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Abstract 

In the current research, the annular swirling flow in a short subsonic air-air ejector that can be found 

in helicopters, fixed wing aircrafts, ships and other applications was investigated experimentally and 

numerically under different inlet flow conditions and geometric parameters. These ejectors are attached to 

the exhaust systems of gas turbine engines. A key phenomenon studied was the large wake that appears 

downstream of the primary nozzle of the ejector system. This phenomenon is typically called core 

separation in the industry. The effects of the core separation on the ejector performance parameters were 

also studied.  

 It was found experimentally that severe core separation took place for swirl angles greater than 20 

degrees. This core separation leads to severe distortion in the exit velocity and temperature profile. The core 

separation also changed the pressure recovery along the device axis and this leads to a rebalancing of the 

pumping at the mixing tube inlet and entraining diffuser. This affected overall ejector pumping, back 

pressure and film cooling effectiveness.  

Numerical studies were carried out using two-equation turbulence models that were available in 

ANSYS Fluent. In a series of CFD simulations, the measured flow parameters in the annulus were used as 

CFD inlet boundary conditions (AIBC). In another series of CFD simulations, the measured flow 

parameters at the nozzle exit were applied as CFD inlet boundary conditions (NEBC).  

With applying both the AIBC and NEBC using cold and hot inlet flow conditions with swirl angles < 

20o, the RNG k-ε turbulence model showed superiority over the other turbulence models and a useful tool 

for effectively designing such devices particularly with applying the NEBC. At higher swirl angles the CFD 

did not accurately predict the strong changes in pressure recovery of such devices.  
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 In the current study, detailed performance data of air-air ejectors including the core separation 

phenomenon were generated. The understanding of the impact of core separation on such devices was 

improved. Deficiencies of the two-equation turbulence models in predicting the core separation in the 

ejector devices were identified. The effects of the swirl strength and other parameters on the ejector 

performance criteria were evaluated. 
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Glossary 

Term Definition 

Core separation The core separation phenomenon is observed in air-air ejectors with swirling 

annular primary flow. The annular flow transition to a pipe flow is carried out 

after the termination of the inner body and before the primary flow nozzle exit. 

The transition from annular to pipe flow results in a velocity deficit or wake 

along the flow centreline. With swirling flow, this velocity deficit or wake can 

grow in the radial direction as the flow travels downstream of the ejector 

components (standoff, mixing tube and/or diffuser). This phenomenon is 

sometimes called core separation by designers of these devices 

Diffuser In an air-air ejector, the diffuser is added to the mixing tube to improve the 

ejector pressure recovery, which usually increases the ejector pumping and 

decreases the device back pressure 

Ejector area ratio Ejector area ratio is defined as the mixing tube inlet to nozzle exit area ratio 

Ejector components A simple air-air ejector consists of a driving nozzle and a mixing tube. However, 

in some applications a diffuser is added to the mixing tube and/or standoff is 

used to improve the ejector performance 

Ejector back 

pressure coefficient 

The back pressure coefficient is defined as the ratio of the average static pressure 

at the nozzle inlet to the average dynamic pressure at the same cross section [20] 

Ejector efficiency The ejector efficiency is defined as the ratio of ejector discharge power to the 

supplied power as was reported by Blevins [9]. Where the discharge power was 

defined as the total pressure rise of the secondary flow times the total volume 

flow at the ejector exit. The supplied power was defined as the primary volume 

flow times the total pressure rise that required to produce the driving jet 

Flow temperature 

uniformity factor 

Flow temperature uniformity factor is defined as how much the average 

temperature varies from the local maximum temperature [20] 

Mixing tube The mixing tube in air-air ejector is a flow channel in which the turbulent mixing 

process between the primary and secondary flows occurs 

Primary flow The flow, which is accelerated in the driving nozzle in the air-air ejector, is 

called the primary flow 
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Term Definition 

Pumping ratio The pumping ratio, in general, is defined as the ratio of the total mass flow rate 

to the primary mass flow rate. In the case of mounting an entraining diffuser to 

the mixing tube, three pumping ratios: secondary, tertiary and total have been 

widely used [8] 

Secondary flow The primary flow entrains ambient air from the annular space around it that is 

called the secondary flow  

Secondary 

pumping ratio 

The ratio of the secondary-to-primary mass flow rates is called secondary 

pumping ratio [8] 

Standoff The axial distance between the nozzle exit and mixing tube entrance plane is 

called the standoff 

Swirl number Swirl number is the ratio of axial flux of swirl momentum to axial flux of axial 

momentum 

Tertiary (diffuser) 

mass flow rate 

In the case of adding an entraining diffuser, the entrained flow through the 

diffuser gaps is called tertiary (diffuser) mass flow rate [8] 

Tertiary (diffuser) 

pumping ratio 

The pumping ratio of the diffuser that is called tertiary pumping ratio is defined 

as the ratio of the entraining diffuser gap mass flow rate (tertiary mass flow rate) 

to the primary mass flow rate 

Total mass flow 

rate 

The summation of primary, secondary and tertiary mass flow rates is called total 

mass flow rate 

Total pumping ratio The ejector total pumping ratio is defined as the ratio of the ejector total mass 

flow rate (total mass flow rate at the diffuser exit) to the ejector primary mass 

flow rate (nozzle mass flow rate) [8] 
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Nomenclature 

A  Area [m2] 

a  Speed of sound [m/s] 

ac  Cone length (mixing tube inlet shape) [m] 

(Amt/Ane)  Secodary to primary area ratio [-] 

Amt/Ane)opt  Optimum Secodary to primary area ratio [-] 

Cb   back pressure coefficient [-] 

Cµ   Turbulence model's non-dimensionalized constant [-] 

Cp  Specific heat at constant pressure [W/kg/K] 

Ct  Craya-Curtet number [-] 

D  Diameter [m] 

f  factore [-] 

fke   Kinetic energy flux factor  [-] 

ft   Flow temperature uniformity facto [-] 

h   Annulus height [m] 

hg  Vertical gap space between adjacent plates of ringed diffuser [m] 

K   Turbulent kinetic energy [J] 

k  Turbulent kinetic energy per unit mass [J/kg] or [m2/s2] 

L  Length [m] 

m  Mass flow [kg] 
.

m   Mass flow rate [kg/s] 

M  Mach number [-] 

Mτ   Turbulent Mach number [-] 

n  Exponent [-] 

P  Pressure [Pa] 

q   Dynamic pressure [Pa] 

R   Radius [m] 

r  Radius [m] 

R   Gas constant [J/kg.K] 

Re  Reynolds number [-] 

Ret  Turbulent Reynolds number [-] 

ri   Inner radius of the axial swirler [m] 

ro   Outer radius of the axial swirler [m] 

s   Standoff, the axial distance between the nozzle exit and mixing tube entrance planes [m] 

sc1   Standoff ratio using converged nozzle with 86 mm standoff [-] 

sc2   Standoff ratio using converged nozzle with 129 mm standoff [-] 

sstr1   Standoff ratio using straight nozzle with 86 mm standoff [-] 

sstr2   Standoff ratio using straight nozzle with 129 mm standoff [-] 
S   Swirl number [-] 

t   Time [s] 

T   Temperature [K] 

TI   Turbulence intensity 

u, v, w   Local x, y, and z (axial) velocities [m/s] 
2'u , 

2'v , 
2'w  Variances of velocity fluctuations in x, y, and z [m2/s2] 

u  Swirl or tangential velocity [m/s] 
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V  Absolute (total) velocity [m/s] 

y  Normal distance from the wall [m] 

v  Radial velocity [m/s] 

w  Axial velocity [m/s] 

 
Greek symbols 

α  The mixing tube conical inlet geometric shape angle (cone angle) 

δ  Boundary layer thickness [m] 

φ   Swirl angle [degree] 

Ф   Pumping ratio [-] 

Ф2nd  Secondary pumping ratio [-] 

Ф3rd  Diffuser (tertiary) pumping ratio [-] 

Фt   Ejector pumping ratio [-] 

cold   Relation between the ejector pumping ratios using cold and hot flows [-] 

2ϑ  Diffuser divergence angle [degree] 

γ   Specific heat ratio [-] 

   Characteristic time [s] 

υ                          Kinematic viscosity [m2/s] 

µ  Dynamic viscosity [kg/m.s] 

µt,  Turbulent dynamic viscosity [kg/m.s] 

ρ  Density [kg/m3] 

ε   Dissipation rate of turbulent kinetic energy [m2/s3] 

ω  Turbulence frequency [1/s] 

 
Subscripts 

0  Stagnation (absolute) value 

1  Nozzle inlet 

1, 2 and 3 x, y, and z direction respectively 

2  Nozzle exit 

3  Mixing tube inlet 

4  Diffuser exit 

2nd  Secondary 

3rd  Tertiary 

atm  Atmospheric (ambient) 

avg  Average 

c  Converged 

d  Diffuser 

de  Diffuser exit 

di  Diffuser inlet 

e  Exit 

E  Ejector 

g  gas 

gr  Diffuser to ring gap ratio [-] 

h  hot 
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i  Inner surface, inlet, ideal 

ke  Kinetic energy 

m  Maximum 

mt  Mixing tube 

mti  Mixing tube inlet 

mte  Mixing tube exit 

n  Nozzle 

ni  Nozzle inlet 

ne  Nozzle exit 

o  Outer surface 

ov  Overlap between adjacent plates of ringed diffuser 

opt  Optimum 

P  Primary flow 

r  Diffuser ring 

s  secondary 

st  Static 

str  Straight 

t  Total 

w  Wall 

x, y, and z X, y and z directions 

 

Abbreviations 

AIBC Applying the measured flow parameters in the annulus passage as CFD inlet boundary 

conditions 

AR   Ejector area ratio, mixing tube inlet to nozzle exit area ratio 

CFD Computational fluid dynamic 

CHDC  Annular diffuser with converging annulus inner body and diverging casing 

deg  Degree 

DNS  Direct numerical simulation 

DOR  Diffuser overlap ratio 

Ell  Elliptical shape of the annulus inner body end 

EHWF  Enhanced Wall Treatment 

Exp  Experimental 

HGWT  Hot gas wind tunnel 

LES   Large eddy simulation turbulence model 

msimt  Centreline measured section inside the mixing tube 

NEBC  Applying the measured flow parameters at the nozzle exit as CFD inlet boundary 

conditions 

NEWF  Non-Equilibrium Wall Treatment 

PDHC  Annular diffuser with parallel diverging annulus inner body and casing 

RANS  Reynolds-Averaged Navier-Stokes 

RHTL  Diffuser ring length to its gap ratio 

RNG  Renormalization Group 

RSM   Reynolds stress model 

RSS   Root-sum-square 

Sep  Separation 
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Sq  Square shape of the annulus inner body end 

SHDC  Annular diffuser with straight annulus inner body and diverging casing 

SST  Shear stress turbulence model 

STD  Standard deviation 

SWF  Standard Wall Treatment 

TCTM  Temperature Corrected Turbulence Model 

UDHC  Annular diffuser with unequal diverging annulus inner body and casing 

UDWF  User-Defined Wall Functions
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Chapter 1 

Introduction 

Gas turbine engines are used in many practical applications including aircraft, ships and power 

generating stations. Due to the wide range of engine applications, the demands to improve the performance 

of engine parts including the exhaust system are growing. In advanced aircraft, the exhaust systems not only 

provide thrust but must also provide thrust augmentation, engine space ventilation and plume infrared (IR) 

suppression. Reducing the plume temperature of exhaust gases is required due to temperature limits of the 

vehicle structures, aircraft detectability by infrared missiles, termed IR signature, and noise reduction. This 

temperature reduction is achieved by mounting air-air ejectors on the exhaust system of gas turbine engines. 

The air-air ejector is also used to ventilate engine spaces to provide metal cooling in gas turbine exhaust 

systems. It entrains ambient air for dilution cooling of the gas and effusion cooling of metal surfaces.  

A simple air-air ejector consists of a driving nozzle and a mixing tube, as shown in Figure 1-1. 

However, in some applications a standoff is used and a diffuser is added to the mixing tube to improve the 

engine performance. The standoff is defined as the axial distance between the nozzle exit and mixing tube 

entrance planes. The diffuser could be a solid wall or entraining device. Hu and Gutmark [1] have reported 

that conventional ejectors, in general, need an adequate standoff, long mixing tube and an effective diffuser. 

However, in the aerospace engineering applications, these ejectors are usually very short due to space 

limitations and therefore they are far from the optimal geometry for ejectors. The desire to improve the 

device performance using a short mixing tube and diffuser represented one of the main motivations of the 

current study. The annulus inner body, as shown in Figure1-1, represents the turbine hub in gas turbine 

nozzle systems. The annulus and swirler set are used to simulate the annular swirling flow exiting from the 

turbine in gas turbine exhaust systems.  

The engine exhaust flow that is exiting the turbine, which is called the primary flow, is accelerated 

in the driving nozzle. The primary flow entrains ambient air from the annular space around it that is called 
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the secondary flow. Both flows mix together through a turbulent mixing process in the standoff, mixing 

tube and diffuser due to the mixing of momentum between them. The primary flow entering the ejector is 

usually a turbulent annular to duct transition flow with a swirl component, as shown in Figure 1-2.  

 
Figure 1-1: Sketch of a simple air-air ejector with converged nozzle, annulus with elliptical, cone and/or 

square shapes of the annulus inner body end 

 
The flow in air-air ejectors is characterized by swirling turbulent flow, annular to duct flow 

transition, strong streamline curvature, flow separation, strong pressure and temperature gradients, wall 

bounded flow, and shear flows. A strong recirculation zone starts immediately downstream of the annulus 

inner body end, shown in Figure 1-2, similar to the zone that starts at the turbine hub exit in gas turbine 

exhaust systems. The introduction of swirl flow causes the recirculation zone to extend further downstream, 

shown in Figure 1-2. 

A core separation phenomenon is observed in such devices with swirling annular primary flow. The 

annular flow transition to a pipe flow is carried out after the termination of the annulus inner body and 

before the primary flow nozzle exit. The transition from annular to pipe flow results in a velocity deficit or 

wake along the flow centreline. With swirling flow, this velocity deficit or wake can grow in the radial 

direction as the flow travels down the ejector axis (standoff, mixing tube and diffuser), shown in Figure 1-

2. This phenomenon is called core separation by designers of these devices. The term of core separation is 

used throughout the current study. 
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The pressure rises in the standoff, mixing tube and diffuser due to the turbulent mixing process of 

the primary and secondary flows. This combination of annular swirling flow with an adverse pressure 

gradient can lead to a large scale core separation that adversely affects the ejector performance parameters 

including the flow uniformity at the ejector exit, as shown in Figure 1-2. 

 
Figure 1-2: Schematic diagram of the annular swirling flow through the air-air ejector device 

 
The size and shape of the core separation dependent on the inlet flow conditions and nozzle system 

configuration. The inlet flow conditions include the flow swirl degree, turbulence intensity, velocity and 

temperature. The nozzle system configuration includes the distance between the annulus inner body end and 

nozzle inlet and the nozzle length. The shape of the nozzle, converged or straight, also has major effects on 

the size and shape of this core separation. Many shapes of the annulus inner body end such as cone (single 

or multi), elliptical and square are used to reduce the size of this core separation too.  

In the case of mounting an air-air ejector to an exhaust system, the core separation can significantly 

affect the ejector performance parameters that are discussed in detail in the current study. Improving the 

ejector performance is an essential requirement for minimizing its size and weight, decreasing its 

installation impact on the gas turbine engine performance and achieving its function effectively. The desire 

to understand and manage the core separation in air-air ejectors so that these devices can be designed for 



  

  

  

4 

peak efficiency was the motivation for this work: specifically, to minimize the impact of core separation on 

the ejector back pressure, pumping ratio and cooling effectiveness. Depending on the operating conditions 

and geometric parameters, three separation areas (Sep1, Sep2 and Sep3), as shown in Figure 1-2, might be 

generated by mounting the air-air ejector to the exhaust systems. Separation area that might be created at 

the mixing tube inlet (Sep1), as shown in Figure 1-2, is dependent on the following parameters: 

 Nozzle exit Reynolds and Mach numbers, 

 Mixing tube inlet to nozzle exit area ratio, ejector area ratio, and 

 Mixing tube inlet shape. 

This separation area mainly affects the secondary flow effective area that adversely affects the 

ejector secondary pumping ratio and pressure recovery. The separation area that can be generated on the 

mixing tube walls (Sep2), as shown in Figure 1-2, is dependent on the nozzle exit Craya-Curtet and 

Reynolds numbers and the core flow spreading out towards the tube walls. The presence of this separation 

area reduces the ejector pumping and harms the ejector pressure recovery. The negative impact of the 

ejector pressure recovery causes high back pressure in the annulus or at the turbine exit section. This 

separation area can be moved up- and down-stream in the mixing tube depending on the inlet flow 

conditions and geometric parameters. 

 Due to the flow deceleration in the diffuser, a pressure gradient opposes the flow. Under certain 

operating conditions including Reynolds and Mach numbers and turbulence intensity and the diffuser's 

geometric parameters, this pressure gradient creates boundary layers on the device walls. These boundary 

layers thicken rapidly causing potential flow separation on the diffuser walls, Sep3, as shown in Figure 1-2, 

creating large unsteady eddies that block the diffuser flow. This separation, called diffuser stall, impairs the 

diffuser performance including the pressure recovery.  

The above results emphasize that the flow in such devices is a complex flow. Due to the flow 

complexity, in the current study detailed experimental investigation was carried out under different 
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operating conditions and geometric parameters. Comprehensive Computational Fluid Dynamic (CFD) study 

was also conducted. 

 

1.1 Objectives 

 Due to the scarcity of experimental and numerical data on the effects of the presence of core 

separation on air-air ejector performance under different operating conditions and geometric parameters, 

two main objectives for this study were identified. The first main objective was to obtain detailed 

performance data on ejectors with varying degrees of core separation to quantify the impact of core 

separation on the ejector back pressure, pumping ratios and cooling effectiveness. The second main 

objective of the current study was to use Reynolds-Averaged Navier-Stokes (RANS)-based CFD 

simulations to understand and predict the ejector performance, allowing study of the impact of minor design 

changes on the core separation and ejector performance. Identifying the key issues that must be addressed in 

successful CFD simulations to predict the performance criteria of such devices represented the third main 

objective of the current study. 

 

1.2 Contributions 

 With two different standoffs, the focus of this research was on studying the effects of inlet flow 

conditions and the shape of the annulus inner body end and outer casing of the nozzle system on the size 

and shape of the core separation. The effects of core separation on the ejector performance parameters 

represented another focal point in the current study. The contributions of this work are helpful to manage 

and understand the effects of core separation on the device performance by:  

 Generating detailed performance data for this type of device,  

 Improving the understanding of impact of core separation on ejectors, 

 Identifying the best practices for predicting the effects of core separation on ejectors using RANS-

based CFD simulations,  
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 Designing guidelines for reducing the impact of core separation on ejector performance, 

 Evaluating the effects of inlet swirl and the shape of the annulus inner body end on the core 

separation and its effects on the ejector performance parameters, and 

 Identifying the deficiencies of the RANS-based turbulence models in predicting the ejector 

performance criteria. 

 

1.3 The Scope of the Current Study 

 The present study was limited to a subsonic air-air ejector with a short mixing tube and a four ring 

entraining diffuser. Experimental and numerical investigations of the core separation in the air-air ejector 

system were carried out. Cold and hot inlet flow conditions with different swirl angles and limited changes 

to device geometry were characterized. The experiments were carried out by mounting the air-air ejector on 

a Hot Gas Wind Tunnel (HGWT) that is located at Queens' University laboratory. The HGWT is able to 

provide annular swirling flows similar to the flow conditions exiting from the turbine in turboshaft engines. 

Numerical simulations were performed using commercially available software, ANSYS Fluent software, 

which solved the steady-state Reynolds-Averaged Navier-Stokes equations on suitable grids. 
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Chapter 2 

Theory and Literature Review 

This chapter introduces the basics necessary to study the core separation in air-air ejectors. The 

effects of the core separation on the ejectors' performance criteria are also presented. Ejector performance is 

significantly affected by core separation that is, in turn, substantially influenced by the nozzle system 

geometric parameters and inlet flow conditions. To achieve the best ejector performance using a wide range 

of operating conditions, the design and optimization of the ejector geometry have been the subject of 

experimental and numerical investigation by many researchers. However, very little work has been done on 

core separation and its effects on these types of ejectors' performance parameters. In the following sections, 

a concise summary of the published work of the effects of the geometric and inlet flow parameters on the 

ejector performance were presented. The effects of geometric and inlet flow conditions on the core 

separation in such devices were also presented. However, a perfect mixer approach was presented first to 

introduce the main principle of the air-air ejector operation. 

 

2.1 Perfect Mixer Approach  

Various numerical techniques have been used to analyze the air-air ejector performance parameters. 

One of these methods was using the perfect mixer (ejector) model. This technique is considered as a rapid 

approach to analyze the main ejector performance parameters. The mixer contains a driving nozzle and a 

mixing tube and in some cases a diffuser is added as shown in Figure 2-1 (a). In the perfect mixer approach, 

it is assumed that [2]: 

 The mixing tube is long enough to accomplish a complete turbulent mixing process between 

the primary and secondary flows,  

 Momentum loss along the mixing tube and diffuser walls is neglected, 
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 The flow velocity distribution at sections 1, 2, 3 and 4 have uniform profiles, shown in 

Figure 2-1 (a), 

 The flow at the nozzle exit is incompressible with Mach number less than 0.3, 

 The static pressure of secondary flow is assumed to be the same as the nozzle exit pressure 

(P1 =P2), and 

 The ejector pressure at the exit section is the same as the atmospheric pressure (P4=Patm).  

