortex pairs occupying the entire section augmented 

by the effusion injection were also observed.  The greater outflow distortion based on the left-

wall injection configuration corresponded to the higher injection with the larger cooling surface. 

A large low-velocity region on the right-wall that occupied almost half of the outlet section was 

measured with the 2
nd

-convex injection configuration as shown in Figure 5ï13 (d).  The reduction 

in the effective diffusing area was demonstrated by the high axial velocity concentrated on the 

left side of the diffuser outlet.  This outflow distortion greatly hindered the pressure recovery 

performance and was responsible for the delayed flow re-attachment at the diffuser inlet.  A large 
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separation region was induced by the injected flow at the region of adverse pressure gradient, 

corresponding to the abrupt change in wall pressure distributions observed in Figure 5ï11. 

With the effusion injection on both left and right surfaces, the resultant effects induced a 

greater outflow distortion that split the core flow into two high velocity regions along the left-

wall, as shown in the bottom row of Figure 5ï13 (e) and (f). 

5.3.3.3 Outflow Vorticity Contour of the AR 1.5 S-Bend 

Flow circulations are further studied with the outflow vorticity as shown in Figure 5ï14.  The 

strong counter-rotating vortex pairs, measured with the 1
st
-convex and left-wall configurations, 

corresponded to the large flow circulation regions observed in the velocity contours.  The weaker 

vortex pair that spread nearer to the left-wall was observed in the left-wall injection 

configurations, as shown in Figure 5ï14 (b).  Flow circulation was reduced by the higher 

injection flow from the left-wall surface. 

An apparent circulation flow was not observed in the velocity contours of the 2
nd

-convex and 

both-convex configurations.  The flow fields were more evenly distributed with flow 

redistributions from the left-wall to right-wall, corresponding to the smaller vortex pairs in the 

core region as highlighted by the dotted red lines in Figure 5ï14 (c) and (d).  The injection from 

the 2
nd

-convex surface with opposite direction clearly suppressed the S-bend circulating flow, 

resulting in the distributions of vorticity pairs at the top and bottom.  These vortex pairs are 

highlighted by the long-dashed red lines in Figure 5ï14 (c). 

The resultant effects were observed with the both-convex injection configuration, which 

corresponded to the vorticity distributions of both the 1
st
-convex and 2

nd
-convex injections.  The 

size of the vortex pairs at the core region was reduced by the circulation in opposite direction as 

shown in Figure 5ï14 (d). 



131 

 

   

 
L

e
ft

-w
a

ll 

      

R
ig

h
t-w

a
ll 

      

(a) Non-Injection (b) 1
st
-Convex (c) Left-Wall (d) 2

nd
-Convex (e) Both-Convex (f) Full-Surfaces 

Figure 5ï13.  Normalized Outlet Axial Velocity Contours of the Non-Injection and Effusion Injection S-Bend Passages 
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