In this approach, the conservation of mass, momentum and energy is implemented. The main inlet flow 

properties (velocity, temperature and pressure), nozzle configuration, mixing tube and diffuser dimensions 

are given to calculate the ejector performance parameters. The equation of state is also applied. As shown in 

Figure 2-1 (a), the primary nozzle injects the hot flow with high energy into the mixing tube at section one 

causing a secondary flow from the surrounding space with ambient temperature to be entrained. Due to the 

mixing process between the primary and secondary flows, the static pressure rises and the dynamic pressure 

decreases in the mixing tube and diffuser as shown in Figure 2-1 (b). 

 The main ejector performance parameters including the pumping ratio and average velocity and 

temperature at the ejector exit can be calculated using this perfect mixer approach. Using this technique, 

different ejector geometric parameters can also be tested. However, taking into consideration the above 

assumptions, the ejector performance tends to be over-predicted. Nevertheless, the perfect mixer technique 

is a powerful system that can be used to provide initial results. It can be also used to verify the experimental 

data as an essential procedure during the first stages in carrying out comprehensive experimental studies of 

such devices. 

In the current study, the perfect mixer approach was used to verify the experimental data as 

described in Appendix J. A converged nozzle, round mixing tube, an entraining diffuser and hot inlet flow 

conditions were used. The measured flow properties at the nozzle and diffuser exits and diffuser gap inlets 
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were used in the analysis. The Engineering Equation Solver was used to calculate the mass, momentum and 

energy balance. 

  
(a) Air-air ejector system, different sections downstream of the perfect mixer (ejector) 

 
(b) Perfect centreline static and dynamic pressure distribution 

Figure 2-1: Perfect mixer schematic diagram and static and dynamic pressure distribution along the ejector 

device, q: average dynamic pressure at the nozzle exit, l, Lmt: mixing tube and local lengths 

respectively 

 

2.2 Air-Air Ejector Performance 

 The main dimensionless parameters that were considered in the current research included: 

o Reynolds number, 

o Mach number, 

o Swirl number, 
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o Flow Temperature ratio , 

o Pumping coefficients, 

o Turbulence intensity, 

o Craya-Curtet number, 

o Pressure coefficients, 

o Velocity and Temperature Uniformity Factors, and 

o Velocity ratios. 

These dimensionless parameters are a function of the device geometric criteria and inlet flow 

conditions that are called independent parameters. In the coming subsections, highlights of papers 

illustrating the above parameters and their effects on the ejector performance are summarized. 

 

2.2.1 Air-Air Ejector Performance Dimensionless Parameters 

 The definition and importance of the ejector dependent parameters are summarized in the coming 

subsections. These dependent parameters are significantly affected by the effectiveness of the mixing 

process between the primary and secondary flows. The Craya-Curtet Number is used to characterize the 

flow in these devices and is highlighted first. 

 

2.2.1.1 Reynolds and Mach Numbers 

 Because there is a substantial velocity gradient in air-air ejector devices, to be able to analyze the 

flow properly it is important to know the Reynolds number (Re) at the ejector inlet and downstream 

sections. The Reynolds number provides the measure of inertia force to viscous force. The Reynolds 

number indicates the type of flow that would be expected. For pipe flows, if the Reynolds number is greater 

than 4000, the flow is considered turbulent. Toulmay [2] reported that the pumping and flow mixing 

process in subsonic air-air ejectors became independent of the Reynolds number if the nozzle exit Reynolds 

number was greater than 2.0x104.  
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Compressibility effects were neglected because subsonic flows with Mach numbers less than 0.3 

were used. Using a subsonic air-air ejector, Carletti et al. [3] reported that the entrainment ratio of the 

turbulent jets was independent of Reynolds number if the nozzle exit Reynolds number was greater than 

1.5x104. Vyas and Kar [4] classified the mixing process between the primary and secondary flows in a 

subsonic air-air ejector as a Reynolds number-independent for the Re ˃1.5x104. The Mach number 

determines the condition at which the compressibility of the flow must be taken into account.  

The preceding references showed that inlet flow conditions with Reynolds number greater than 

1.5x104 and Mach number less than 0.3, ejector performance parameters became independent of the 

Reynolds number and the compressibility effects. In the current study, the experimental and numerical 

investigations were carried out using subsonic, M < 0.33, cold and hot inlet flow conditions with Reynolds 

number greater than 5.2x105 and 2.6x105 respectively. Therefore, the effects of the Mach and Reynolds 

numbers on the ejector performance criteria were neglected. 

 

2.2.1.2 Swirl Number 

Swirling flow is a spiraling motion, as shown in Figure 2-2, which has a tangential velocity 

component. The tangential component of this flow enhances the core flow to spread towards the diffuser 

walls due to the centrifugal forces that increase the flow kinetic energy close to these walls. This increment 

of the flow kinetic energy decreases the diffuser wall flow separation. McBeen and Birk [5] reported that 

the flow separation from diffuser walls decreased by generating high swirl in the primary flow.  
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(a) Weak swirl strength, S< 0.4 

 
(b) Strong swirl strength, S ≥ 0.6 

Figure 2-2: Typical jet flow with low and high swirl strength [6] 

 
 This swirl strength is characterized by swirl number, S. Using swirl vanes, it is common to use swirl 

angle, φ, which is defined as the angle of total velocity with respect to the axial direction. Assuming that the 

swirl vanes were operating with 100% efficiency, uniform swirl vane angle, Eldrainy et al. [7] related the 

swirl number and swirl angle by the following formula: 
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where ri and ro are the inner and outer radii of the axial swirler respectively. Gupta et al. [6] reported that 

the tangential velocity of swirling flow induced the formation of a combined vortex similar to the Rankine 

vortex which was characterized by a forced vortex or solid body core motion surrounded by a free vortex in 

the annular region of the pipe. The swirl or tangential velocity, uϑ, in the forced vortex motion was defined 

by Gupta et al. [6] as following: 

           Cru /              (2.2) 

where C is a constant and r is the radius. The free vortex was characterized as in the following form [6]:  

      Cru                 (2.3) 

where C is a constant. The tangential velocity, uϑ, distribution of this combined vortex that was described 

the combination of free and forced vortex motions by Gupta et al. [6] has the following form: 
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where C is a constant. The swirl strengths of the gases exiting the turbine vary with the engine operating 

conditions. Gupta et al. [6] classified the swirl strength depending on the value of the swirl number as 

shown in Table 2-1. 

 

Table 2-1: Flow swirl strength as function of the swirl number, S, [6] 

Swirl Number Swirl strength 

S < 0.2 Very weak 

S < 0.4 Weak 

0.4 ≤ S ≥ 0.6 High 

S ≥ 0.6 Strong 
 

2.2.1.3 Ejector Pumping and Temperature Ratios and Efficiency 

 The pumping ratio, in general, is defined as the ratio of the total mass flow rate to the primary mass 

flow rate. Three pumping ratios: secondary, tertiary and total that depend on the ejector configuration have 

been widely used. The ratio of the secondary-to-primary mass flow rates is called secondary pumping ratio, 

Ф2nd, which was defined by Chen and Birk [8] as in the following form: 
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2                                                            (2.5) 

where sm
.

and pm
.

are secondary and primary mass flow rates respectively. In the case of mounting an 

entraining diffuser on the mixing tube exit, the pumping ratio of the diffuser that is called tertiary pumping 

ratio, Ф3rd, was also defined Chen and Birk [8] as the ratio of the entraining diffuser gap mass flow rate, 

diffm
.

, to the primary mass flow rate as shown in the following form:   
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The ejector total pumping ratio, Фt, was introduced by Chen and Birk [8] in the following form:  
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where totm
.

is the total and entraining mass flow rates respectively.  

 These ratios are considered key elements in determining the level of ejector efficiency. Higher 

pumping ratios indicate a higher ejector performance. The ejector pumping ratios mainly depend on the 

effectiveness of the mixing process in the standoff, mixing tube and diffuser. Due to the available resources 

and to save time and money, many researchers in the field carried out experimental and numerical studies 

using cold instead of hot flows. However, the relation between the ejector pumping ratios using cold and 

hot flows were identified. Chen and Birk [8] defined this relation in the following form:  
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             (2.8) 

where Tc, Th are secondary (cold) and primary (hot) flow temperatures respectively and n is the temperature 

corrected exponent ratio exponent that was defined [8] in Table 2-2. 

 

Table 2-2: Temperature-corrected ratio exponent, n, for different ejector pumping ratios [8] 

Pumping ratio Temperature-corrected ratio exponent, n 

Total ratio, Фt 0.222 

Secondary ratio, Ф2nd 0.287 

Tertiary ratio, Ф3rd 0.287 
  

 Nevertheless, using the hot flows to study these ejectors is an essential practice in order to 

investigate the effects of different configurations and techniques on the device performance criteria 

including the cooling effectiveness and Infrared (IR) signature.  

The ejector efficiency, ηE, is defined as the ratio of ejector discharge power to the supplied power as 

was reported by Blevins [9] in the following form: 
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where Po,s, Po,p, and Po,de are the total pressures of the secondary flow, primary flow, and diffuser exit 

respectively. Qs, and Qp are the secondary and primary volume flows. The discharge power was defined as 

the total pressure rise of the secondary flow times the total volume flow at the ejector exit. The supplied 

power was also defined as the total pressure rise that required to produce the driving jet times the primary 

volume flow times [9]. 

 

2.2.1.4 Turbulence Intensity Effects on the Ejector Performance 

Hu et al. [10] reported that the non-circular nozzles created streamwise vortices that were generated 

due to the changing of flow direction within the mixing tube, which in turn produced high levels of 

turbulence intensity. This turbulence intensity enhanced the mixing process in the mixing tube and in turn 

increased entrainment. Toulmay [2] observed that the stability of the flow at the annular diffuser exit of the 

ejector device significantly improved with increasing turbulence level in the inlet flow. In 1980, Stevens 

and Williams [11] reported that with increasing inlet turbulence the pressure recovery through the diffuser 

increased up to a maximum of 20 percent with only a small increase in pressure loss. 

 

2.2.1.5 Craya-Curtet Number 

 The flow in air-air ejector devices, as sketched in Figures 2-3 and 2-4, was considered as confined 

turbulent swirling jet flows. Due to the momentum transfer between the primary and secondary flows and 

under certain inlet flow conditions and geometric parameters, flow separation occurs at the mixing tube and 

diffuser walls. The understanding of the features of the confined flow and the parameters that characterize it 

in air-air ejectors is of great practical importance for the design of such devices. Steward and Tennankore 

[12] used the Swirl and Craya-Curtet numbers to characterize such confined swirling jets. Using a 

simplified theory of mixing two incompressible confined jets, Becker et al. [13] and [14] developed a 

definition of the Craya-Curtet number, Ct. With steady state flow conditions with zero swirl and radial 
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velocity components and using the time averaged of the continuity and momentum equations, Becker et al. 

[13] and [14] defined the number as following: 
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where r1 and r2 are the nozzle (primary) and tube radii respectively and U1 and U2  are the primary and 

secondary uniformly axial flow velocity respectively, shown in Figure 2-3. 

 
Figure 2-3: Schematic diagram of a confined jet mixing system with separation area [15], U1, U2: primary 

and secondary inlet velocities respectively, ri, rj:  nozzle and tube radii respectively 

 
Figure 2-4: Sketch of the co-axial flow configurations and the separation zones [16], Uj, Ua: primary and 

secondary inlet velocities respectively, r1, r2:  nozzle and mixing tube radii respectively 



  

  

  

17 

Zhu and Shih [16] used the Craya-Curtet number, Ct, to describe the degree of the separation zone 

that appeared on the tube wall downstream of the system. Becker et al. [13] and [14] developed the Craya-

Curtet number to characterize two incompressible confined flows. In an experimental investigation of such 

flows, Aloqaily et al. [17] reported that the mixing length of the two flows was proportional to the Craya-

Curtet number to the power of 0.6. 

 Saeys et al. [18] concluded that the separation area that appeared downstream in the mixing tube 

was governed by the Craya-Curtet number if the primary flow Reynolds number and the ejector area ratio 

were greater than 5000 and 5 respectively. Becker et al. [13] reported that the Craya-Curtet number 

governed the co-axial confined jets and the mixing patterns with high mixing tube-to-nozzle area ratio and 

Reynolds number and low Mach number. In an experimental work that was carried out at a nozzle Reynolds 

of 5.4x103, Becker et al. [13] reported that the presence of the downstream mixing tube wall's separation 

areas were limited to Ct < 0.85.  

 In an experimental and numerical investigation of turbulent mixing of the primary and secondary 

flows in a co-flow system, Khodadadi and Vlachost [15] reported that the large value of the Craya-Curtet 

number corresponded to a small excess inlet momentum and the small value of the number was 

corresponding to large excess of the inlet momentum. The separation and reattachment points 

corresponding to different Craya-Curtet numbers were reported as shown in Table 2-3. From the above 

results, it was concluded that with a high Reynolds number and a high value of the ejector area ratios, it was 

expected to observe separation zones downstream of such air-air ejector systems. 

 

Table 2-3: Locations of the separation and reattachment points corresponding to different Craya-Curtet 

numbers, Ct, [15] 

Craya-Curtet number, Ct Separation point (z/R) Reattachment point (z/R) 

0.2 0.9 6.0 

0.4 2.0 6.5 

0.6 3.3 6.3 

0.8 4.0 6.0 

z and R:  axial distance and mixing tube radius respectively, shown in Figure 2-4 
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2.2.1.6 Ejector Back Pressure Coefficient 

 The turbine exit static pressure in the gas turbine exhaust system is defined as the back pressure. 

Adding an ejector to a gas turbine engine might increase the back pressure which would adversely affect the 

engine fuel consumption and its life. Minimizing the back pressure is a major concern for many researchers 

in the field. Any geometrical changes in the ejector configuration including nozzle, mixing tube and diffuser 

could cause significant changes in the static pressure at the turbine discharge. The back pressure depends 

on: 

 Nozzle losses, 

 Nozzle exit static and dynamic pressure, 

 Ejector area ratio, 

 Inlet flow conditions, 

 Mixing tube and diffuser configurations, and 

 Standoff. 

 Hu et al. [10] reported that the engine power loss was linearly proportional to the pressure loss 

coefficient. Birk and Davis [19] reported that the back pressure penalty increased with increasing volume 

flow rate through the device(s). Chen and Birk [8] observed that the back pressure coefficient decreased as 

the inlet swirl strength increased. The back pressure coefficient is commonly used in studying the effects of 

inlet flow parameters and geometric changes on the back pressure at the turbine exit. The coefficient is 

defined as the ratio of the average static pressure at the nozzle inlet to the average dynamic pressure at the 

same cross section as was reported by Chen [20] in the following form: 

      
aver

atms
b

q

PP
C


                 (2.13) 

 

Hu et al. [10] defined related essential coefficient that is called pressure loss coefficient, Cploss. They 

reported that the pressure loss coefficient was occurred due the presence or installation of the ejector system 
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that was related to the static pressure measured at the turbine exit. Hu et al. [10] defined the coefficient in 

the following form: 
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where Po is the stagnation (total) pressure at the nozzle inlet, Po,exit is the stagnation pressure at the nozzle 

exit, and ρp and Vp are the density and velocity of the primary flow at the nozzle exit respectively. 

 

2.2.1.7 Ejector Pressure Recovery  

The static pressure distribution along the air-air ejector mixing tube and diffuser, termed pressure 

recovery, represents an important ejector performance parameter. In the aerospace engineering field, the 

length of the ejector, standoff and the length of the mixing tube and diffuser, are limited by installation and 

weight requirements. For specific required ejector performance, the length of the mixing tube and diffuser 

can be made shorter if pressure recovery can be achieved faster. Pressure recovery is affected by nozzle and 

mixing tube configurations, the core separation and the inlet flow conditions.  

Hu et al. [10] reported that for the same pressure recovery, the required mixing tube length-to-

diameter ratio using a circular nozzle was about 4-6, but using a lobed nozzle the required ratio is 0.7-1.8. 

Chen and Birk [8] reported that the best mixing tube pressure recovery was observed at 10o swirl angle inlet 

flow conditions but the best diffuser pressure recovery was found at a 30o swirl angle. Irwandi [21] 

observed that the pressure recovery along the mixing tube and diffuser was negatively affected by the core 

separation. 

 

2.2.1.8 Velocity and Temperature Uniformity Factors 

 In the aerospace engineering field, it is desirable to design ejectors that are able to generate uniform 

profiles of flow velocity and temperature at the device exit as in the perfect mixer technique. However, 

short ejectors are used. The flow velocity and temperature distributions at these devices' exit sections are 
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not uniform due to incomplete mixing processes in the mixing tube and diffuser and kinetic energy losses. 

The flow velocity uniformity at ejector downstream sections is expressed in the kinetic energy flux factor, 

fke, as was reported by Irwandi [21]. The energy flux factor is defined as the ratio of the actual kinetic 

energy flux to the uniform flow kinetic energy flux at the same mass flow rate as shown in the following 

form [21]: 

      dA
w

w

V

V
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f ke 
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                                    (2.15) 

 

where U is the mean velocity vector, ρ is the flow density, and 
.

m is the mass flow rate. At any cross section 

throughout the ejector, with fke=1.0, the flow distribution is considered a uniform flow but with fke˃1.0, the 

flow is considered non-uniform. The flow temperature uniformity factor, ft, at any cross section is defined 

as how much the average temperature, Taver, varies from the local maximum temperature, Tmax. The flow 

temperature uniformity factor was defined by Chen [20] in the following form:  
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 max                  (2.16) 

 

where Th is the local temperature. The more uniform the flow velocity and the temperature, the more 

effectively the mixing process cools the hot core flow. Table 2-4 shows a summary of the main dependent 

parameters that were considered in the current study. 
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Table 2-4: Summary of the main Ejector Performance Dimensionless Parameters that were considered in 

the current study 

Dependent 

Parameter 

Definition Comments 

Back pressure 

 

The static pressure in the annulus that represents 

the static pressure in the gas turbine exhaust 

system. 

Measured and calculated in all 

tests and CFD simulations. 

Pressure 

Recovery 

The static gauge pressure distribution along the 

mixing tube and diffuser walls. 

Measured in the all measured 

cases 

Flow velocity 

uniformity 

mainly at the 

ejector exit 

The ratio of the actual kinetic energy flux to the 

uniform flow kinetic energy flux at the same 

mass flow rate dA
w

w

V

V

A
f ke 
















 

2
1  

Calculated for all measured 

and simulated cases. 

Flow 

temperature 

uniformity 

mainly at the 

ejector exit 

 
 averh

h
t

TT

TT
f




 max  

The more uniform the flow velocity and the 

temperature, the more effectively the mixing 

process cools the hot core flow. 

Calculated for all measured 

and simulated cases. 

Pumping Ratios Secondary, total and tertiary pumping ratios. 

These ratios represent the ejector efficiently. 

Calculated for all measured 

and simulated cases. 
 

2.2.2 Air-Air Ejector Performance Independent Parameters 

The most relevant published studies concerning the effects of air-air ejector geometrical parameters 

and inlet flow conditions on the device performance are summarized in the following sections. The 

geometrical parameters included the nozzle, mixing tube and diffuser configurations, standoff and ejector 

area ratios. The flow conditions at the turbine discharge in gas turbine engine exhaust systems that are 

characterized by high temperature, swirl and turbulence have substantial effects on the ejector performance 

are also summarized in the coming subsections. 

 

2.2.2.1 Nozzle Configuration 

 Nozzle exit shape has significant effects on the mixing process in the mixing tube and diffuser and 

consequently on ejector performance parameters. The nozzle comes with a variety of shapes such as 
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circular and non-circular. The non-circular nozzles include lobed, notched, elliptical and tapped shapes as 

shown in Figures 2-5 to 2-7. Hu et al. [10] reported that non-circular nozzles improve the ejector 

performance over using the circular nozzles. The main principle underlying non- circular nozzles is to 

increase the interaction between the primary and secondary flows through elongating the perimeter of the 

shear layer exposed to the secondary flow.  

 Gutmark and Grinstein [22] reported that the flow spread from non-circular nozzles would be 

similar to the flow spread from circular nozzles but with the flow axis successively rotating at angles that 

depend on the non-circular nozzle's geometry, referred to as the axis-switching phenomenon. Using a non-

circular nozzle (elliptical), Hussain and Husain [23] experimentally explained the sequence of deformation 

of an asymmetric vortex that lead to the axis-switching phenomenon as shown in Figure 2-7. The axis-

switching phenomenon positively affected the mixing process downstream in the mixing tube and diffuser. 

Nozzle notches are able to generate strong contra-rotating stream wise vortices, as shown in Figure 2-8, that 

also enhance the mixing process in the mixing tube and diffuser.  

 
(a) Lobed (non- circular) [24] 

 
(b) Notched (non- circular) [25] 

Figure 2-5: Schematic diagram of the non-circular ejector nozzles 
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Figure 2-6: Schematic diagram of the non-circular ejector nozzle: tabbed nozzle [26] 

 
Figure 2-7: The progress of deformations of an asymmetric vortex ring leading to axis-switching 

phenomenon using an elliptical nozzle [23] 

 
Figure 2-8: Schematic of the flow-field produced by a pair of notches cut into an axisymmetric nozzle [27] 
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Using circular and lobed nozzles, Hu et al. [24] compared the mixing process between the primary 

and secondary flow driven by these two nozzles. As shown in Figure 2-9, a significant difference between 

the uses of these two nozzles in the mixing flow turbulence structure was noticed. Unlike the circular nozzle 

the lobed nozzle generated large scale vortices that enhanced the mixing process between the primary and 

secondary flows in the mixing tube and diffuser. With the jet flow nozzle exit Reynolds number of 6000, 

Hu et al. [24] reported that using the lobed nozzle decreased the potential core length of the mixing flow by 

16% to 25% over the uses of the circular nozzle. 

Hu et al., [10] observed that a rectangular lobed nozzle increased the ejector pumping by up to 

200%-300% over a circular nozzle with the same exit area. The lobed nozzle reduced the required mixing 

tube length to 1/3 - 1/2 of that used with a circular jet nozzle. Hu et al. [28] reported that the lobed shape 

enhances the mixing process because the corrugated trailing edge of the lobed nozzle created large scale 

streamwise vortices that broke into strong smaller vortices gradually as they were traveling downstream.  

 
(a) Circular nozzle 

 
(b) Lobed nozzle 

Figure 2-9: Laser induced florescence visualization for circular and lobed jet mixing flows, the jet flow 

Reynolds number was 6.0x103 [24]  
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Skebe et al. [29] reported that the lobed nozzles increased the total ejector pumping efficiency by 

up to 200% over using the circular nozzle for mixing tube length to diameter ratio (Lmt/Dmt) of 0.5 to 1.5. 

This ratio, Lmt/Dmt, is called the mixing tube ratio. Ramesh and Kurian [30] observed that the lobed nozzles 

created higher thickness shear layers in the core flow compared to those of circular nozzles. These shear 

layers had superior mixing qualities that increased the penetration of the entrained air into the core flow. 

 

2.2.2.2 Mixing Tube Configuration 

 The mixing tube in air-air ejectors is a flow channel in which the mixing process between the 

primary and secondary flows occurs. The momentum exchange between the two flows and consequently the 

decay of core flow velocity depends on many parameters including the mixing tube ratio and the tube 

entrance shape. The tube main dimensions are shown in Figure 2-10 and Table 2-5. In the aerospace 

industry, a shorter mixing tube is more desirable. In this field many researchers developed ejectors to 

optimize the conflicting objectives of achieving a high mixing rate with low primary flow losses within a 

short overall length. Watanabe [31], Kastner and Spooner [32] and Manganiello, Bogatsky [33]. Cerantola 

et al. [34] reported the optimal mixing ratio that produced the maximum ejector pumping ratio as shown in 

Table 2-5. 

 
Figure 2-10: Ejector configurations symbols 
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Table 2-5: Optimum mixing tube ratio that produced maximum ejector pumping ratio 

Author(s) (Lm/Dm)optimum 

Watanabe [31] 6.0 to 8.5 

Kastner and Spooner [32] 7.0 to 8.0 

Manganiello and Bogatsky [33] 6.0 to 7.0 

Cerantola et al. [34] ≥ 7.0 

 

 In an experimental investigation using a conventional ejector, Vyas and Kar [4] observed that for 

proper mixing length, the ratio of Lmt/Dne should be greater than 44. Using a rectangular jet nozzle, Ho et al. 

[35] in their experimental work reported that the mixing between the primary and secondary flow was 

completed within Lmt/Dne = 20.0.  

The edges of the mixing tube inlet shapes can be flat or sharp, conical or round, as shown in Figure 

2-11.  The shapes of these edges have a significant effect on the mixing processes in the tube and diffuser 

[34]. The tube conical inlet geometric shape is characterized by the cone angle (α) and length (ac), as shown 

in Figure 2-11 (b). Depending on the inlet flow parameters and ejector area ratio, the sharp edge, in general, 

causes a flow separation at the mixing tube inlet. This separation area adversely affects the ejector 

secondary pumping ratio. This separation area also causes pressure loss at the mixing tube inlet that 

increases the ejector back pressure. 
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(a) Mixing tube with flat inlet shape 

 

 
(b) Mixing tube with cone inlet shape 

 

 
(a) Mixing tube with rounded inlet shape 

 

Figure 2-11: Schematic diagrams of mixing tube inlets 

 

Under hot inlet flow conditions with temperature, swirl angle and mass flow rates of 600 K, 10o and 

2.2 kg/s respectively, the effects of the mixing tube inlet shape on the size of the flow separation at the tube 

inlet are shown in Figures 2-12 (a), (b) and (c). The same nozzle, mixing tube and diffuser were used. It was 

found that compared to the flat inlet shape of the annulus inner body end, using the conical and round inlet 

shapes decreased the size of the separation area at the mixing tube inlet. However, using conical and/or 

round inlet shape will add weight and drag to the device. 
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(a) Mixing tube with flat inlet shape 

 

 
(b) Mixing tube with conical inlet shape of 45o angle and 12 mm length 

 

 
(c) Mixing tube with rounded inlet shape 

 

Figure 2-12: CFD predictions diagrams showing the effects of the mixing tube with flat, cone and rounded 

shapes on the size of the flow separation area at the tube inlet [36] 
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 In a CFD study that was performed by Cerantola et al. [34], it was reported that increasing the 

radius of the rounded mixing tube inlet enhanced the mixing process and decreased the size of separation 

zone at the mixing tube inlet. As the separation size decreased, the effective secondary entrainment area 

increased that led to increasing the ejector pumping ratio.  

 

2.2.2.3 Diffuser 

 In an air-air ejector, the diffuser is added to the mixing tube to improve the ejector pressure 

recovery by reducing the flow static pressure in the standoff and at the nozzle exit. Adding diffuse is usually 

increasing the ejector pumping and decreasing the device back pressure. This reduction of the flow static 

pressure leads to a decrease in the back pressure at the turbine exit. In the diffuser device, the remaining 

kinetic energy of the mixed flow in some extent is recovered and transferred into static pressure. In an 

experimental investigation that was completed by Manganiello and Bogatsky [33], it was reported that 

adding a diffuser improved the ejector performance over that of a straight ejector with the same exit area 

and overall length.  

Cerantola et al. [34] reported that adding a solid diffuser with a 10o angle achieved better 

performance than an ejector without a diffuser. This conclusion was consistent with Manganiello and 

Bogatsky`s conclusion [33]. The diffuser efficiency is essentially measured by how much dynamic pressure 

was converted into static pressure within a given geometry. Decelerating the flow along the diffuser could 

cause diffuser stall. The diffuser performance is basically a function of its geometric parameters and inlet 

flow conditions including turbulence intensity and Reynolds and Mach numbers. 

 

(a) Diffuser Geometry 

 The main diffuser geometric parameters that characterized the device performance are inlet and exit 

diameters (Ddin and Dde), length (Ld) and the diverging angle (2ϑ) as shown in Figure 2-13. For a given 

conventional diffuser area ratio, the device’s pressure recovery is a function of its pressure loss. Lower 
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pressure loss results in a higher pressure recovery. Using a conical diffuser, White [37] reported that with 

2ϑ = 5o, minimum loss was generated through the device. Reneau et al. [38] reported that with constant area 

ratio the diffuser produced the maximum pressure recovery and minimum energy loss at ϑ = 7o.  

 Kastner and Spooner [32] reported that for small ejector area ratios, As/Ane ≤ 25, where As and An are 

the mixing tube inlet and nozzle exit areas respectively; the diffuser angle was important and had to be 

between 5o-10o to avoid flow separation. However, it was acknowledged [32] that if the area ratio exceeds 

75, there was no need to add a diffuser to the mixing tube. Adenubi [39] reported that a diffuser with a 1.47 

area ratio and a 5o diverging angle did not stall. A diffuser with an area ratio of 1.47 and a 10o diverging 

angle produced the highest pressure recovery over using the diffuser with the same area ratio with a 5o and a 

15o diverging angles. Schlichting [40] reported the optimum diverging angle that lay between 3o and 8o 

decreased as the Reynolds number increased.  

 
Figure 2-13: A typical diffuser schematic diagram 

 

(b) Swirl Effects 

 McDonald et al. [41] carried out a systematic series of experiments on conical diffusers. It was 

reported that inlet swirl had little effect on un-stalled diffusers but it significantly improved the performance 

of stalled diffusers. The shear layers that were created by the swirl flow play an essential role in the mixing 

process between the primary and secondary flows in the mixing tube and diffuser. However, the swirl 

strength adversely affects the flow uniformity at the diffuser exit. As the swirl angle increased, the flow 
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uniformity at and around the ejector centreline decreased. Using a conical diffuser with diverging angle (2ϑ)  

of 16o and area ratio of 4.0, Senoo et al. [42] carried out an experimental study to investigate the effects of 

the swirl strength on the diffuser’s performance. It was reported that the axial velocity of the diffuser 

centreline decreased as the swirl number increased, as shown in Figure 2-14.  

 
Figure 2-14: Centreline axial velocity profiles at the diffuser exit as function of swirl number [42], dew , 

dtw : local axial velocity at the diffuser exit and average inlet axial velocity respectively 

 

(c) Compressibility and Viscosity Effects 

 The diffuser performance is also affected by the compressibility factor. Japikse and Baines [43] 

reported that between Mach 0.8 and 1.1, the effects of the compressibility on the diffuser performance must 

be taken into consideration due to the presence of shock waves. However, in the current study, using cold 

and hot inlet flow conditions, experiments were carried out using subsonic flows, M < 0.3. So the effects of 

the compressibility on the diffuser performance were neglected. 

 The viscosity is often represented by the Reynolds number. With subsonic flow and using a conical 

diffuser with diverging angle of 8o and aspect ratio range of 1.3 to 4.48 and subsonic inlet flow conditions, a 

series of experimental studies was conducted by McDonald and Fox [44]. Data showed a constant pressure 
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recovery coefficient for Reynolds number greater than 7.5x104 since the inlet flow was fully turbulent. 

Reneau et al. [38] reported that with subsonic inlet flow conditions, the diffuser performance parameters 

were independent of the inlet flow Reynolds number if the number was greater than 5x104. Therefore, in the 

current study, the effects of the viscosity on the ejector performance were not taken into consideration. 

 

2.2.2.4 Standoff and Area Ratios 

 In some applications a standoff is added to improve the ejector performance to give more length for 

the mixing process between the primary and secondary flow. However, adding a standoff increases the flow 

static pressure at the nozzle exit that adversely affects the device back pressure. The optimum standoff 

depends on many parameters including ejector area ratio and mixing tube ratio (Lmt/Dmt). 

Kastner and Spooner [32] reported that for short mixing tube, Lmt/Dmt < 7.0, a suitable standoff must 

be added in order to enable some mixing between the primary and secondary flow to take place before the 

flow entering the mixing tube. A standoff ratio was defined as the ratio of the standoff distance to nozzle 

exit diameter ratio (s/Dne). For optimum Lm/Dmt, which lay between 7.0 and 8.0, the optimum standoff ratio 

was found between the 0.0 and 1.0.  

In an experimental study using a conventional ejector to investigate the effects of standoff and 

ejector area ratio on the device performance, Vyas and Kar [4] reported that the secondary-to-primary flow 

ratio increased linearly with increasing ejector area ratio. Also, it decreased with increasing the standoff 

ratio. For a given overall ejector length, McBeen and Birk [5] observed that standoff parameter had a 

greater effect on mixing process than mixing tube length. Increasing the standoff value had significantly 

improved the mixing process between the primary and secondary flows. However, there was no 

contradiction between Vyas and Kar [4] and McBeen and Birk [5] as Vyas and Kar [4] started their 

experiments with a standoff ratio of 2.0 while McBeen and Birk studied standoff ratios within the range 

between 0.5 and 1.5. Presz et al. [45] reported that the ejector pumping ratio steadily increased as the 

secondary-to-primary area ratios increased as shown in Figure 2-15.  
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In 1972, Watanabe [31] studied the effects of the ejector area ratio and standoff to mixing tube 

diameter ratio (s/Dmt) on ejector performance while holding the nozzle diameter constant. The ejector 

maximum efficiency was achieved at an area ratio of 2.14 and s/Dmt ratio of 1.57. Watanabe also stated that 

for small ejector area ratios, the optimum s/Dmt ratio was about 1.5. For larger ejector area ratios; the s/Dmt 

ratio lay between 0.0 and 1.0. 

 

Figure 2-15: Ejector secondary pumping ratio (ms/mp) as a function of area ratios  
ps AA , sm

.

, pm
.

: 

secondary and primary mass flow rates respectively, sA , pA : secondary and primary areas 

respectively [45] 

 

 In another laboratory work, Skebe et al. [29] observed that there is a linear relationship between the 

ejector area ratio and pumping efficiency. As the area ratio increased linearly, available shear layer surfaces 

for mixing primary and secondary flows experienced the same rate of increasing resulting in linear 

increments of pumping efficiency. There was an optimum area ratio at which the shear layer surface of the 

primary flow achieved its maximum growth accomplishing the maximum pumping ratio. Figures 2-16 to 2-

18 show the mixing region with under, optimum and over ejector area ratios respectively. More increases in 

the area ratio supplied no more increases in pumping efficiency as was illustrated schematically in Figure 2-

18. 

Mateer et al. [46] reported that the ejector pumping ratio increased with increasing standoff. It was 

found that the optimum standoff length was 0.25 Dmt,, where Dmt is the mixing tube diameter. In an 
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experimental study that was completed by McBeen and Birk [5], it was found that the Lmt/Dne ratio of 4.46 

and the ejector area ratio of 4.0 provided maximum pumping. 

 
Figure 2-16: Primary flow spread versus ejector area ratios, under-utilized ejector area ratio (Amt/Ane) < 

(Amt/Ane)opt (optimum ratio), opt: optimum 

 
Figure 2-17: Primary flow spread versus ejector area ratios, fully-utilized, ejector area ratio (Amt/Ane) = 

(Amt/Ane)opt, opt: optimum 

 
Figure 2-18: Primary flow spread versus ejector area ratios, over-utilized, ejector area ratio (Amt/Ane) ˃  

(Amt/Ane)opt, opt: optimum 

 

2.2.2.5 Effects of the Swirling Flow on the Ejector Performance Parameters 

 In air-air ejectors, the swirl strength is dependent on the engine operating conditions. The flow field 

in the air-air ejector is significantly affected by the swirl strength imparted to the flow. The speed of 

recovery of the recirculation zone behind the turbine disks, similar to the recirculation zone shown in Figure 

2-19, is greatly affected by the swirl level which in turn has significant effects on the ejector performance. 
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As the swirl level increases, the recirculation zone recovery occurs at a higher axial distance downstream in 

the nozzle system that adversely affects the flow uniformity at the ejector exit.   

 
Figure 2-19: Schematic diagram illustrating the recirculation zone of two parallel plane jets [47] 

 

Park and Shin [48] measured the primary to secondary flow (entrainment) ratios as a function of 

swirl strength, as shown in Figure 2-20, along the axial distance. It was found that the rate of entrainment 

ratio increased with swirl strength.  

 
Figure 2-20: The variation of the primary to secondary flow (entrainment) ratios as function of swirl 

strength along the axial distance, z/dn, z, dn: axial distance and nozzle diameter respectively [48], 

S: swirl number 

 

 Using inlet flow with different swirl angles including 0o, 10o, 20o and 30o, Maqsood [49] carried out 

experimental and three-dimensional numerical investigations to study the performance of a subsonic air-air 

ejector with a circular nozzle and bent mixing tube. It was reported that the maximum ejector pumping ratio 
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was achieved with 20o swirl angle. In 2005 Chen and Birk [50] found that the flow non-uniformity at the 

diffuser exit of the air-air ejector device increased as the swirl strength increased over a 20o swirl angle. In 

2007 Chen and Birk [8] also found that with increasing swirl flow angle from 0o to 20o, the ejector 

secondary and total pumping ratios increased. However, these ratios slightly decreased at a 30o swirl angle 

due to flow separation at the mixing tube inlet.  

 In a numerical investigation, Zhou et al. [51] studied the effects of the swirl flow with 0o, 20o, 40o, 

55.2o, 60o and 80o angles on an air-air ejector performance using a solid diffuser. It was reported that the 

ejector total pumping ratio increased with increasing the swirl strength. However, with an entraining 

diffuser, the results might be different as the swirl flow improved the diffuser performance to a certain 

extent which improved the tertiary pumping ratio. In 2001, Hu et al. [28] reported that the strength of the 

swirl flow affects the ejector pumping capacity in some degree depending on the swirl strength. The shear 

layers that are created by the swirl flow play an essential role in the mixing process between the core and 

secondary flows in the mixing tube and diffuser parts of the air-air ejectors. Also, the presence of the 

tangential component in the swirl flow forces the core flow toward the mixing tube and diffuser walls by 

the effect of the centrifugal forces which influences the mixing process in the tube and diffuser.   

 

 

2.2.2.6 Effects of Flow Temperature on the Ejector Performance 

 Inlet flow temperature significantly improves the mixing process between the primary and 

secondary flows. As the flow temperature increases, the flow dynamic viscosity increases that enhances the 

mixing process between the primary and secondary flows. This mixing process enhancement results in an 

increase of ejector pumping ratio. Presz et al. [45] used a temperature ratio that was defined as the ratio of 

the primary to secondary flow temperatures as a reference ratio to study the effects of the primary flow 

temperature on the ejector performance. With temperature ratio range from 1 to 2, it was reported that 

changes in density, molecular weight and temperature did not have a major effect on the ejector 

performance dependent parameters [45]. With temperature ratio range greater than 2.0, Toulmay [2] 
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recommended that further investigation be carried out. However, with temperature ratio greater than 2, 

Chen Q. and Birk [8] documented that the ejector pumping ratio increased with temperature due to the 

higher viscosity of the primary hot flow. 

 

2.3 Core Separation Effects on Air-Air Ejector Performance 

 In the air-air ejector application, there is a shortage of experimental and numerical data concerning 

the effects of the core separation on air-air ejector performance at marginal operating conditions. Due to the 

mixing process between the primary and secondary flows, the pressure rise downstream in the standoff, 

mixing tube and diffuser (adverse pressure gradient). The combination of annular swirling flow exiting 

from the turbine in gas turbine exhaust system and the adverse pressure gradient could lead to sever core 

separation that can degrade the ejector device performance criteria. Minimizing the effects of the core 

separation on the performance of the nozzle systems and air-air ejectors are presented in the coming 

subsections.  

 

2.3.1 Reducing the Impact of Core Separation on Nozzle System Performance 

As shown in Figure 2-21, the nozzle system consists of a short transition diffuser, which is similar 

to the transition diffuser in gas turbine exhaust systems, followed by a nozzle. The shape and length of the 

annulus inner body and the inlet flow conditions have significant effects on the performance of the nozzle 

system including total pressure loss and static pressure recovery and flow uniformity at the nozzle exit. As 

shown in Figure 2-21, the swirler and the annulus are used to simulate the annular swirling flow exiting 

from the turbine in the gas turbine exhaust systems. In the case of mounting air-air ejector to these exhaust 

systems, there is no doubt that the performance of the nozzle system would affect the whole ejector 

performance. 
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Figure 2-21: Schematic diagram of nozzle system, annulus, Dai, Dae: annulus inner and outer diameters 

respectively, dni and dne: nozzle inlet and exit diamters respectively 

 
2.3.2 Effects of the Shape of the Annulus Inner Body End 

 Minimizing the effects of the recirculation zone downstream of the turbine disks in gas turbine 

exhaust systems is one of the important topics in air breathing propulsion systems from both fundamental 

and practical standpoints. The size of the recirculation zone downstream of the turbine disk is being affected 

by many parameters including inlet flow conditions, the shape of the annulus inner body end and diffuser 

outer wall angles and lengths.  

Therefore, designing such suitable transition diffuser configurations is quite complex and has been 

the focus of many experimental and theoretical studies. With a Mach number of 0.25 and Reynolds number 

range of 3.4x104-5.67x105, a series of experimental studies was conducted by Adkins et al. [52] on a family 

of annular transition diffusers in an exhaust system with a constant outer wall diameter. It was observed that 

the diffuser pressure recovery became increasingly dependent on the annulus inner body design if the ratio 

of the inner to outer diameter exceeded 0.42.  

Henry and Wilbur [53] conducted an experimental investigation to study the performance of a 

subsonic diffuser with a straight outer wall and an annulus inner body with a square shape. Non-swirl 

(axial) fully developed inlet flow conditions were used. The diffuser was a part of a gas turbine engine 

exhaust system. It was concluded that rounding the sharp edge of the annulus inner body end was an 
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effective method to decrease the size of the vena contracta that, in turn, decreased the size of the 

recirculation zone behind the annulus inner body end. This decrement of the recirculation zone’s size 

improved the performance of the engine exhaust system. 

 Charles et al. [54] investigated the effects of the length of the annulus inner body using an annulus 

inner body with a cone shaped end with 15o, 24o and 31o cone angles and the length of the tailpipe on the 

performance of an annular diffuser with constant diameter outer wall. With a fully developed annular flow 

with 0o swirl angle as inlet flow boundary conditions, it was observed that with the 15o cone angle annulus 

inner body (the longest diffuser), the flow did not separate from the annulus inner body and as a result the 

diffuser performance was improved. Using the 24o and the 31o annulus inner body cone angles, the flow 

separated from the annulus inner body which negatively affected the diffuser performance. With the 20.6o 

swirl angle inlet flow condition, using the 15o annulus inner body cone angle, the maximum diffuser 

performance was achieved over using the other two annulus inner body cone angles; 24o and 31o.  

With two annulus inner body cone angles, 8o and 16o, Schwartz [55] investigated experimentally a 

subsonic annular diffuser with a constant outer diameter. Fully developed flow was used as the inlet flow 

condition. A fan was used to introduce swirl flow. The swirl strength was increased gradually from 0o to 

28o. It was observed that the flow uniformity at the pipe exit and pressure loss through the diffuser system 

were considerably improved using the longer annulus inner body (8o cone angle) over using the shorter one 

(16o cone angle) using similar inlet flow conditions. It was also observed that the loss of the kinetic energy 

due to the rotational flow was a minimum with a swirl angle less than 20o but became clear at higher swirl 

angles. 

 

2.3.3 Effects of Inlet Flow Conditions on the Core Separation 

 The inlet flow conditions have significant effects on the size and shape of the core separation that 

starts immediately at the end of the turbine hub in a gas turbine nozzle system. In an experimental 

investigation, Wood and Higginbotham [56] studied the effects of the flow properties on an annular 
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transition diffuser with a constant outer diameter and a square shaped annulus inner body end. The tests 

were carried out using fully developed pipe flow as the inlet flow condition with axial and 20.6o swirl angle 

flow conditions. 

With axial inlet flow, it was observed that immediately downstream of the annulus inner body end a 

strong recirculation zone was shaped creating a vena contracta region. The effective length of the tailpipe 

was negatively affected by this vena contracta region. However, the diffuser performance (total pressure 

loss and static pressure recovery through the diffuser and flow uniformity at diffuser exit) improved using 

20.6o inlet flow condition over the use of the axial flow. This improvement was due to the decrease of the 

turbulence losses associated with flow over the sharp edge of the square shape of the annulus inner body. 

 Mallett and Harp J. [57] observed that the maximum transition diffuser performance was achieved 

using the 20o swirl angle inlet flow conditions. With decreasing swirl angle below 20o, the diffuser 

performance started to decrease due to the flow separation from the curved annulus inner body. Singh et al. 

[58] investigated the effects of the swirl flow on annular diffuser performance using the Fluent software. It 

was found that using the parallel diverging annulus inner body and casing (PDHC) and unequal diverging 

annulus inner body and casing (UDHC) configurations, the optimum swirl angle lay between 20o and 30o 

achieving the maximum diffuser performance [58]. Using the straight annulus inner body and diverging 

casing (SHDC) and converging annulus inner body and diverging casing (CHDC) configurations, it was 

found that the swirl of 10o was the optimum.  

Okhio et al. [59] conducted an experimental investigation to determine whether introducing swirl 

flow of 0o, 4o and 7o angles would affect the conical diffuser performance in a nozzle system. The size of 

the outer wall flow separation decreased with increasing swirl strength from a 4o to a 7o angle, but an 

undesirable recirculation zone at and around the diffuser centreline was created which increased the energy 

loss through the device. The swirl flow created a sharp increase in the radial pressure gradient in the flow 
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field and an axial pressure gradient in the core of the flow. Table 2-6 also shows a summary of the main 

independent parameters that were discussed in the current chapter and were considered in the current study. 

 

Table 2-6: Summary of the main ejector geometric and inlet flow condition parameters that were considered 

in the current study 

Parameter Definition Comments 

Reynolds 

number 

It provides the measure of inertia force to 

viscous force, an indicator of the turbulence 

level 

In the current study, the number 

was large, so its effects on the 

ejector performance were 

neglected 

Mach number It determines the condition at which the 

compressibility of the flow must be taken into 

account 

In the current study, Ma < 0.30, 

so its effects on the 

compressibility of the ejector 

performance were not an issue 

Craya-Curtet 

number (Ct) 

 

A universal parameter for confined jet systems. 

Ct  governs recirculation phenomena when the 

primary flow Re ˃ 5000 and ejector area ratio 

 ˃ 5.0 

In the current study, the Craya-

Curtet number was in the range 

of 0.98 

Turbulence 

intensity 

It is important for mixing process between the 

primary and secondary flows and boundary 

layers on the ejector walls 

In the current study, due to the 

limited available resource, the 

TI was taken from a previous 

study used the same apparatus 

Nozzle Two nozzles: converged and straight nozzles 

were used in the current study 

Varied, two nozzles 

Nozzle length The nozzle length was changed by moving the 

inner boy up- and down-stream of the nozzle 

inlet 

Varied, for lengths 

Standoff the axial distance between the nozzle exit and 

mixing tube entrance planes 

Different standoffs were 

investigated in the current study 

Mixing tube A short mixing tube with constant diameter was 

used in the current study 

Fixed 

Diffuser A four ring entraining diffuser was used in the 

current work 

Fixed 

Area ratio Two ejector area ratios were used in the current 

study 

Varied, two sets 

Swirl angle, φ Has strong effect on the core separation size and 

shape 

varied 

Temperature Significant effects on the ejector performance Varied from 295-850 K 
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2.4 CFD Simulation in Predicting the Performance of Air-Air Ejectors and their 

Components 

 The flow in air-air ejectors is characterized by swirling turbulent flow, annular to duct flow 

transition, strong streamline curvature, flow separation, strong pressure and temperature gradient, wall 

bounded flow and shear flow. These characteristics made the CFD simulation quite difficult. The turbulent 

flow is described by large and small eddies that make the flow in such devices more complicated. These 

eddies that have a wide range of length and time scales create fluctuations in flow velocity.  

 In order to simulate this turbulent flow numerically, there is a method called direct numerical 

simulation (DNS) in which no modeling is required. The DNS approach is not a practical method for 

solving realistic engineering problems containing high Reynolds number flows because the required 

computational cost using the DNS to solve the whole range of scales is proportional to the turbulent 

Reynolds number (Ret). An alternative method that reduces the computational cost is the large eddy 

simulation (LES) technique. This LES approach uses a low-pass filtering technique separating the large and 

small eddies. It removes eddies that are smaller than the size of the filter. The large eddies are solved 

directly and the small eddies are modeled. In terms of the fraction of resolved scales, the LES falls between 

the DNS and RANS-based turbulence models. 

 Rutland [60] reported that the next generation of simulating turbulent flows numerically in many 

engineering practical applications will be the use of LES. This approach offers considerable advantages 

over implementing the RANS-based turbulence models. However, LES still needs significantly finer 

meshes than those typically used for the RANS-based turbulence models. In order to achieve stable 

statistics of the flow being modeled using LES, the simulations have to be run for a substantially long time. 

This required run time will result in increasing the computational cost in terms of memory and CPU time 

over those associated with the RANS-based turbulence models. 
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2.4.1 RANS-Based Turbulence Models Capabilities in Predicting Air-Air Ejector 

Performance 

In confined coaxial jets with swirl, two-equation turbulence models have been the subject of 

numerical study by many researchers. The numerical results were validated using experimental data. Lai 

and Nasr [61] conducted experimental and numerical investigations. Their test model schematic diagram is 

shown in Figure 2-22. The numerical study was carried out using the standard and RNG k-ε and the RSM 

(Reynolds Stress turbulence Model) turbulence models that were available in Fluent 4.3.1 software.  

The numerical results were compared with the experimental data. It was reported that the standard 

and RNG k-ε and RSM turbulence models over-predicted the merging length by 8%, 18% and 9% 

respectively. The centreline axial velocity was over-predicted using the three models by 7%, 4.5% and 3% 

respectively. The RSM turbulence model predicted the axial centreline flow static pressure well over 

implementing the other two models. However, the RSM model under-predicted the minimum and 

maximum static pressure along the centreline by 12% and 31% respectively.  

In Chen and Birk [8] numerical investigation that was carried out to predict the performance of an 

air-air ejector with an entraining diffuser, Fluent 6.2.13 software with the realizable k-ε turbulence model 

was used. Compared with experimental data, using high swirl strength, the results showed that the 

realizable k-ε turbulence model was unable to predict the mixing of the flow field accurately. The model 

predicted the ejector total pumping ratio accurately but not for the right reason as it under-predicted the 

secondary flow and over-predicted the diffuser flow. The model did not predict the back pressure accurately 

due to uncertainties in predicting the diffuser wall separation phenomenon. However, it was recommended 

that fine mesh might improve the CFD predictions. 

Using the CFD software Fluent 5.0/Fluent (UNS) with the standard, RNG and realizable k-ε 

turbulence models and the RSM, Zhou et al. [51] conducted a numerical study to simulate the flow fields of 

an air-air ejector with annular axial and swirling inlet flow conditions. It was reported that with axial or 
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weak swirling flows, the two-equation models can predict reasonable trends for the turbulent kinetic energy. 

The RNG k-ε model showed better accuracy in predicting the basic flow fields over the use of the other 

two-equation models but demonstrated lower accuracy in predicting the turbulent kinetic energy. With 

strong swirling flows use of the RSM model was highly recommended to predict the flow fields in the 

ejector device [51].  

 
Figure 2-22: Schematic diagram of a two parallel plane jets flow field, Um: maximum mean velocity [61] 
   

 Mateer and Birk [46] utilizing the realizable k-ε turbulence model to numerically investigate an air-

air ejector system using a primary S-bend transition duct. Compared with the experimental data, it was 

observed that the realizable k-ε turbulence model was capable of predicting the velocity in three 

components at the ejector exit. However, it was unable to properly predict the static back pressure due to 

under-prediction of the viscous loss throughout the mixing tube.  

Two- and three-dimensional numerical investigations carried out by Sobieski [62] to predict air-air 

ejector performance using the Fluent 5.5 CFD software with the standard k-ε turbulence model. Compared 

with the experimental data, it was documented that the standard k-ε turbulence model does not to accurately 

predict the ejector performance. Further numerical model development for ejector equipment was 

recommended because the existing model was able to accurately predict the physical phenomenon in the 
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flow field of the device. It was also acknowledged that the study did not exhaust all the available turbulence 

models provided in the Fluent 5.5 software. 

 

2.4.2 RANS-Based Turbulence Model Performance in Predicting the Flow Field of Gas 

Turbine Exhaust Systems 

To gain a better understanding of the complexity of the flow field in the exhaust systems of the gas 

turbine engine and to validate the CFD prediction capabilities for improving the design applications, 

Sultanian et al. [63] conducted a three-dimensional CFD simulation. Utilizing the standard k-ɛ turbulence 

model, the STAR-CD commercial CFD code was used to simulate the flow in a 1/10 size scale model of the 

exhaust system of an industrial gas turbine engine, GE-MS9001E type. Compared with the experimental 

data, it was reported that the overall CFD predictions were able to predict the flow field in the exhaust 

system for design application.  

Cerantola and Birk [64] conducted a series of numerical calculations on annular transition diffusers 

with three inner bodies with different wall angles under different inlet flow conditions using the standard, 

RNG and realizable k-ε and the shear stress transport (SST) k-ω turbulence models. The static pressure 

recovery, velocity uniformity at the diffuser system exit and total pressure loss were the criteria used for 

evaluation. It was concluded that the realizable k-ε turbulence model with a coarse grid achieved the best 

overall relative comparison with experimental data. However, with fine mesh, the SST k-ω model predicted 

the best overall comparison with respect to the experimental data. 

 Xu et al. [65] carried out a numerical investigation to predict the separation and reattachment of 

turbulent flows inside an axisymmetric diffuser with a curved shape of the annulus inner body end. Five 

different turbulent models: high-Reynolds number k-ε with wall function model, high-Reynolds number k-ε 

with one-equation model, low-Reynolds number k-ε model, RNG k-ε turbulence model and anisotropic 

turbulence model were used. Compared with the experimental data, it was reported that the Reynolds 

number k-ε with one-equation model predicted the best numerical simulation for the separation and 
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reattachment positions. The high-Reynolds number k-ε with wall function model, low-Reynolds number k-ε 

model and anisotropic turbulence models significantly under-predicted the separation position by at least 

25%. The RNG k-ε turbulence model predicted a larger separation zone downstream of the annulus inner 

body end and predicted a very early separation point and delayed reattachment point compared to the other 

models. At a high swirl number, the diffuser pressure recovery was over-predicted using the standard k-ε 

turbulence model as it did not predict the general flow development accurately.  

 Vassiliev et al. [65] carried out a three-dimensional numerical analysis to study the performance of 

industrial gas turbine exhaust diffusers. The Standard and realizable k-ε turbulence models with wall 

function treatment were implemented. The data showed that the realizable k-ε turbulence model accurately 

predicted the diffuser performance parameter over using the standard k-ε turbulence model using different 

operating conditions. In Hah's [66] experimental and numerical study, the flow properties inside planar, 

conical and annular diffusers with inlet swirl flow condition were investigated implementing the standard k-

ε and Reynolds stress models. Compared with the experimental data, the data showed that at a high swirl 

number, the diffuser performance was over-predicted using the standard k-ε turbulence model as it did not 

predict the general flow development accurately. However, using both low and high swirl numbers, the 

diffuser performance was predicted with an acceptable accuracy using the RSM model.  

 In 2005, Sheeba and Genesan [67] carried out a numerical and experimental investigation to study 

the performance of a straight core annular diffuser. This annular diffuser was a part of a gas turbine exhaust 

system. The standard k-ε turbulence model was employed. It was concluded that the standard k-ε model 

predicted the performance of this device to acceptable agreement with experimental data.  

 A two-dimensional numerical study was carried out by Armfield et al. [68] to solve the flow fields 

of turbulent swirling flow through 12o and 20o angle diffusers with moderate inlet swirl strength. The k-ε 

and the RSM turbulence models were used. The numerical results were compared with experimental data. It 

was reported that the RSM turbulence model accurately predicted the mean velocities and turbulence 
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quantities over the use of the k-ε model since the RSM model discarded the isotropic eddy-viscosity 

hypothesis and predicted the anisotropic swirling flow better. However, the RSM model required more 

computational time over using the k-ε model, requiring typically 60% more iterations to convergence. 

 Iaccarino [69] used three commercial CFD codes: CFX, Fluent and Star-CD, to investigate the flow 

field in 2-D diffuser. For all cases, the same under-relaxation factors and discretization techniques were 

used. With the three codes, a low-Reynolds number k-ε model was used as a standard k-ε model feature and 

the v2-f model was implemented using the User Defined Functions. The CFD predictions were compared 

with the experimental data. Using the three codes, it was concluded that the v2-f model accurately predicted 

the recirculation zone that was created due to the adverse pressure gradient in the diffuser but the k-ε model 

did not predict this recirculation zone. The v2-f model predicted the length of the recirculation zone with 

6% difference compared with the measured data. The k-ε model prediction, in general, was not satisfactory.  

Using the v2-f model, the three codes employed showed a very similar quality concerning the 

convergence and accuracy but with the k-ε turbulence model, considerable differences were observed. 

Cordova and Stoffel [70] investigated the performance of a two-dimensional diffuser with inclination angle 

of 10o and area ratio of 4.7 numerically. Several k-ε turbulence models were compared with the SST k-ω 

turbulence model. The data showed that the k-ε turbulence models predicted the velocity of free stream 

within an acceptable accuracy and the SST k-ω models provided a better prediction of the boundary layer. 

However, all the turbulence models predicted the pressure recovery with a reasonable accuracy.  

 Adane et al. [71] numerically predicted the turbulent flow in a 2-D conical diffuser (2α = 8° and  

AR = 4) utilizing a CFX-TASC flow CFD code, with different low-Reynolds number k-ε and k-ω models. 

The data showed that the turbulence models accurately predicted the wall static pressure. However, using 

the k-ω model, the wall shear stress in adverse pressure gradient was accurately predicted over using the k-ε 

turbulence model because the ω-based model was able to take into account the effects of streamwise 

pressure gradients compared to the ε-based model.  
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Djebedjian and Renaudeaux [72] conducted experimental and numerical investigations using the 

standard k-ε turbulence and RSM models to predict the performance of an annular diffuser with an annulus 

inner body with a curved taper to a blunt-end shape. This diffuser was a part of a gas turbine exhaust 

system. The flow parameters that were measured at the turbine exit section of a gas turbine exhaust system 

were used as inlet boundary conditions of the CFD simulations.  

The numerical results were compared to the experimental data and it was found that both models 

over-predicted the diffuser pressure recovery. However, the RSM over-prediction was less than that of the 

standard k-ε turbulence. Nevertheless, the overall predictions of both models were acceptable. The results 

showed that the maximum static pressure recovery, Cp, was achieved at around 20o swirl angle inlet flow 

conditions. The pressure recovery was defined as: 

                                  
 

 2

11

12

2
1 V

PP
C p




                       (2.17) 

 

where P1, P2 are the mean static pressure at the inlet and exit of the diffuser, ρ1 and V1 are the density and 

mean total velocity at the inlet. In a numerical investigation using Fluent software, different shapes of the 

annular diffuser: PDHC, UDHC, SHDC and CHDC [58] were used. With 0o, 10o, 20o and 30o swirl angle, 

the performance of the annular diffuser was carried out using the Standard and RNG k-ε turbulence models. 

It was reported that the standard k-ε model predicted the non-swirling flows with a reasonable accuracy but 

it did not predict the trend of increase in pressure recovery as observed from experimental results. However, 

the RNG k-ε turbulence model predicted the non-swirling and swirling flows with reasonable accuracy 

compared to the standard model. 

 

2.5 Turbulence Models Used in the CFD Simulations of the Current Study 

 The two-equation RANS-based (k-ε and k-ω) turbulence models that are available in ANSYS Fluent 

14 software [73] were of particular interest in the current research. The two-equation models in which the 

turbulent velocity and length scales are being independently determined focus on the mechanisms that 
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affect turbulent kinetic energy and its dissipation. The k-ε model uses two transport equations representing 

the turbulent kinetic energy per unit mass (k) and turbulent dissipation (ε). The k-ω model also employs two 

equations: one representing kinetic energy per unit mass, k, and another characterizing the turbulence 

frequency, ω. For comparison, the RSM turbulence model was used to simulate a case that had already been 

simulated using the two-equation turbulence models. In the following subsection a concise summary of the 

basic features of the k-ε and k-ω, RSM and LES turbulence models are shown. However, the transport 

equations for the two-equation turbulence models are discussed in Appendix I. 

 

2.5.1 Standard k-ε Turbulence Model 

 The standard k-ε turbulence model has become popular in industrial flow and heat transfer 

simulations in the time since it was proposed by Launder and Spalding [74]. They reported that the standard 

k-ε model performed well predicting confined flows and flows with thin shear layers. However, the model 

did not perform well predicting flows with large strain rates, rotations and swirl. In this model, the turbulent 

viscosity, µt, is calculated from the following equation [74]: 

             


 

2k
Ct                                                               (2.18) 

where Cµ is constant, Cµ = 0.09. The identification of the strengths and weakness of the standard k-ε model 

allowed improvements to be made to it. Two of these modifications resulted in the RNG and realizable k-ε 

models. 

2.5.2 Renormalization Group k-ε Turbulence Model 

 The Renormalization Group k-ε model is similar in form to the standard k-ε model but an additional 

term in its ε-equation was added that considerably enhances the accuracy in flows with large strain rates and 

pressure gradients [75]. The standard k-ε model uses constant values for Prandtl numbers, whereas the RNG 

k-ε theory provides an analytical formula for it. Yakhot and Orszag [75] modified the turbulent viscosity, µt, 
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that was used in the standard k-ε model to be suitable for both low and high Reynolds number flows. The 

new viscosity is called effective turbulent viscosity.  

Yakhot and Orszag [75] also added a term to the ɛ equation, Rε, that made the model suitable for 

weak, moderate and strong strained flows. Therefore, the RNG k-ε model is more accurate and reliable for a 

wider class of flows compared to the standard k-ε model. It was reported that for expanding ducts, the RNG 

k-ɛ turbulence model was better than the standard k-ε model and performed well in swirling flows [75]. The 

RNG k-ɛ model was more consistent and accurate for a wider class of flows compared to the standard k-ɛ 

turbulence model. With flow with high curvature, the RNG k-ɛ turbulence model was also more accurate for 

capturing the turbulence fluctuation of swirl flows than the standard k-ɛ turbulence model. 

 

2.5.3 Realizable k-ε Turbulence Model 

 Shih et al. [76] created a new formulation to calculate the Cµ in Equation 2-18. The Cµ became a 

function of the mean strain and rotation rates, the turbulence fields and the angular velocity of the system 

rotation. They designed a new transport equation for the dissipation rate different from that of the standard 

and the RNG k-ε models. The realizable k-ε transport equation was obtained from an exact equation for the 

transport of the mean-square vorticity variation, which enhances its performance. They reported that the 

realizable k-ε turbulence model accurately predicted the spreading rate of both planar and round jets. It was 

also indicated that the realizable k-ε turbulence had the ability to accurately predict rotating flows, free 

flows including jets and mixing layers, channel and boundary layer flows, and separated and recirculating 

flows. 

2.5.4 Shear Stress k-ω Turbulence Model 

 Menter [77] found that the results of the k-ɛ turbulence models are more accurate in the free stream 

but its near wall performance is unsatisfactory for boundary layers with adverse pressure gradients. He 

transformed the k-ɛ turbulence into a k-ω model in the near wall regions. The SST k-ω model is considered 

a low-Reynolds number turbulence model because it is able to solve the flow all the way down to the wall 
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through the viscous sub-layers. Both the standard k-ω and k-ɛ models are used in the SST k-ω model to 

calculate the turbulence quantities. In the free stream, the SST k-ω model turns to the k-ɛ behaviour to avoid 

the common SST k-ω problem that the model is too sensitive to the inlet free-stream turbulence properties.  

Menter [77] developed an effective blending function that is called cross-diffusion to smoothly 

connect the accurate formulation of the k-ω in the near-wall region with the free stream independence of the 

k-ɛ model in the far field. Menter also modified the turbulent viscosity to account for the transport of the 

turbulent shear stress. Menter [77] reported that the SST k-ω model was considered as a suitable model in 

predicting adverse pressure gradient flows over implementing the other two-equation turbulence models. 

 

2.5.5 Reynolds Stress Turbulence Model 

 The main drawbacks of the k-ɛ and k-ω models arise when these models are used to predict flows 

with significant body forces or complex strain fields. These drawbacks encouraged researchers in the field 

[78-80].  To solve the transport equations for each of the terms in the Reynolds stress tensor. This 

approached yielded to the RSM. In the RSM model, the exact Reynolds stress transport equations along 

with an equation for the dissipation rate abandoning the isotropic eddy-viscosity hypothesis are resolved. It 

was reported that the RSM model is the most elaborate and unique model based on Reynolds-average 

Navies-Stokes equations [78-80]. Using these exact equations can account for the directional effects of the 

Reynolds stress field. Therefore, it was expected that the RSM model might have a greater capacity to give 

accurate predictions for complex flows than two-equation models.  

It was concluded that for complex flows such as stress-entrained secondary flows in ducts, swirling 

flows and rotating flow passages, the RSM should perform well [51]. It was also documented that the RSM 

model more efficiently predicted the performance of an Aerospatiale airfoil than k-ε models [51]. However, 

it was reported that due to the coupling between the mean velocity and turbulent stress fields through source 

terms in computational calculations, the RSM model may have convergence problems [71]. 
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The RSM model has a greater potential to provide accurate prediction of complex flows as it 

accounts for the effects of streamline curvature, swirl, rotation and rapid changes in strain rate in a more 

rational manner than the two-equation  models. However, the additional computational expense of using the 

RSM model must be taken into account [71]. The features and applications of the CFD approaches and 

turbulence models discussed in the current chapter are summarized in Table 2.7. 

 

Table 2-7: Comparison between different turbulence models that available in ANSYS Fluent 14 

Model Strength Limitation Convergence 

Standard k-ε 

model 

performed well predicting 

confined flows and flows 

with thin shear layers [74] 

Does not perform well 

predicting flows with 

large strain rates, 

rotations and swirl [74] 

The best (reference) 

RNG k-ε 

model 

Suitable to  

- weak, moderate and 

strong strained flows  

- swirl and low-Reynolds 

number flow 

 Hard to get convergence 

compared with standard k-ε 

model particularly with strong 

swirl flows 

Realizable k-

ε model 

superiority in predicting 

rotating flows, free flows 

including jets and mixing 

layers, channel and 

boundary layer flows, and 

separated and recirculating 

flows [76] 

Domain includes both 

stationary and rotating 

and areas 

Better than RNG k-ε 

SST k-ω 

model 

-airfoils and transonic flow 

-advisee pressure gradient 

flow 

 

Limited performance 

with strong swirl and 

large strain rate flows 

Needs substantial computer 

capacity and CPU time 

RSM model -high streamline curvature 

flows 

- strong swirl flows 

-rapid strained flows  

 Needs substantial computer 

capacity and CPU time 

LES Model - strong swirl flows 

-rapid strained flows 

-high streamline curvature 

flows 

 The solution requires large 

computer capacity and CPU 

time which limits its 

implementations. 

DNS Model - strong swirl flows 

-rapid strained flows 

-high streamline curvature 

flows 

 Non-practical method for the 

industrial flow computations, 

the required computational 

cost using the DNS to solve 

the whole range of turbulence 

scales is too expensive 
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2.6 Near-Wall Treatments 

 The flow near walls is definitely different from free turbulent flow due to the presence of boundary 

layers. The main flow velocity is influenced by the no-slip condition that has to be applied at the wall. The 

flow near the wall is affected by the viscous effects near walls and is not controlled by the free stream 

characteristics [69]. Close to the walls, the main flow velocity depends on the distance from the wall, shear 

stress, flow density and flow viscosity. 

 As shown in Figure 2-23, the turbulent boundary layer adjacent to a flat solid wall mainly consists 

of two regions: the inner region that represents 10-20% of the total thickness of the wall layer and the outer 

region [81]. The inner region is divided into three zones: the linear sub-layer, the buffer layer and log-law 

layer of fully turbulent region. Through the inner sub-layer, the flow is almost laminar and the viscous 

stresses dominate the momentum and heat or mass transfer of the flow adjacent to the surface.  

This viscous sub-layer is in practice extremely thin at which the non-dimensional perpendicular distance to 

the wall, y+, is less that 5 (y+ < 5).  The y+ is defined as following: 

        


  yu
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                                                      (2.19) 

where uτ is the friction velocity that is defined as: 

       





wu                                                                    (2.20) 

 

The shear stress in the sub-layer is approximately constant and equal to the wall shear stress, τw, through the 

layer that is defined as: 
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By integrating the Equation (2-21) with boundary condition of U = 0.0 at y = 0.0, a linear relationship 

between the mean velocity and the distance from the wall can be obtained as follows: 



 y
U w                                                             (2.22) 
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Within the viscous sub-layer distance, it is observed that the non-dimensional parameters are equal (u+ = y+) 

where u+ was defined in the following formula: 

             y
k

Ey
k

u ln1ln
1

                     (2.23) 

 

where k  and E for smooth walls are 0.4 and ≈ 9.8 respectively. Within the log-law layer, the turbulent stress 

plays the major rule and y+ has a range of 30 <y+ <500.  

 
Figure 2-23: Flat plate subdivisions of the near-wall region [73] 

  
Between the inner sub-layer and the log-law layer, there is the buffer layer where the effects of the 

molecular viscosity and turbulent stress are equally important. Within the buffer layer the non-dimensional 

distance parameter y+ has a range of 5 <y+ <30. In the outer region, the flow is free from direct viscous 

effects. Due to the no-slip condition, the mean velocity sharply decreases in the region where y/δ ≤0.2 and 

is a maximum far away from the wall as shown in Figure 2-24. As shown in Figure 2-24, the large mean 

variation occurs adjacent to the wall where the maximum values of 
2'u , 

2'v , 
2'w and 

''vu are found slow 

that turbulence production is high [81]. In this region adjacent to the wall the flow is clearly anisotropic. 

In numerical calculations, the turbulence models are essentially valid for the core flow with a sufficient 

distance from the wall. To improve the turbulence models' effectiveness close the walls, near wall 
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treatments should be implemented. In ANSYS Fluent 14 software, there are four types of wall treatments: 

Standard Wall Treatment (SWF), Non-Equilibrium Wall Treatment (NEWF), Enhanced Wall Treatment 

(EHWF) and User-Defined Wall Functions (UDWF) [73]. The SWF can apply with high accuracy to flows 

with small pressure gradients such as pipe flow and flat plate flow. Using the SWF on complex flows such 

as flow around bluff bodies where the boundary layer separates from the surface will lead to inaccurate 

predictions [81]. In order to use the SWF techniques, the cell center point, P, of the wall-adjacent cell has to 

be outside the both viscous sub-layer and the buffer layer and satisfy the following condition:  

30< y+ < 500. The NEWF is an improved model of the SWF technique. 

 

Figure 2-24: Distribution of mean velocity and second moments
2'u , 

2'v , 
2'w and 

''vu for flat plate 

boundary layer [81] 

 

 These improvements include the mean velocity gradient which is sensitized for pressure gradients 

and the turbulent kinetic energy. It is recommended to use the NEWF for complex flows with high pressure 

gradients such as rotation, separation, reattachment and impingement [82]. However, the viscous region 

adjacent to the wall of the turbulent boundary layers is fully resolved by using the EHWF through 

implementing a two-layer concept. The two layer model is used to identify both the kinetic energy 

dissipation and the turbulent viscosity close to the wall cells. Nonetheless, in order to use the EHWF, it was 
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recommended that the first cell in the boundary layer must be within the viscous sub-layer and y+ at the 

wall-adjacent cell should be in the order of one [82]. A higher y+ was acceptable as long as was still inside 

the viscous sub-layer (y+ < 4 to 5). Also, it was advised that on the walls, the turbulent Reynolds number, 

Ret, number should be less than 200. The Reynolds number can be calculated using the following formula 

[81]: 

             
 


 ky

etR                                                                     (2.24) 

 

where y is the normal distance from the wall to the first wall-adjacent cell center. The User Defined Wall 

Functions is the other option to be used with k-ε models. In ANSYS Fluent 14software, adjustments to the 

available wall treatment models can be made and activated using the Near-wall Treatment option. 

 

2.7 High Temperature Correction Models 

 The RANS-based computational fluid dynamics is considered as an essential technique to design a 

broad range of industrial applications. Although the RANS-based CFD models are used regularly for 

analyzing the flow fields in gas turbine exhaust systems, the accurate prediction of the jet flows remains an 

attractive area for many researchers in the field. Based on the RANS method, the two-equation models have 

been used most frequently for jet flow analysis because of their capability in providing the mean flow and 

turbulent kinetic energy fields necessary for subsequent investigation.  

The turbulence model should be able to take into account the effects of the density gradient of the 

jet flow exiting from gas turbine exhaust systems. It was reported that [83] the two-equation turbulence 

models were not able to accurately predict the mixing in the shear layers for high temperature jet flows as 

the effects of the large temperature gradient on the mixing were not considered. 

 Nevertheless, thermal correction models that can account for the effect of temperature variations on 

turbulent flow have been developed to improve the two-equation turbulence models. Five modifications to 

the standard k-ε turbulence model have been carried out [83] and [84]. Four of these modifications were 
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directly associated with modeling the turbulence heat flux terms and one included the effects of high 

temperature gradients through modifying the eddy viscosity, µt, which was called Temperature Corrected 

Turbulence Model (TCTM). These modifications were calibrated using experimental data. It was found that 

the Temperature Corrected Turbulence Model achieved the best agreement with the experimental data. In 

this model, the temperature correction was introduced in the form of a variable CT, which is summarized in 

the following equations:  
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where Tg is temperature correction function, Tt is the inlet total temperature to the CFD model, k is the 

turbulent kinetic energy, ε is dissipation per unit mass. The model was extended to include high speed 

through the following equation: 
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where Mτ is the turbulence Mach number, a is the local acoustic speed. The eddy viscosity as function of the 

temperature correction was defined as: 

TCC *09.0                                                           (2.27) 

where CT was defined in the following form: 
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where H(x) is the Heaviside step function, f(Mτ) = 0.0 for non-compressibility correction and Mτ0 = 0.1 for 

both subsonic and supersonic flows. Also,  tT  was defined as follows: 
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 To improve the accuracy of turbulent jet flow simulations, an assessment of turbulence models was 

developed using subsonic jets with cold and hot inlet flow conditions [85]. One of these turbulence models 

was standard k-ε employing the above temperature correction modification. It was concluded that the 

modified k-ε turbulence model formulation presented significant improvements in the mean flow 

predictions compared to unmodified model.  

 Nonetheless, using the temperature correction technique, the mean flow mixed more rapidly 

resulting in a balance of the turbulent kinetic energy, K, the dissipation rate of turbulent kinetic energy, ε 

and the modified the turbulent viscosity, µt that caused the k field to dissipate earlier than with no 

correction. In a three-dimensional numerical simulation, the flow field in a gas turbine exhaust system was 

predicted employing finite volume method and two-equation turbulence models [84]. The above 

temperature corrected turbulence model (TCTM) was employed. It was reported that the TCTM accurately 

predicted the temperature, the pressure and the concentration distribution of the exhaust gases in the flow 

field over using the standard k-ε turbulence mode. The infrared signature prediction was significantly 

improved using the temperature correction technique. 
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Chapter 3 

Experimental Approach 

3.1 Introduction 

One of the main objectives of the experiments in the current study was to investigate how core 

separation in an air-air ejector device affected the system performance. Validating the CFD turbulence 

models was the second objective of these experimental tests. In order to achieve these goals, comprehensive 

experimental work was conducted using a subsonic air-air ejector, similar to what can be found in 

helicopters, fixed wing aircrafts, ships, gas turbine test cells, ventilation systems, power stations and other 

applications. However, in the aerospace engineering field, these devices are usually very short resulting in 

their efficiency are far from the peak efficiencies. Therefore, decreasing the impact of the core separation 

on the ejector performance represented third objective of the experimental study. 

The performance of an air-air ejector is a multi-variable problem. In the present study, the 

independent and dependent variables were summarized as following: 

(1) Dependent variables 

 Pumping (i.e. secondary and tertiary mass flows), 

 Back pressure (static pressure at primary nozzle inlet ), 

 Centerline and wall pressures (pressure recovery), 

 Diffuser exit velocity, temperature and pressure distribution, and 

 Film cooling effectiveness (surface cooling in diffuser). 

(2) Independent variables: 

o Primary flow characteristics and distribution (axial, radial and tangential (swirl) velocity,  

temperature, pressure, turbulence), 

o Ambient air properties, and 
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o Device geometry including:  

 Inlet annulus dimensions (diameters and length), 

 Annulus inner body end shape and location, 

 Nozzle geometry, 

 Nozzle standoff, 

 Mixing tube length, diameter and inlet shaping, and 

 Diffuser geometry details (number of rings, ring diameters and lengths, gap inlet 

shaping and overlap). 

The ejector device was mounted on an annular swirling flow Hot Gas Wind Tunnel (HGWT). The 

HGWT is designed to simulate gas turbine exhaust conditions including mass flow rate, swirl and 

temperature. The tunnel is located in the Queen’s University Gas Turbine Laboratory. The experimental 

study included the following geometrical configurations:  

(i) Two shapes of the annulus inner body end: elliptical and square, 

(ii) Two nozzle configurations, 

(iii) Two standoffs, 

(iv) A constant diameter and length mixing tube, and  

(v) A four ring entraining diffuser. 

Using subsonic primary flow with high Reynolds number, the primary flow was varied as following: 

 Cold and hot primary flow with a temperature range of 295-850 K, and 

 Swirl angles of 0o, 10o, 20o and 30o. 

In the current experimental investigation, the following parameters were measured: 

(a) Back pressure: static pressure at the nozzle inlet, 

(b) Temperature and velocity (in x, y, and z directions) at a section located upstream of the nozzle inlet 

to determine inlet flow conditions, 
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(c) Static and total pressure, temperature and velocity at the nozzle and diffuser exits,  

(d) Velocity through the diffuser gaps, and 

(e) Static pressure and temperature distributions along the nozzle, mixing tube and diffuser walls. 

The ejector performance characteristics were calculated using the above measured parameters.  

Some experiments were repeated to determine uncertainty associated with misalignment. To 

minimize the uncertainty associated with the measurements during the tests, measurement of the following 

parameters was repeated during each test:  

1) The static pressure along the annulus, nozzle systems, mixing tube and diffuser walls, and 

2) The inlet flow conditions: velocity (in x, y and z directions), temperature, and pressure along 

vertical and horizontal lines at the nozzle and diffuser exits. 

 The experimental setup, instrumentation and measuring parameters that used in the current study 

are summarized in the following sections. 

 

3.2 Experimental Setup 

The experimental setup including a description of the air-air ejector, nozzle system configurations 

and HGWT discussed in the following subsections.  

 

3.2.1 Air-Air Ejector Geometry 

In the present study, the experimental tests were carried out on a subsonic air-air ejector. Compared 

to what could be mounted on the exhaust system of a gas turbine engines, the ejector system considered as a 

simplified device. This simplified ejector is different from the actual gas turbine installations in the 

following features: 

 No engine shaft support struts upstream of nozzle, 

 No complex geometry nozzle (s-bend, tabbed, multi-lobe, hyper-mixing), 

 No bends in nozzle, mixing tube or diffuser, 
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 Swirl vanes replace the actual turbine stator and rotor, and 

 Annulus inner body is terminated either by a flat surface or an elliptical bulb. 

Definitely, the engine support struts would affect the flow properties in the exhaust system (nozzle 

system in the current study) particularly the swirl level of the exhaust gases of a gas turbine engine. In the 

current research, no attempt was made to study these processes. However, the effects of geometry changes 

and flow swirl strength on the core separation phenomenon in such devices were the focal objectives of the 

current study.  

In the present research, the subsonic air-air ejector consists of a nozzle, a mixing tube, a diffuser 

and a standoff as shown in Figure 3-1. A short mixing tube with constant diameter and length, as shown in 

Figure 3-1, was used. A four-ring entraining diffuser with 28 mm overlapped, hg, 14 mm gab, g, and 112 

width, Ld , as shown in Figure 3-1, was also used. The basic dimensions of the subsonic air-air ejector are 

shown in Table 3-1. 

 
Figure 3-1: Air-air ejector with a short and constant diameter mixing tube and a four-ring entraining 

diffuser 
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Table 3-1: The used air-air ejector basic dimensions 

Name Symbol Dimension 

Converged and straight nozzle inlet diameter Dni,1 210 mm 

Converged nozzle exit diameter Dne,2 172 mm 

Converged and straight nozzle lengths Ln,1, Ln,2 172 mm 

Diffuser diverging angle 2ϑ 20o 

Diffuser overlap ratio DOR = Ld/hg 2.0 

Diffuser exit diameter  Dde 356 mm 

Diffuser ring length Lr 112 mm 

Diffuser ring length to its gap ratio RHTL = LR /hg 8 

Diffuser overall length Ld 336 mm 

Mixing tube inlet to converged nozzle exit area ratio (Ejector 

area ratio 1) 

AR1 = Amt/Ane 2.0 

Mixing tube inlet to straight nozzle exit area ratio (Ejector area 

ratio 2) 

AR2 = Amt/Ane 1.35 

Mixing tube length to diameter ratio ARmt = LMT/ DMT 2.0 

Mixing tube length Lm 488 mm 

Mixing tube diameter Dmt 244 mm 

Mixing tube rounded inlet Rd 14 mm 

Standoff number one s1 86 mm 

Standoff number two s2 129mm 

Standoff ratio using converged nozzle with 86 mm standoff sc1 0.5 

Standoff ratio using converged nozzle with 129 mm standoff sc2 0.75 

Standoff ratio using straight nozzle with 86 mm standoff sstr1 0.41 

Standoff ratio using straight nozzle with 129 mm standoff sstr2 0.62 

Straight nozzle exit diameter Dne 210 mm 

 
3.2.2 Swirl Generator  

A flat bladed swirl generator was used to generate flow swirl in the annulus upstream of the 

primary nozzles. This swirl generator did not generate swirl that accurately simulates that from a gas turbine 

engine. This type of data is generally not available from engine manufacturers. It was used to generate a 

simple swirling flow.  

In the present study, an annulus and swirlers, shown in Figure 3-2, were used to generate annular 

swirling flow. The swirl generator consisted of three axial-vaned swirler sets. Each swirler set has 10o, 20o 
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or 30o blades. With equal radial spacing, each swirler has 16 zero-camber line airfoil blades with 

approximately constant swirl angle in the radial direction. The swirlers were mounted at 12 annulus heights 

(12h) upstream of the converging and straight rounded nozzle inlets in either of the two nozzle system 

configurations. 

 

Figure 3-2: Axial-vaned swirler sets, from left to right: 10o, 20o and 30o axial-vaned swirler sets 

 

3.2.3 Nozzle System Configurations 

 Converged and straight nozzle configurations were used in the current study as shown in Figure 3-3 

(a) and (b) respectively. The converged nozzle configuration (converged nozzle system) consisted of an 

annulus and a transition diffuser followed by a converged rounded nozzle. The straight nozzle configuration 

(straight nozzle system) was made up of an annulus and a transition diffuser followed by a straight rounded 

nozzle. These two nozzle systems were used as driving nozzles in the ejector system that was used in the 

current study. 

In both configurations, the inner and outer diameters of the annulus (Dai and Dae) were 114.4 and 

210 mm respectively. The minor radius of the elliptical shape on the annulus inner body end was the same 

as the annulus inner radius (57.2 mm) and its major radius was 81 mm. Removing the elliptical part off the 

annulus inner body end created the square shape. The converged and straight rounded nozzles had the same 

longitudinal length: 172 mm. With the two nozzle systems, the annulus inner body end moved upstream and 



  

  

  

65 

downstream of the two nozzle inlets using the two shapes of the annulus inner body end to change the 

nozzle system lengths. 

 
(a) Converged nozzle system configuration 

 

 
(b) Straight nozzle system configuration 

Figure 3-3: Schematic diagram of the converged and straight nozzle system configurations 

 

3.2.4 Hot Gas Wind Tunnel (HGWT) 

 The air-air ejector system was mounted on the end of the annulus flow passage of the tunnel as 

shown in a schematic diagram in Figure 3-4. A photo of the HGWT is shown in Figure 3-5. The HGWT 

mainly consists of a centrifugal blower driven by a 40 hp electrical motor that feeds an inlet diffuser          

(2ϑ =16°) with six guide vanes to prevent flow separation from the diffuser walls. The mass flow rate 

through the wind tunnel is controlled by using different diameter flow orifice plates at the blower inlet. The 

diffuser is followed by a natural gas burner with 1.46x103 KW to heat the air to the required temperature. A 
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settling chamber was mounted after the burner to improve the flow uniformity. The settling chamber was 

followed by a conical nozzle to accelerate the flow before entering the annulus passage. 

 
Figure 3-4: Schematic diagram of the HGWT, h = 47 mm 

 

 

Figure 3-5: View of the HGWT 
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Based on the hydraulic diameter and average velocity and temperature at the nozzle exit, the 

HGWT provides cold flow at about Mach 0.2 with a Reynolds number of about 5.2x105 and hot flow at 

about Mach 0.27 with a Reynolds number in the range of 2.6x105. The HGWT is capable to provide ≈ 2.4 

kg/s mass flow rate for inlet flow with ambient temperature and about 1.6 kg/s mass flow rate using hot 

flow with temperature of ≈ 850 K. 

 

3.2.5 X-Y Traverse Description 

The X-Y traverse mainly consists of a traverse table, two stepper motors and a stepper motor 

controller. The traverse table was mounted on a portable frame. However, in each test, after the alignment, 

the portable frame was mounted to the main frame and the HGWT annulus to keep the same alignment. In 

the current study, two X-Y traverses were used at the nozzle and diffuser exits. The X-Y traversing rigs 

were designed, manufactured and programmed to position the 7-hole probes at specific points according to 

the traverse requirements.  

The 7-hole probe's X- and Y- positions were controlled using VEXPA 12V stepper motors with 

step sizes of 0.127 and 0.0314 mm in the x- and y-directions respectively. Arrick A200SMS stepper motor 

controllers and a LabView program were used to control the two motors. The torque of the motor that 

controls the Y-position was increased using a pulley reducer. Before starting the tests, the X-Y traverses 

were carefully calibrated to ensure that each angular step was producing the required linear motion. The X-

Y traverse’s calibration is outlined in Appendix A. 

 

3.3 Instrumentation and Measuring Parameters 

 The flow properties through the annulus, at a centreline section inside the mixing tube and at the 

two nozzle and diffuser exits were measured under different inlet flow conditions and using a variety of 

nozzle geometric configurations and two standoffs. The system pressure recovery and temperature along the 

ejector walls were also collected for the same inlet flow conditions and configurations. The diffuser gaps’ 
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inlet flow velocities were also measured. An experimental setup using the standoff number one (s1) is 

shown in Figure 3-6. Figure 3-6 shows the measured section in the annulus passage using a 7-hole probe, 

pressure tabs along the ejector walls, nozzle and diffuser exit X-Y travers, pressure transducers and IR 

camera. The overall schematic diagram of the experimental set up is shown in Figure 3-7. 

 

Figure 3-6: Experimental setup of the air-air ejector device, converged nozzle configuration 
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Figure 3-7: Schematic diagram of the main instrumentation set-up used in carrying out the measurements 

 
3.3.1 Seven-hole Probe 

In total six 7-hole probes were used in the current study. The 7-hole probes were used to obtain the 

velocity in x, y and z directions and the static and dynamic pressures of the flow field. Flow velocity 

magnitude and direction were calculated from the measured pressure differentials between at least four of 

the probe's 7-pressure ports as was described by Crawford and Birk [86]. The six 7-hole probes were used 

at/in the following sections: 

 Annulus: two probes, 

 Two nozzles and diffuser exits:  two probes, 
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 Centreline section inside the mixing tube: one probe, and 

 Diffuser gap inlets: one probe.  

In any flow, the probe's seven port pressures were measured concurrently. With the known relative 

positions of the probe's seven ports, non-dimensionalized pressure coefficients that characterized the flow 

direction, termed directional coefficients, were obtained based on the difference in the measured pressure 

across diametrically opposite ports. The non-dimensionalized directional coefficients were, in turn, 

correlated to a correction factor that was applied to the pressure magnitude coefficients. Using these 

correlated coefficients, the exact flow magnitude and pressure were determined as was illustrated by 

Crawford and Birk [86]. Establishing a correlation between the directional pressure coefficients and the 

flow angles and total and dynamic pressure coefficients was the main goal of the 7-hole probe calibration. 

The calibration was performed, as described in Appendix B, at the Queen’s University Gas Turbine 

Laboratory based on the Gallington method as explained in Crawford’s thesis [87].   

 

3.3.2 Thermocouples 

K- and T-type thermocouples were used in the current study. Under cold and hot inlet flow 

conditions, the K-type thermocouples were used to measure flow temperatures. The K-type thermocouples 

have a range from 73 K to 1173 K with an uncertainty of 0.4% [88]. As shown in Figure 3-8, the 

thermocouples were mounted near the tip of the 7-hole probes, which were used in the annulus, at the 

nozzles and diffuser exits, a centreline section inside the mixing tube, and in the diffuser gap inlets. The T-

type thermocouples were used to measure the ambient flow temperature in the space around the ejector 

device that was required for the numerical simulations.  The T-type thermocouples’ range is from 273 K to 

623 K with an uncertainty of ± 1 K [88]. 
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Figure 3-8: Thermocouple mounting on the 7-hole probe 

 
3.3.3 Annulus Inlet Boundary Condition Measurements 

 The ejector annulus inlet flow properties were measured using two 7-hole probes at 6.5h upstream 

of the converged and straight rounded nozzle inlets as shown in Figures 3-5 and 3-7. These two probes were 

mounted on opposite sides of the annulus at 0o (right side) and 180o (left side). The probes were moved 

manually a 5 mm step from the annulus’ inner wall to outer wall. In total, each probe was traversed at nine 

equivalent steps. Figure 3-9 shows the grid traverse of the right and left side probes.  

K-type thermocouples were used to measure flow temperatures [88]. The K-type thermocouples 

have a range from 73-173K with an uncertainty of 0.4% [88]. The thermocouples were mounted near the tip 

of the 7-hole probes that were used in the annulus. Omega PX139-001D4V steady-state differential pressure 

transducers were used to record the pressure data from the 7-hole probes. The pressure transducers’ 

calibration procedures are discussed in Appendix C. With cold and hot inlet flow conditions and different 

mass flow rates, the velocity and temperature profiles were measured in the annulus representing the inlet 

boundary conditions for both the measurement analysis and CFD simulations. The primary mass flow rates 
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were also calculated as an inlet mass flow rates for both the experimental analysis and CFD simulations. 

Detail inlet mass flow rate measurements and calculations were discussed in Appendix D. 

 
Figure 3-9: Inlet flow measuring traverse using a 7-hole probe at 0o and 180o 

 
3.3.4 Diffuser Gap Inlet Velocity Measurements 

 The four diffuser gap average inlet velocities were measured using a hot wire anemometer, a 7-hole 

probe and pressure taps and pressure tubes. The hot wire anemometer was placed at four circumferential 

locations (0o, 90o, 180o, and 270o) at the diffuser gap inlets. The 7-hole probe was placed inside the diffuser 

gaps. Inside the diffuser gap one, the probe was placed 1 cm upstream of the mixing tube exit. Inside the 

gap two, the probe was located at 1 cm upstream of the diffuser gap one exit plane. The same way, the 

probe was placed in gap three and four.  

Stainless steel 2.7 mm diameter tubes were bent 90o, termed gap total pressure tube, and placed 

inside each gap to measure the total pressure. In each gap, four total pressure tubes were uniformly placed 

in the circumferential direction at 0o, 90o, 180o and 270o. At each direction, the tubes were inserted inside 

the four diffuser ring gaps in the same way as the 7-hole probe was placed. The diffuser ring wall static 

pressures were measured by placing 2.7 mm diameter stainless steel tubes on the diffuser wall at the same 
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section with gap total pressure tubes, which were called gap static pressure taps. The wall static pressure 

was assumed constant through the diffuser gaps and was used as flow static pressure.  

The average dynamic pressure was calculated from the average total and static pressure using the 

gap total and static pressure taps. For each diffuser gap, the average inlet velocity was calculated from the 

averaged measured data using the three methods. The mass flow rates through the diffuser gaps were 

calculated using the continuity equation. The diffuser gap inlet flow velocity measurements are discussed in 

Appendix E. 

 

3.3.5 Flow Property Measurements at Different Sections Downstream of the Ejector System 

 The flow properties at the two nozzle exits, at one centreline section inside the mixing tube and at 

the diffuser exit were measured at different mass flow rates, flow temperatures and swirl angles. These 

measurements were conducted using 7-hole probes. The 7-hole probes were moved vertically and 

horizontally in equidistance on traversing grids using X-Y traverses as shown in Figure 3-10. A 

programmable control unit was used to move the probe vertically and horizontally. The converged and 

straight nozzle exit traverses were spaced at a 5 mm increments whereas the diffuser exit traverse was 

spaced at an 8 mm increments.  

One pressure transducer was used for the nozzle and diffuser traverses to minimize the uncertainty 

associated with averaging transient pressures. To maintain its reliability, the pressure transducer was 

calibrated regularly using a water manometer. The accuracy of the pressure readings was further improved 

by re-zeroing the pressure transducer preceding each traverse. The thermocouples were mounted near the 

tip of the 7-hole probes that were used at nozzle systems and diffuser exit sections. So, at every point, the 

flow velocity in x, y and z directions, dynamic and total pressure and temperature were measured. The 

average mass flow rates were calculated as explained in Appendix D. 
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Figure 3-10: Traversing grid at the nozzle and diffuser exits, a = b (traversing vertically and horizontally in 

equidistance), at the nozzle exit: a = b = 5 mm, at the diffuser exit: a = b = 8 mm 

 
3.3.6 Ejector Pressure Recovery Measurements 

 The ejector pressure recovery (pressure distribution along the mixing tube and diffuser walls) was 

obtained by measuring the mixing tube and diffuser walls' static pressures by mounting 2.7 mm diameter 

stainless steel taps on the surfaces. These taps were also be mounted on the ejector walls to allow 

measurement of the device flow symmetry. On the mixing tube walls, the taps were also placed in the 

circumferential direction at 0o, 90o, 180o and 270o. At both 0o and 180o over the first 5 cm downstream from 

the mixing tube inlet, the taps were placed uniformly every 0.5 cm and then about every 2.5 cm to the end 

of the tube.  

At 90o and 270o, the taps were equally placed every 2.5 cm over the entire length of the mixing 

tube. Static pressure was measured in each diffuser ring by two sets of 16 taps each that were uniformly 

placed in the circumferential direction at about 1.5 cm from the ring inlet and 1.5 cm approximately from 

the ring exit. These taps were ground flush to inner walls to ensure they did not alter the flow. Additionally, 

the static pressure on the annulus and nozzle system walls was measured for the CFD validation and flow 
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symmetry measurement purposes. For the annulus and the two nozzle systems, the taps were uniformly 

placed in circumferential direction at 0o, 90o, 180o and 270o. 

 

3.3.7 Wall Temperature Measurements 

 With hot flow, the temperature distribution along the mixing tube and diffuser walls was measured 

using the thermal camera FLIR ThermaCAM SC1000. Thermal images that were obtained from the camera 

were stored in a PCMCIA memory card during the measurements. The thermal images were post-processed 

using the ThermaCAM Researcher 2001 software. The mixing tube and diffuser walls were painted flat 

black to obtain uniform and high emissivity to eliminate reflections.  

The camera had four measuring ranges: from 263 K to 338 K, from 338 K to 393 K, from 393 K to 

523 K and from 523 K to 723 K. It was important to set the camera to the appropriate range for the best 

thermal images. Therefore, thermocouples were spot welded on some points on the mixing tube and diffuser 

walls to measure the wall temperatures at these points. The known wall temperatures at these points were 

used to calibrate the ThermaCAM range and emissivity setting. 

 

3.3.8 Data Acquisition System  

 To collect pressure and temperature data, and to control the 7-hole probe traverses, control 

programs were written in LabView 5.1. The instrumentation were connected to the Dell OptiPlex GZ620 

computers using Data Translation Inc DT3003-PGL DAQ multifunction boards and DT730-T terminal 

blocks. The DAQ cards had 64 single-ended analogue input channels each. In order to minimize the noise 

generated from the instrumentation, the DAQ card channels were grounded. A FORTRAN software program 

was used to convert the 7-hole probe pressures to velocities and to obtain the mass flow rates, average 

velocities and temperatures, and static and dynamic pressures at the nozzle and diffuser exits. 
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3.4 Sampling and Averaging Methods 

The measurements were obtained based on the assumption that the average flow conditions in the 

ejector device were at steady state during the experimental period. Because of the turbulent flow fluctuation 

characteristics in the ejector device, plentiful instantaneous readings were recorded and then averaged in 

order to acquire reasonable mean values of the flow parameters. A pressure sampling sensitivity 

investigation was performed in Appendix F. The number of samples and sampling rates of the 

measurements that were conducted in the current studies are shown in Table 3-2. Calculating the average 

value of a set of data of non-uniform flows requires the proper choice of averaging method. Data averaging 

methods are discussed in detail in Appendix G. 

 

Table 3-2: Measurements' sampling rates and number of samples 

Instrument Sampling Rate (Hz) Number of Samples 

 

7-hole probes 

used in annulus 

- In annulus: 500 

- Nozzle and diffuser exit traverses: 500 

- Diffuser gap inlet velocities: 500 

- In annulus: 5000 

- Nozzle and diffuser exit traverses: 

5000 

- Diffuser gap inlet velocities: 5000 

Wall pressure 500 5000 

 

 

Flow temperature 

- In annulus: 500 

- Nozzle and diffuser exit traverses: 500 

- Diffuser gap inlet velocities: 500 

- In annulus: 5000 

- Nozzle and diffuser exit traverses: 

2200 

- Diffuser gap inlet velocities: 5000 

Wall temperature 900 900 

 
3.5 Experimental Uncertainties 

 For measured flow parameters, the difference between the actual and the measured or calculated 

values are known as uncertainty. The limits that bound the possible values of the uncertainty in the 

measurements were found using manufacturer's specifications and statistical analysis. These limits within 

which the uncertainty lies are referred as uncertainty. Moffat [89] defined this uncertainty as the interval 

around the measured value within which the true value was anticipated to be found. Throughout gathering 

pressure data (7-hole probe and/or wall pressure), there were different sources of uncertainty including wall 
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irregularity, uncertainty of pressure transducers, the 7-hole probe calibration uncertainties and apparatus 

misalignment. The measurement uncertainty analysis is discussed in Appendix H.  

Based on the Gallington method as described in Crawford [87], the 7-hole probes were calibrated 

using a small cold flow wind tunnel, which is located in the Queen’s University Gas Turbine Laboratory, at 

both pitch and yaw angles of up to ± 52o. The uncertainty of the pressure transducer was within 0.1% of full 

scale [88]. In order to carry out the experimental investigation appropriately, it was verified that the 

instrumentation was within the proper range. The summary of the range and uncertainty of the experimental 

instrumentation used in the current research is presented in Table 3-3.  

 

Table 3-3: Summary for instrumentation ranges and uncertainties 

Instrumentation Measurement Measurement 

Range 

Measurement 

Uncertainty 

Location 

7-hole probes Velocity three 

components, 

static and total 

pressure 

0o - 52o flow 

angle 

±1o pitch, ±0.8o yaw, 

±11 Pa of total pressure, 

±12 Pa of static pressure,  

±12 Pa of dynamic 

pressure 

- in the annulus 

-  at nozzle and 

diffuser exits, and 

- in diffuser gaps 

2.7 mm pressure 

taps 

Static gauge 

pressure  

 0.3% via the pressure 

transducers 

Mixing tube and 

diffuser walls 

T-type 

thermocouples 

Room 

temperature  

273 K - 623 K ± 1 K  At the HGWT air 

blower exit  

K-type 

thermocouples 

Cold and hot 

flow 

temperature  

73 K - 1173 K 2.2 K or 2% Different sections 

Pressure 

Transducer  

 ± 7 kPa 0.3% range  

Hot wire 

anemometer 

Flow velocity 0 - 30 m/s 3% range Diffuser gap inlet 

velocities 

2.7 mm pressure 

probes 

Flow velocity  0.3% via pressure 

transducer 

Diffuser gap inlet 

velocities 

ThermaCAM SC 

1000 Camera 

Wall 

temperature 

263 K - 723 K Larger of 2.2 K or 2% Mixing tube and 

diffuser walls 
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Chapter 4 

Computational Fluid Dynamic Simulation Approach 

Due to the presence of flow separation, large temperature and velocity gradients and swirl flow, the 

CFD simulation of the flow in air-air ejectors was quite challenging and costly. However, it is now possible 

to solve the governing equations of the turbulent flows using turbulence modeling principles. Nevertheless, 

many studies in this field have concluded that the qualities of these simulation results were greatly affected 

by selecting the proper turbulence models, appropriate mesh, suitable inlet and exit plenum locations. In the 

following subsections, the RANS-based turbulence models that were used to predict the performance of air-

air ejectors and their components are summarized. In the current study, two-dimensional (2D) axisymmetric 

domain was simulated as the studied ejector is axisymmetric device. 

 

4.1 Geometry and Mesh Generation 

 Using Gambit software, the CFD geometry was established by defining all vertex positions in two-

dimensional domains. These vertices were used to create edges and then faces. Creating an entirely 

structured mesh with low cell skew between neighboring cells represented the main objective of the 

meshing method. In order to achieve this main objective, cells parallel to the ejector surface, which were 

termed boundary layers, were created on the device walls. These boundary layers created structured mesh 

that grew with a specific rate to create a smooth transition between the small cells near the walls to large 

core cells. In order to terminate these boundary layers inside the fluid domain, the nozzle, mixing tube and 

diffuser wall exits were rounded.  

Using this boundary layer technique, the mesh near the ejector walls was created of small size cells 

to fulfill the y+ requirement for enhanced wall function and to use the SST k-ω model. Figures 4-1 and 4-2 

show detailed 2D computational grid including a part of the annulus passage, annulus inner body end, inlet 

plenum and nozzle domain. Figures 4-3 and 4-4, show the detailed grid at and arround the nozzle exit, 
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mixing tube inlet and standoff. Figure 4-5 shows the detailed boundary layers at the mixing tube ropunded 

exit and diffuser ring one rounded inlet. Similar to the grid shown in Figure 4-5, the mesh at the ring two, 

three and four inlets and exits were created. In these boundary layeres, shown in Figures 4-1 to 4-5, Quad 

elements and Pave types were implemented to mesh the faces at the leading and trainling edges of the 

ejector parts. The hight of the boundary layers’ first row is 0.1 mm. The boundary layers were grow up with 

growth factor of 1.005. The boundary layeres number (rows number) was in the range of 40 layers with 

depth of about 0.5 cm. 

 

Figure 4-1: Two-dimentional grid domain of the annulus passage end, elliptical shape of the inner boyd end, 

nozzle and inlet plenum 
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(a) Grid showing a part of the elliptical shape of the 

annulus inner body end 

 
(b) Gird at the annulus inner body end (at and 

arround the ejector centreline) 

Figure 4-2: Two-dimensional grid of the system nozzle configuration 

 
 

 
Figure 4-3: Standoff, nozzle exit and mixing tube inlet domain 
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(b) Mixing tube inlet grid 

 

 
 

(a) Nozzle exit grid, t: 

wall thickness, t = 1.4 mm 

Figure 4-4: Detailed symmetry plan of mesh: nozzle exit, standoff and mixing tube inlet 

 

 
(a) Mixing tube exit and ring 1 inlet mesh (b) Ring 1 exit and ring 2 inlet mesh 

Figure 4-5: Detailed Symmetry Plan of Mesh: Mixing Tube Exit and Diffuser Gaps 
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4.2 Plenum Locations and Inlet Boundary Conditions 

 Plenums at the inlet of entrained flow and at the ejector exit, as shown in Figure 4-6, were selected 

properly to decrease mesh size and keep the flow structure, particularly the streamline curvature, as was in 

reality. The streamline curvature represents the pressure gradient at the boundary condition surfaces. If the 

plenum is not placed a proper distance from the ejector, the boundary conditions used, pressure inlet and 

pressure outlet, will force the flow to be uniform which will adversely affect the solution. In ANSYS Fluent 

14software, all pressures that are specified by the user and/or reported by the software are gauge pressure. 

The average and profile of the turbulence intensity that were used in the current work were taken from 

previous work [20] that used the same apparatus.  

 
Figure 4-6: Schematic diagram of the inlet and outlet plenum and the basic features of the boundary 

conditions of the ejector device 

 
 The mass flow rates that were calculated from the measured velocity and temperature and an 

average turbulence intensity by 7% found in the annulus were used as inlet boundary conditions. 

Subsequent simulations used the measured velocity and measured turbulence intensity profiles as inlet 

boundary conditions to determine the effect of changing these boundary conditions on the solutions. An 

adiabatic no-slip wall condition was used for the inner and outer faces of the ejector walls. The wall 

roughness was selected as smooth. The secondary flow was entrained at the mixing tube inlet and more 
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entraining flow was drawn into the diffuser by the primary flow from the nozzle systems. Thus, inlet 

pressure was specified for all inlets as shown in Figure 4-6, to simulate the atmospheric condition. 

 

4.3 CFD Mentoring Solution Convergence Strategies and Boundary Conditions 

 In the current study, the convergence of the solution was determined by monitoring average 

velocity and mass flow rate at the converged and straight nozzle exits, and average wall shear stress at the 

mixing tube and diffuser walls. The simulations ended when all of the residuals dropped below 10-6. 

However, in some cases the solutions were assumed to reach convergence when the monitored parameters 

remained constant after a few thousand iterations and the scaled residuals dropped under 1x10-5. A pressure 

inlet boundary condition was applied to all of the inlet plenum faces. With applying this pressure inlet 

boundary condition, the gauge pressure, turbulence intensity, turbulence length scales were defined as 0.0, 

1% and 1m respectively. The flow direction was specified to be perpendicular to the inlet plenum faces (one 

velocity component). The flow temperature was also set at the inlet plenum faces to 300 K 

Pressure outlets were used to define the outlet boundary conditions. The location of the proper exit 

plenum (outflow boundary surface) was determined by performing an independence study to obtain a fully 

developed flow at that location with direction perpendicular to the plenum. The segregated pressure based 

solver calculates the governing equations sequentially and updates the flow field accordingly. The QUICK 

discretization scheme was used and pressure was calculated using the second order scheme. Enhanced wall 

treatment and non-equilibrium wall functions were used in most CFD cases and the near wall cells were 

specified accordingly. 

 

4.4 CFD Domain and Grid Independence Studies 

 In the current section, CFD simulations were carried out using the RNG k-ε turbulence model that 

was available in the ANSYS Fluent 14 software. The most of the material and results that are included in the 

current section were already published in ASME Turbo Expo 2015 [90]. Due to the flow complexity in air-
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air ejector devices, simulating the mixing process between the primary and secondary flow is quite 

complicated and costly. The qualities of these simulation results are greatly affected by selecting the 

appropriate mesh, suitable exit and radial plenum locations and adequate inlet boundary condition locations. 

Cold inlet flow conditions with 10o swirl angle were used to conduct the computational domain and mesh 

refinement independence studies.  

 The measured flow velocity at the nozzle exit, at one centreline section inside the mixing tube 

(msimt) and at the diffuser exit and the system pressure recovery were compared with the CFD predictions. 

The predicted ejector pumping ratios, back pressure coefficient and diffuser gaps' inlet velocities were also 

compared with the measured data. The computational domain that was investigated in the current section 

included the annulus, nozzle, standoff, mixing tube, diffuser and plenums. The main goals of carrying out 

these independence studies were to determine how sensitive RANS-based CFD predictions to the domain 

size, mesh refinement and inlet boundary condition locations would be. 

 

4.4.1 Domain Size Independence Studies 

The subsonic air-air ejector that was considered in the current computational domain independence 

studies has a converged nozzle, the elliptical shape of the annulus inner body end, the 0.5 standoff ratio 

(sc1), a short mixing tube and a four ring-entraining diffuser, as shown in Figure 4-7. Due to the unknown 

pressure conditions at the mixing tube inlet, diffuser gap inlet, and diffuser exit, large radial and exit 

plenums were considered. These large plenums were implemented to allow the boundary conditions to be 

specified far enough away from these inlets and exits. As a result, realistic pressure conditions, particularly 

streamline curvature, would be developed at these inlet and exit locations.  
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Figure 4-7: Schematic diagram of the air-air ejector with four ring entraining diffuser  

 
4.4.1.1 Exit Plenum Locations 

 Five exit plenums: Lep1 to Lep5, as shown in Figure 4-8, were tested to check if the CFD predictions 

were sensitive to the exit domain shape. The Lep1 to Lep5 were located at 0.5, 5, 10, 15 and 20 times the 

diffuser exit radius (Rde) downstream of the diffuser exit section. The corresponding mesh size for the 

models using Lep1 to Lep5 was 1.15, 1.20, 1.25, 1.3, and 1.35 million cells, respectively, all with cell aspect 

ratio less than 2.7. The main domain mesh structure for the five exit plenum locations was kept the same. 

 
Figure 4-8: Schematic diagram of the basic features of CFD exit plenum domain Lep: exit plenum 

 
 Figures 4-9 to 4-12 show non-dimensionalized measured axial velocity profiles at the vertical 

centreline of the diffuser exit and ejector pressure recovery in mixing tube and diffuser using the five exit 
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plenum locations. The axial velocity was non-dimensionalized by dividing the local axial velocity (w) with 

the maximum measured velocity at the nozzle exit (Wne,m). The wall static gauge pressure was non-

dimensionalized by dividing the local wall static pressure (Pst) with dynamic pressure (q) that was 

calculated at the measured section in the annulus. At the nozzle exit and at the msimt, using the six exit 

plenum locations, a slight difference in predicting the velocity profiles was observed.  

 At the diffuser exit section, shown in Figures 4-9 and 4-10, it was found that the CFD predictions 

with Lep1 were different from the rest of the plenum locations (Lep2 - Lep5). It was also seen that the predicted 

velocity profile using the Lep2 to Lep5 exit plenums were substantially the same. At the ejector centreline, the 

difference in the predicted axial velocity using the Lep1 and the rest of the exit plenum locations was 

approximately 4.5%. However, it was observed that with Lep1 the CFD predicted the axial velocity closer to 

the measured data over using the other exit plenum locations but not for the right reason. With the Lep1 

plenum, the exit boundary conditions were very close to the ejector exit (9.4 cm). The plenum was not 

placed proper distances from the ejector exit, the pressure outlet boundary conditions used forced the flow 

to be uniform which adversely affected the solution.  

Figures 4-9 and 4-10 show the predicting and measured axial velocity profiles at the diffuser exit 

and ejector pressure recovery with the Lep2 to Lep5 plenums. A good agreement between the predicted results 

and the experimental data was found over using Lep1 because the location of the exit boundary conditions 

didn't change the physics of the flow far from reality. Therefore, it was safe to select one of Lep2, Lep3, Lep4, 

or Lep5 to be used in the rest of the CFD simulations. With high swirl flows, moving the exit plenum further 

downstream allows the swirl to dissipate. In the current study, 30o swirl angles was used, therefore Lep3 

(10Rde) exit plenum was selected. 
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Figure 4.9: Non-dimensionalized measured and predicted axial velocity profiles at the vertical centreline of 

at nozzle exit, converged nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio 

(sc1), cold flow with 10o swirl angle, Exp: experimental 
 

 
Figure 4.10: Non-dimensionalized measured and predicted axial velocity profiles at the vertical centreline at 

the measured section inside the mixing tube, converged nozzle with elliptical shape of the 

annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o swirl angle, Exp: experimental 
 

 
Figure 4.11: Non-dimensionalized measured and predicted axial velocity at the diffuser exit, converged 

nozzle with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 

10o swirl angle, Exp: experimental 
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Figure 4.12: Non-dimensionalized measured and predicted ejector system pressure recovery, converged 

nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o 

swirl angle, Exp: experimental 

 

4.4.1.2 Radial Plenum Locations 

 Three different radial plenums, Lrp1, Lrp2, and Lrp3, with 2.5, 4 and 8.2 times the mixing tube radius, 

Rmt, shown in Figure 4-13, were tested in the radial plenum independence study. With Lrp1, Lrp2, and Lrp3, the 

mesh sizes were 1.12, 1.25 and 1.43 million cells respectively. The main domain has the same mesh size 

and structure with the three plenums and the Lep3 was used. 

Figures 4-14 to 4-17 show the velocity profiles at the nozzle and diffuser exits and msimt using the 

three radial plenums. It was found that there was a slight difference in predicting the velocity profiles 

particularly at and around the ejector centreline (core separation). With Lrp2, and Lrp3, the CFD predicted the 

pressure recovery well over with Lrp1. It was also found that with Lrp2 and Lrp3, the predicted pressure 

recovery results were significantly the same. Consequently, Lrp2 radial plenum location was selected to be 

used in the rest of the CFD simulations. 
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Figure 4-13: Schematic diagram of the basic features of CFD radial plenum domain Lep, Lrp: exit and radial 

plenums respectively 
 

 
Figure 4-14: Non-dimensionalized measured and predicted axial velocity profiles at the nozzle exit, 

converged nozzle with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold 

flow with 10o swirl angle, Exp: experimental 
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Figure 4-15: Non-dimensionalized measured and predicted axial velocity profiles at the centreline measured 

section inside the mixing tube, and the system pressure recovery, converged nozzle with elliptical 

shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o swirl angle 

 
Figure 4-16: Non-dimensionalized measured and predicted axial velocity profiles at diffuser exit, converged 

nozzle with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 

10o swirl angle, Exp: experimental 

 
Figure 4-17: Non-dimensionalized measured and predicted ejector system pressure recovery, converged 

nozzle with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 

10o swirl angle, Exp: experimental 
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4.4.1.3 Inlet Boundary Condition Location  

 In the current CFD independence study, the measured parameters were specified at three locations 

upstream of the annulus end: Lpi1, Lpi2 and Lpi3 with 4h, 30h and 50h respectively, where h is the annulus 

height, shown in Figure 4-18. The actual flow velocity and temperature profiles that were measured at 4h 

upstream of the annulus inner body end were imposed at the three different locations, Lpi1, Lpi2 and Lpi3, as 

CFD inlet boundary conditions. As shown in Figure 4-18Lep3 exit plenum and Lrp2 radial plenum were used 

in the current independence study. The mesh sizes for Lpi1 to Lpi3 are 1.12, 1.25 and 1.44 million cells 

respectively. The cell aspect ratio for all mesh sizes was kept under 2.7. 

 Figures 4-19 to 4-22 show the non-dimensionalized measured centreline axial velocity profiles at 

the nozzle exit, msimt and diffuser exit as well as the system pressure recovery using the six locations of the 

inlet boundary conditions. Using the Lip1, the CFD simulations badly predicted the velocity profiles at the 

nozzle exit, msimt and diffuser exit compared to the other locations due to the flow did not develop in the 

annulus as in the reality. With this location (Lpi1), the pressure recovery predictions agreed well with the 

measured data over the other four locations but not for the right reason.  

 
Figure 4-18: Schematic diagram of the basic features of CFD inlet boundary condition locations, Lep, Lrp: 

exit and radial plenums respectively 
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Using the Lpi1 location, the predicted velocity profile at nozzle exit was shifted up at high radii that 

did not agree well with the experimental data, shown in Figure 4-19. This shifted velocity profile increased 

the kinetic energy of the flow at high radii in the mixing tube and diffuser that improved the predicted 

pressure recovery to be closer to the measured data over using the other locations (Lpi2 and Lpi3). It was also 

found that there was no significant difference in predicting the velocity profiles at nozzle and diffuser exits 

and msimt using the other inlet boundary locations, Lpi and Lpi3. The same observation was found in 

predicting the pressure recovery in the mixing tube and diffuser. Therefore, the Lipi2 (30h upstream of the 

annulus inner body end) was chosen to be used in the rest of the CFD simulations. 

 
Figure 4-19: Non-dimensionalized measured and predicted axial velocity at the nozzle, converged nozzle 

with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o 

swirl angle, Exp: experimental 

 
Figure 4-20: Non-dimensionalized measured and predicted axial velocity at the centreline measured section 

inside the mixing tube, converged nozzle with elliptical shape of the annulus inner body end, 0.5 

standoff ratio (sc1), cold flow with 10o swirl angle, Exp: experimental 
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Figure 4-21: Non- dimensionalized measured and predicted axial velocity at the diffuser exit, converged 

nozzle with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 

10o swirl angle, Exp: experimental 

 
Figure 4-22: Non- dimensionalized measured and predicted ejector pressure recovery, converged nozzle 

with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o 

swirl angle, Exp: experimental 

 

4.4.2 CFD Grid Independence Study 

In a grid refinement independence study, the ejector with the converged nozzle with the elliptical 

shape of the annulus inner body end, the 0.5 standoff ratio (sc1), a short mixing tube and a four ring-

entraining diffuser was used, shown in Figures 4-23 and 4-24. Using Gambit software, the CFD geometries 

were established. The main objective of the proposed meshing method was to create an entirely structured 

mesh with low cell skew between neighboring cells represented. Boundary layers were generated near the 

ejector walls to make small size cells to fulfill the y+ requirement for enhanced wall treatment. In order to 
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find out how the CFD was sensitive to the mesh size and structure, three mesh sizes with 0.5, 1.25 and 3.5 

million cells were used.  

The cell aspect ratio in the main domain used in six mesh sizes was kept less than 3.5. Lep3, Lrp2, and 

the RNG k-ε turbulence model were used. Figure 4-25 and 4-26 show the measured and predicted non-

dimensionalized measured centreline axial velocity profiles at the nozzle exit, msimt and diffuser exit and 

pressure recovery in mixing tube and diffuser for the three mesh sizes. It was noticed that as the number of 

cells increased, the predicted axial velocities got slightly closer to the experimental data for the most part at 

and around the ejector centreline as shown in Figure 4-23, 4-19 and 4-25. Using 1.25 and 3.5 million cells, 

it was also found that the predicted velocity at the nozzle exit, msimt and diffuser exit were almost 

overlapped each other. The same results were made in predicting the pressure recovery as shown in Figure 

4-24. Consequently, the 1.25 million cells mesh size was used in the rest of the CFD simulations. 

 
Figure 4-23: Non-dimensionalized measured and predicted axial velocity profiles at the nozzle exit, 

converged nozzle with elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold 

flow conditions with 10o swirl angle, Exp: experimental 
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Figure 4-24: Non-dimensionalized measured and predicted axial velocity profiles at the centreline measured 

section inside the mixing tube, converged nozzle with elliptical shape of the annulus inner body 

end, 0.5 standoff ratio (sc1), cold flow conditions with 10o swirl angle, Exp: experimental 

 
Figure 4-25: Non-dimensionalized measured and predicted axial velocity profiles at the diffuser exit, 

elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow conditions with 

10o swirl angle, Exp: experimental 

 
Figure 4-26: Non-dimensionalized measured and predicted ejector system pressure recover, converged 

nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow 

conditions with 10o swirl angle, Exp: experimental 
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4.5 Independence Studies Main Conclusions 

The CFD simulations that were conducted in the above section are summarized in the current 

subsections. The material property indolence study that are presented in Appendix L was also summarized 

in the current subsections. 

 

4.5.1 Main Domain and Grid Independence Studies 

 The effect of the location of the exit plenum on the results was studied by implementing five exit 

plenum locations; Lep1 to Lep5, located 0.5, 5, 10, 15 and 20 times the diffuser exit radius (Rde) downstream 

of the diffuser exit section that is presented in Chapter 2. It was found that the CFD results were 

independent of the exit plenum location when it was downstream of the diffuser exit by 5*Rde or more. 

Consequently, the Lep3 (10Rde) exit plenum was used in the rest of the CFD simulations.  

 The effect of the location of the radial plenum on the CFD simulation results was studied by 

implementing plenum at three locations Lrp1, Lrp2 and Lrp3 located 2.5, 4 and 8.2 times the mixing tube radius 

(Rmt) from the ejector centreline, which is explained in Chapter 2. It was found that the CFD results were 

independent of the radial location of 4Rmt and 8Rmt. Consequently, the 4Rmt (Lrp2) radial location was 

implemented in the rest of the CFD simulations. 

Three inlet boundary condition locations Lpi1, Lpi2 and Lpi3 with 4h, 30h and 50h respectively were 

tested, as presented in Chapter 2, where h is the annulus passage’ height. It was found that the CFD results 

including velocity profiles at different sections in the ejector domain and ejector pressure recovery were 

independent of the two radial locations Lpi2 and Lpi3. Therefore, the Lpi2 was applied for the rest of the CFD 

simulations.  

The main feature of the exit and radial plenum lengths that were used in the rest of the CFD 

simulations are shown in Figure 4-27. The flow parameters that were measured in the annulus at 4h 

upstream of the annulus end (measured section) were imposed as CFD inlet boundary conditions at 30h 

upstream of the annulus inner body end (Lpi2) as shown in Figure 4-27. In the CFD grid independence study, 
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the range of the mesh size that lay between 0.5 and 3.5 million cells were implemented, as described in 

Chapter 2. It was found that the CFD results were independent of the mesh size of 1.25 million cells that 

was used in the rest of the CFD simulations. The maximum cell aspect ratio of the 1.25 million cells was 

kept less than 2.7. 

 
Figure 4-27: Schematic diagram of the basic features of CFD exit and radial plenum domain and inlet 

boundary conditions locations, Lep and Lrp: exit and radial plenums respectively 

 
 

4.5.2 Material Independence Study 

 Out of the material independence study that is discussed in Appendix L, using the same 

experimental facilities, after carrying out an independence study, Chen [20] concluded that the hot flow 

properties are similar to pure air with an uncertainty by about 3.3%. Therefore, in the current study, the hot 

flow used was pure air. The hot flow density was calculated using the ideal gas law. The hot flow specific 

heat, thermal conductivity and viscosity were calculated using the temperature based polynomial equations. 

The Matlab software was used to calculate these hot flow properties using curve fitting interpolation. 
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Chapter 5 

Experimental Results and Discussions 

5.1 Introduction 

In the current chapter, the experimental results and discussion are presented including the flow 

structure inside the ejector. The air-air ejector performance criteria including the system pumping ratios, 

back pressure, pressure recovery and wall temperature distribution are also presented. The core separation 

and its effects on the device performance were investigated experimentally by carrying out a multivariable 

experimental study that is summarized in Tables 5-1 and 5-2.  

The effects of the nozzle length on the core separation were carried out using cold inlet flow 

conditions with 0o, 10o and 20o swirl angles. Table 5-3 summarizes the tests that were carried out to study 

the effects of the nozzle length on the core separation and consequently on the ejector performance 

parameters. To minimize the uncertainty associated with the measurements during the tests, measurement of 

the following parameters was repeated during each test:  

 The static pressure along the annulus, nozzle systems, mixing tube and diffuser walls, and 

 The inlet flow parameters: temperature, pressure and velocity (in x, y and z-directions) 

The uncertainty associated with averaging pressures was minimized through establishing the 

minimum number of samples necessary to obtain a stable average. The accuracy of the pressure readings 

was further improved by re-zeroing each transducer preceding the start of each traverse and before 

measuring static pressure along the ejector walls. For data confirmation, four tests, as shown in Table 5-4, 

were carried out. The data confirmation procedures and results are described in Appendix J. In total, 64 

successful tests were carried out. Approximately six and half to eight and half hours was needed to carry out 

each test. 
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Table 5-1: Summary of the experimental tests using cold and hot flow conditions, converged and straight 

nozzles, elliptical and square shapes of the annulus inner body end; black colour: tested cases, 

white colour: not tested cases 
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Table 5-2: Summary of the experimental tests using cold and hot flow conditions, converged and straight 

nozzles, elliptical and square shapes of the annulus inner body end; black colour: tested cases, 

white colour: not tested cases 
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Table 5-3: Summary of the experimental tests studying the effects of the nozzle length on the ejector 

performance, cold flow, converged nozzle, square shape of the annulus inner body end; black 

colour: tested cases, white colour: not tested cases 
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Table 5-4: Summary of the experimental tests that were used for data confirmation; black colour: tested 

cases, white colour: not tested cases 
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In the next subsections, the results of the effects of the area ratio, the shape of the annulus inner 

body end, swirl strength and flow temperature on core separation in the air-air ejector using two standoffs 

are presented and discussed. Figure 5-1 shows one of the experimental set-ups as an example, illustrating 

the nozzle and diffuser exit traverses, inlet measured section, pressure taps, the HGWT exit and the 

ThermaCAM (IR camera). The tests were carried out using cold and hot inlet flow conditions using different 

geometric and flow parameters. For cold inlet flow conditions, the range of the flow temperature at 4 

annulus heights (4h) upstream of the annulus inner body end (measured section) (Tin) was 285 to 315 K. 

The range of the flow temperature for hot was 500 to 850 K at different swirl flow conditions. 

 
Figure 5-1: An experimental set up, converged nozzle with elliptical shape of the annulus inner body end, 

0.75 standoff ratio (sc2) 
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5.2 Actual Swirl Angle and Uncertainty 

 The actual flow angle downstream of the swirlers varied slightly from the designed nominal angle. 

It was found that the actual flow that was measured at 4h, where h is the height of the annulus passage, 

upstream of the annulus inner body end varied depending on the flow temperature. With cold inlet flow 

conditions, termed, range one, the actual swirl flow increased by 4% to 14%. Using hot flow conditions 

with a temperature range of 470 to 520 K, termed, range two, the actual swirl flow increased by 7% to 16%. 

Under hot flow conditions with a temperature range of 780 to 850 K, called range three, the swirl angle was 

also increased by 13% to 24%. With these three ranges, the measured swirl angles at the measured section 

corresponding to the nominal angles are listed in Table 5-5. 

 

Table 5-5: Actual average inlet flow swirl angle measured in the annulus upstream of the annulus inner 

body end, range one: cold flow, range two: hot flow with 500 K temperate range, range three:  hot 

flow with 800 K flow temperature range 

Flow conditions Specified Range Nominal Swirl Angle Actual Swirl Angle 

Cold flow Range one 10o 11o 

Cold flow Range one 20o 21o 

Cold flow Range one 30o 31o 

Hot flow Range two 10o 12o 

Hot flow Range two 20o 22o 

Hot flow Range two 30o 32o 

Hot flow Range three 10o 13o 

Hot flow Range three 20o 24o 

Hot flow Range three 30o 34o 

 
5.3 Flow Structure and Ejector Performance Criteria 

 The current subsection presents results for the tests that were carried out under cold and hot inlet 

flow conditions using two standoffs (s1, s2) and 40 mm longitudinal distance between the major radius of 

the elliptical shape of the annulus inner body end and the nozzle inlet as shown in Figure 5-2. 
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5.3.1 Using the Standoff Number One 

 Tests were carried out using the standoff number one (s1) under cold and hot inlet flow conditions. 

Straight and converged nozzles were implemented. For cold inlet flow conditions, the flow temperature 

range at the measured section inside the annulus was 295 to 315 K, while in hot inlet flow conditions it was 

470 to 520 K. At the nozzle and diffuser exit traversed sections, 2200 pressure samples were taken to obtain 

a stable cumulative time average. In the coming subsections, using the straight nozzle under different inlet 

flow conditions, the results and discussion are presented. Using the converged nozzle, the comparable 

results and discussions are presented in Appendix K. 

 
Figure 5-2: Schematic diagram of the air-air ejector using the standoff number one 

 
5.3.1.1 Straight Nozzle: Cold Inlet Flow Conditions 

 In the current subsection, a straight nozzle with 1.35 area ratio, 0.41 standoff ratio (sstr1) and two 

shapes of the annulus inner body end were used: elliptical and square. Some experiments were carried out 

while the burner was not turned on (cold inlet flow condition) to save time, money and energy. The air-air 

ejector system that is shown in Figure 5-3 was mounted on the end of the annulus tube of the tunnel. 



  

  

  

104 

 
Figure 5-3: Schematic diagram of the air-air subsonic ejector, 0.41 standoff ratio (sstr1), straight nozzle 

 
(a) Diffuser Gap Inlet Velocity 

 The four diffuser gap inlet flow velocities were measured using a hot wire anemometer, a 7-hole 

probe and pressure tubes as was described in Appendix E. Even though it was found that 2200 pressure 

samples were adequate to have an acceptable accuracy, 5000 samples were taken in gap velocity 

measurements using the 7-hole probe and pressure tubes to minimize any uncertainty. Using the three 

methods, the measured average total inlet velocity was calculated at each diffuser gap inlet for each method. 

It was found that for all cases the difference between the readings using the three methods was within 10%. 

However, for each diffuser gap, the final average inlet velocities were calculated from the averaged 

measured data using the three methods.  

The non-dimensionalized diffuser gap velocities are shown in Table 5-6 for the 0.41 standoff ratio 

(sstr1), elliptical and square shapes of the annulus inner body end and cold flow with 10o and 20o swirl 

angles, using the straight nozzle. The diffuser gap inlet velocities were non-dimensionalized by dividing the 

local average inlet velocity with the maximum inlet average velocity that was found using hot flow, 

elliptical shape of the annulus inner body end and diffuser gap one.  

It was found that the diffuser gap velocities decreased downstream of the diffuser due to the flow 

deceleration. It was observed that in the diffuser gap inlet velocities increased as the swirl angle increased. 

The mixing between the primary and secondary flows in the diffuser improved, due to the increase of the 
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swirl angle. The shear stresses are function of the velocity components (u, v and w). The velocity tangential 

component (u) increased with swirl angle that, in turn, increased the tangential stress. Increasing tangential 

stress enhanced the mixing process between the primary and secondary flows that, in turn, increased the 

tertiary mass flow rate. Increasing tertiary mass flow rate resulted in increasing the diffuser gap inlet 

velocities. It was also found that the square shape of the annulus inner body increased the diffuser gap 

velocities over the use of the elliptical shape under the different swirl angles. 

 

Table 5-6: Non-dimensionalized measured diffuser gap inlet velocities (Gap1, Gap2, Gap3 and Gap4), 

straight nozzle, elliptical and square shapes of the annulus inner body end, cold flow, 0.41 standoff 

ratio (sstr1) 

Swirl Angle 

 

Annulus inner body end with elliptical 

shape 

Annulus inner body end with square 

shape 

Gap1 Gap2 Gap3 Gap4 Gap1 Gap2 Gap3 Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm V1/Vm V2/Vm V3/Vm V4/Vm 

10o 0.96 0.69 0.56 0.36 0.96 0.69 0.55 0.38 

20o 0.98 0.72 0.62 0.40 0.91 0.72 0.61 0.41 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum velocity 

 
(b) Flow Structure at Different Sections Downstream of the Ejector System 

 At the nozzle and diffuser exit sections, the seven-hole probes were traversed using a 

programmable control unit in equal increments vertically and horizontally in the plane perpendicular to the 

exit flow direction. The straight nozzle exit traverse was spaced at a 6 mm increment whereas the diffuser 

exit traverse was spaced at an 8 mm increment. The number of grid points was specified based on balancing 

the required measurement accuracy and total time taken for a full traverse. K-type thermocouples that were 

mounted near the tip of the seven-hole probes were used in the annulus and nozzle and diffuser exit sections 

to measure flow temperatures. The flow temperatures at the nozzle inlet were varied from 285 to 310 K. 

The axial velocity at different downstream sections of the ejector device was non-dimensionalized 

by dividing the local axial velocity (w) with the maximum local axial velocity (Wne,m) at the nozzle exit. 

Figures 5-4 and 5-5 show axial velocity contours at the nozzle exit. The velocity directions were 

represented by the vectors and characterize the swirling flow. Many parameters affected the downstream 
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recovery of this core separation including the shape of the annulus inner body end, flow parameters, nozzle 

area ratios, and the length of the mixing tube and diffuser.  
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(a) Elliptical shape, φ = 10o 
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(b) Square shape, φ = 10o 

Figure 5-4: Non-dimensionalized measured velocity contours at the nozzle exit, straight nozzle, elliptical 

and square shapes, 0.41 standoff ratio (sstr1), 10o swirl angle, cold flow conditions 
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(a) Elliptical shape, φ = 20o 
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(b) Square shape, φ = 20o 

Figure 5-5: Non-dimensionalized measured velocity contours at the nozzle exit, straight nozzle, elliptical 

and square shapes, 0.41 standoff ratio (sstr1), 20o swirl angle, cold flow conditions 

 
 As shown in Figure 5-4, the square shape smoothed the flow velocity particularly around the ejector 

centreline over using the elliptical shape by decreasing the size of the recirculation zone behind the annulus 

inner body. Flow separation on the elliptical shape was probably moving around creating flow unsteadiness 

phenomenon. This phenomenon degraded the flow uniformity at different sections in the ejector device. 
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More unsteady flow that associated with the elliptical shape might cause circumferential variation in the 

circulation zone that started immediately downstream of the annulus inner body end that, in turn. On the 

other hand, on the square shape of the annulus inner body end, the flow separation was locked at a flat end. 

It was also found that as the swirl angle increased, the low velocity core separation region increased. As 

shown in Figure 5-5 (a), at 20o swirl angle and with elliptical shape of the annulus inner body end, the 7-

hole probe did not detect the flow at diameters of 16 mm or less around the ejector centreline respectively. 

The probe did not measure the flow in these zones because the flow reached the probe's tip with negative 

axial velocities or/and with angles that exceeded the probe's calibrated cone angle, +/- 52o.  

 The non-dimensionalized measured axial velocity profiles at the vertical centreline of the measured 

section inside the mixing tube (msimt) at 20o swirl angle and cold inlet flow conditions using the elliptical 

and square shapes of the annulus inner body end are shown in Figure 5-6. The swirl angle increased the size 

of the core separation due to the effects of the centrifugal force of the swirl flow. The square shape 

increased the flow uniformity at the msimt section compared with the elliptical shape.  

 
Figure 5-6: Non-dimensionalized measured axial velocity profiles at msimt, straight nozzle, elliptical and 

square shapes of the annulus inner body end, 0.41 standoff ratio (sstr1), cold flow conditions with 

20o swirl angle, Wne,m: local maximum axial velocity at the nozzle exit 

 
A better flow uniformity indicates a more effective mixing process between the primary and 

secondary flows in the standoff, mixing tube and diffuser. Compared to the elliptical shape, the square 

shape of the annulus inner body end decreased the axial velocity peak of 3.5%. At 20o swirl angle, as shown 
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in Figure 5-6, with elliptical shape of the annulus inner body end, the 7-hole probe did not detect the flow at 

diameters of 10 mm or less around the ejector centreline at the nozzle exit but with the square shape, the 

probe was able to measure the flow at and around the ejector centreline. The unmeasured zone using the 7-

hole probe was clearly found at the nozzle exit as shown in Figure 5-5 (a). With 20o swirl angle and at the 

ejector centreline, the square shape increased the axial velocity by about 5% compared to the elliptical 

shape.  

 With the cold inlet flow condition and straight rounded nozzle, the non-dimensionalized measured 

axial velocity profiles at the diffuser exit using 10o and 20o swirl angle and the two shapes of the annulus 

inner body end are shown in Figure 5-7. Compared with the velocity profile at the msimt, as shown in 

Figure 5-6, the axial velocity at and around the ejector centreline substantially increased, shown in Figure 5-

7, indicting that the entraining diffuser had significant effects in improving the ejector performances.  

 
Figure 5-7: Non-dimensionalized measured axial velocity profiles at diffuser exit, straight nozzle, elliptical 

and square shapes, 0.41 standoff ratio (sstr1), cold flow conditions with 10o and 20o swirl angles, 

Ell, Sq: elliptical and square shapes of the annulus inner body end respectively, Wne,m: local 

maximum axial velocity at the nozzle exit 

 

At 10o and 20o swirl angles, with the square shape of the annulus inner body end, the axial velocity 

at the ejector centreline increased 36% and 35% over the use of the elliptical shape respectively. This 

improvement flattened the velocity profiles and consequently decreased the effects of the core separation. 

With 20 swirl angle and using the square shape of the annulus inner body end, there is inflection point of 
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the axial velocity profile at r/Rde of 0.25, shown in Figure 5-7. This inflection point was occurred due to 

apparatus misalignment. With swirling flow, any misalignment could lead to significant flow distortion 

downstream of the ejector device. However, great care was taken to avoid this distortion. 

 

(c) Ejector System Pressure Recovery 

 With the straight nozzle, the wall static pressure along the mixing tube and diffuser walls was 

measured for both shapes of the annulus inner body end using cold inlet flow conditions with 10o and 20o 

inlet swirl angles as shown in Figure 5-8. The data showed that in contrast to the annulus inner body with 

the elliptical shape, the square shape decreased the wall static pressure distribution along the mixing tube 

and diffuser walls at the two swirl angles because it flattened the velocity profiles at the nozzle exit. This 

flatness increased the flow velocity near the mixing tube and diffuser walls resulting in decreasing wall 

static pressure. This result was consistent with results obtained by increasing the flow velocity through 

diffuser gaps when the square shape was used. 

 
Figure 5-8: Non-dimensionalized measured ejector pressure recovery, straight nozzle, elliptical and square 

shapes, 0.41 standoff ratio (sstr1), cold flow conditions with 10o and 20o swirl angles, Ell, Sq: 

elliptical and square shapes of the annulus inner body end respectively 
 

It was also found that the wall static pressure along the mixing tube decreased as the swirl angle 

increased. Increasing the swirl angle caused higher radial pressure gradients compared with non-swirling 

counterpart flows due to the effects of the centrifugal component. However, the wall static pressure along 
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the diffuser increased as the swirl angle increased due to the increasing of the flow kinetic energy at high 

radii. This increasing of the pressure recovery increased the diffuser gap pressure gradient and velocities as 

shown in Table 5-6.  

 However, with 20o
 swirl angle, a rapid pressure drop at the mixing tube exit was noticed. There 

were two suggestions to explain this sudden drop of the pressure recovery at the mixing tube exit: 

 A presence of a recirculation area at the mixing tube exit, as shown in Figure 5-9. This suggestion 

was rejected as Becker et al. [13] reported that the presence of the downstream mixing tube wall's 

separation areas were limited to Ct < 0.85. The current Craya-Curtet number was 0.9 and 0.95 with 

10 and 20 swirl angle respectively. Saeys et al. [18] also reported that a separation area can be 

generated on the tube’s wall if the primary flow Reynolds number and the ejector area ratio are 

greater than 5000 and 5 respectively. The current ejector area ratio is 1.35. 

 Spreading of the core flow towards the ejector walls, as shown in Figure 5-9, due to the effects of 

the centrifugal force of the swirling flow increased the flow at high radii at the mixing tube exit 

resulted in sudden drop of the pressure recovery at the tube exit. 

 
Figure 5-9: Schematic diagram of the annular swirling flow using straight nozzle 
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(d) Ejector Performance Criteria 

 Two main ejector performance parameters: ejector back pressure coefficient and pumping ratios, 

are discussed in the current subsection. Adding an ejector to the exhaust system of a gas turbine engine 

increases the back pressure which would adversely affect the engine fuel consumption and engine life since 

the increasing of the back pressure would reduce the turbine pressure ratio. Three pumping ratios: total (Фt), 

secondary (Ф2nd) and tertiary (Ф3rd) ratios, are discussed in the current subsection. A higher total pumping 

would result in better plume cooling. A higher tertiary pumping ratio would produce better film cooling in 

the diffuser device.  

Table 5-7 shows the measured back pressure coefficient under cold inlet flow conditions using the 

straight rounded nozzle with the two shapes of the annulus inner body end. The data showed that the 

pressure coefficient decreased as the swirl angle increased due to the average axial flow velocity at the 

nozzle exits slightly decreasing with increasing of the swirl angle. At 10o and 20o swirl angles, the back 

pressure coefficient was increased by about 14.5% and 9.1% by using the annulus inner body with the 

square shape compared to the elliptical shape respectively. The back pressure increased due to the higher 

pressure loss by removing the elliptical part from the annulus inner body end. However, as shown in the 

next subsections, with the same nozzle, it was found that by moving the annulus inner body with the square 

shape 0.03Dne downstream from the current position, the back pressure coefficient decreased by 13%-16% 

at different swirl angles and cold inlet flow conditions. 

 

Table 5-7: Measured ejector back pressure coefficient, straight nozzle with elliptical and square shapes of 

the annulus inner body end, 0.41 standoff ratio (sstr1), cold flow conditions with 10o and 20o swirl 

angle 

Swirl Angle Flow Conditions Cb: Elliptical shape Cb: Square shape Cb: Difference in % 

10o Cold flow -0.41 -0.35 14 

20o Cold flow -0.44 -0.40 9 

  
 Under cold inlet flow conditions with 10o and 20o swirl angles, the ejector pumping ratios were 

calculated using the elliptical and square shapes of the annulus inner body end, as shown in Table 5-8. In 
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comparison with the elliptical shape of the annulus inner body end, the square shape increased the total 

pumping ratio at the two swirl angles due to improve the downstream flow uniformity. With the elliptical 

shape of the annulus inner body end, the secondary pumping ratio increased with swirl strength but the 

tertiary (diffuser) pumping ratio remained the same, as shown in Table 5-8. This observation indicated that 

the elliptical shape improved the mixing process in the standoff and mixing tube compared to the diffuser. 

With the square shape of the annulus inner body end, the diffuser pumping ratio increased with swirl angle 

but the secondary ratio decreased. 

 

Table 5-8: Measured ejector pumping ratios, straight nozzle with elliptical and square shapes of the annulus 

inner body end, 0.41 standoff ratio (sstr1), cold flow conditions with 10o and 20o swirl angle 

 

Swirl Angle 

 

Flow Conditions 

Annulus inner body end with 

elliptical shape 

Annulus inner body end with 

square shape 

Фt Ф2nd Ф3rd Фt Ф2nd Ф3rd 

10o Cold flow 1.50 0.40 0.38 1.75 0.45 0.30 

20o Cold flow 1.60 0.45 0.38 1.75 0.35 0.40 

 
5.3.1.2 Straight Nozzle with Hot Inlet Flow Conditions 

 Using hot inlet flow conditions with an inlet temperature range of 510 K and a straight nozzle with 

the elliptical and square shapes of the annulus inner body end, the effects of the swirl angles and the shape 

of the annulus inner body end on the core separation and consequently on the ejector performance were 

investigated. 

 

(a) Diffuser Gap Inlet Velocity 

 The same three methods that were used with cold inlet flow conditions were implemented using hot 

inlet flow conditions. It was also found that for all cases the difference between the readings using the three 

methods was within 10%. Table 5-9 shows the non-dimensionalized measured diffuser gap inlet velocities 

using the elliptical and square shapes of the annulus inner body end and hot inlet flow conditions with 10o 

and 20o swirl angles. The diffuser gap inlet velocities increased as the swirl angle increased as shown in 

Table 5-9.  
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It was also found that the square shape of the annulus inner body end enhanced the diffuser gap 

inlet velocities over the use of the elliptical shape except for using Ring 1 with 20o swirl angle. This 

observation indicated that the square shape of the annulus inner body end increased the diffuser pressure 

recovery that increase more mass flow rate over using the elliptical shape. This result was consistent with 

the observation obtained by increasing the tertiary pumping ratio using cold flow as shown in Table 5-8 

when the square shape was used. As shown in Table 5-9, the gap velocities of hot flow were higher than 

those of cold flow for the different swirl angles, as shown in Table 5-6.  

 

Table 5-9: Non-dimensionalized measured diffuser gap velocities, straight nozzle with elliptical and square 

shapes of the annulus inner body end, 0.41 standoff ratio (sstr1), hot flow conditions with 10o and 

20o swirl angles 

Swirl 

Angle 

 

 

Flow 

Conditions 

Annulus inner body end with elliptical 

shape 

Annulus inner body end with square 

shape 

Gap1 Gap2 Gap3 Gap4 Gap1 Gap2 Gap3 Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm V1/Vm V2/Vm V3/Vm V4/Vm 

10o Hot flow 0.94 0.71 0.53 0.38 0.99 0.77 0.57 0.41 

20o Hot flow 1.00 0.78 0.58 0.42 0.97 0.80 0.61 0.43 

 V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 

 
(b) Flow Structure at Different Sections Downstream of the Ejector System 

 The flow properties at the nozzle and diffuser exits under hot inlet flow conditions were measured. 

At 10o and 20o swirl angles, Figures 5-10 and 5-11 show the average axial velocity profiles at the nozzle 

exit, measured section inside the msimt section and diffuser exit using the elliptical and square shapes of the 

annulus inner body end. It was found that as the swirl angle increased the flow uniformity at the nozzle exit, 

the msimt section and diffuser exit decreased. At the three sections, compared with the elliptical shape, the 

square shape of the annulus inner body end increased the centreline axial velocity under the 10o and 20o 

swirl angles. The same results were found at the three sections using cold inlet flow conditions.  
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Figure 5-10: Non-dimensionalized measured axial velocity profiles at nozzle exit, straight nozzle, elliptical 

and square shapes, 0.41 standoff ratio (sstr1), hot flow conditions, φ = 10o and 20o, Ell, Sq: 

Elliptical and square shape of the annulus inner body end respectively 

 
 At 10o swirl angle, as shown in Figures 5-10 and 5-11, the square shape of the annulus inner body 

end clearly increased the flow uniformity at and around the ejector centreline at the diffuser exit angles as 

removing the elliptical part created an available space directly downstream of the annulus inner body end 

allowing the flow to entrain in. Using the elliptical shape of the annulus inner body end and 10o swirl angle, 

as shown in Figure 5-5 (a), the 7-hole probe did not measure the flow at diameters of 20 mm or less around 

the ejector centreline at the nozzle exit.  

 
Figure 5-11: Non-dimensionalized measured axial velocity profiles at centreline section inside the mixing 

tube, straight nozzle, elliptical and square shapes, 0.41 standoff ratio (sstr1), hot flow conditions 

with 10o and 20o swirl angles, Ell, Sq: Elliptical and square shapes of the annulus inner body end 

respectively, Wne,m: local maximum axial velocity at the nozzle exit 
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However, with the same conditions and using the square shape, the probe was able to detect the 

flow velocity at and around the ejector centreline at the nozzle exit. With a 10o swirl angle, the square shape 

increased the axial velocity at and around the ejector centreline at the diffuser exit of 27% over using the 

elliptical shape. Figure 5-12 shows the positive effects of the square shape on the velocity contours at the 

diffuser exit over the use of the elliptical one particularly at and around the ejector centreline. With 20o 

swirl angle, as shown in Figure 5-13, the square shape did not improve the flow uniformity at the diffuser 

exit compared with the elliptical shape. This observation indicated that the square shape of the annulus 

inner body end had significant influence under low swirl flow angle conditions but did not have substantial 

effects with high swirling flows. 

 
Figure 5-12: Non-dimensionalized measured axial velocity profiles at the diffuser exit, straight nozzle, 

elliptical and square shapes, 0.41 standoff ratio (sstr1), hot flow conditions with 10o and 20o swirl 

angles, Ell, Sq: Elliptical and square shapes of the annulus inner body end respectively, Wne,m: 

local maximum axial velocity at the nozzle exit 
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(a) Elliptical shape of the annulus inner body end 
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(b) Square shape of the annulus inner body end 

Figure 5-13: Non-dimensionalized measured velocity contours at the diffuser exit, straight nozzle, elliptical 

and square shapes, 0.41 standoff ratio (sstr1), hot flow conditions with 20o swirl angle 

 
 Figure 5-14 shows the effects of the swirl strength and the shape of the annulus inner body end on 

the flow temperature distribution at the diffuser exit. It was found that as the swirl angles increased, the 

flow temperature at and around the ejector centreline at the diffuser exit decreased. However, the flow 

temperature slightly increased at high radii with swirl strength. The increasing flow temperature at high 

radii was caused by the core flow spreading much faster with swirl strength as a result of the presence of the 

centrifugal force. At a 10o swirl angle, it was also found that the square shape slightly decreased the core 

flow temperature by about 2% over using the elliptical shape. However, at the same swirl angle, at high 

radii, the elliptical shape slightly decreased the flow temperature over using the square shape.  

As shown in Figures 5-10 and 5-11, the square shape of the annulus inner body end moved the peak 

of the axial velocity profiles toward the nozzle and mixing tube walls compared to the velocity profiles 

obtained using the elliptical shape. Consequently, using the square shape increased the flow temperature at 

high radii compared with using the elliptical shape. With increasing the inlet flow swirl angle from 10o to 

20o, it was also noticed that the flow temperature at and around the ejector centerline decreased due to the 

increasing of the ejector total pumping with swirl strength, shown in Figure 5-14. 
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Figure 5-14: Centreline non-dimensionalized temperature profiles at the diffuser exit, straight nozzle, 

elliptical and square shapes, 0.41 standoff ratio (sstr1), hot flow conditions with 10o and 20o swirl 

angles, Ell, Sq: elliptical and square shapes of the annulus inner body end respectively, Tne,av:  

average temperature at the nozzle exit 

 
(c) Ejector System Pressure Recovery 

 The static gauge pressure along the mixing tube and diffuser walls was measured under hot inlet 

flow conditions with 10o and 20o swirl angles and using elliptical and square shapes of the annulus inner 

body end as shown in Figure 5-15. It was found that as the swirl angle increased the wall static pressure 

increased due to the effects of the centrifugal force caused by the swirl.  

As summarized in Chapter 2, the viscous swirling flow is characterized by a forced vortex or solid 

body core motion surrounded by a free vortex. These two motions introduce both tangential and centrifugal 

forces. These two forces enhanced (increased) the mixing process between the primary and secondary flows 

in the standoff, mixing tube and diffuser resulting in the mixed flow to spreading quickly along the radial 

direction. This quick spread caused the flow to almost attach the exit part of the diffuser that resulted in the 

wall static pressure at the diffuser exit that was almost zero gauge. A high rate of pressure recovery at the 

mixing tube inlet was observed due to the high rate of mixing between the primary and secondary flows at 

the tube inlet. The rate of the pressure recovery decreased downstream in the mixing tube. 
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Figure 5-15: Non-dimensionalized measured ejector pressure recovery, straight nozzle, elliptical and square 

shapes, 0.41 standoff ratio (sstr1), hot flow with 10o and 20o swirl angles, Ell, Sq: Elliptical and 

square shapes of the annulus inner body end, l and Dmt: local length and mixing tube diameter 

respectively 
 

As the swirl angle increased from 10o to 20o, as shown in Figure 5-15, it was found that a sudden 

pressure drop at the mixing tube exit increased. This pressure drop showed a negative impact on the core 

separation on the ejector performance particularly with high swirl angle. These results were consistent with 

results obtained by using cold inlet flow conditions with the same nozzle and inlet swirl angles. It was also 

found that the square shape of the annulus inner body end decreased the wall static pressure along the 

mixing tube and diffuser over the use of the elliptical shape under the 10o and 20o swirl angles.  

The same results were found using the cold inlet flow conditions as shown in Figure 5-15. The data 

also showed that the wall pressure significantly dropped near the mixing tube exit for both shapes of the 

annulus inner body end and for 10o and 20o swirl angles. This pressure dropped most noticeably at 20o swirl 

angle. This observation indicated that under high swirl angle inlet flow conditions, the core flow 

considerably spread up towards the mixing tube wall increasing the size of the core separation at the tube 

exit. The size of the core separation was found at the diffuser exit in Figure 5-12. The closer core flow to 

the mixing tube wall increased the flow kinetic energy at high radii particularly at the tube exit causing a 

rapid drop in the pressure recovery at the tube exit.  
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(d) Ejector Performance Criteria 

 Table 5-10 shows the effects of swirl on the total, secondary and tertiary pumping ratios using hot 

inlet flow conditions and straight nozzle with the elliptical and square shapes of the annulus inner body end. 

Similar to the cold inlet flow conditions, under hot inlet flow conditions the pumping ratios increased with 

swirl angles for both shapes of the annulus inner body end. As can be seen at 10o and 20o swirl angles, the 

square shape enhanced the pumping ratio compared to the elliptical shape. Compared to the elliptical shape, 

the square shape of the annulus inner body end enhanced the total, secondary and tertiary pumping ratios. 

With the square shape of the annulus inner body end, as shown in Figure 5-10, the peak velocity profiles 

were moved up toward the nozzle walls compared to those obtained using the elliptically shaped end. This 

velocity shifting up enhanced the mixing process between the primary and secondary flows at high radii 

resulting in increasing the ability of the ejector pumping as shown in Table 5-10. 

 

Table 5-10: Measured ejector pumping ratios, straight nozzle with elliptical and square shapes of the 

annulus inner body end, 0.41 standoff ratio (sstr1), hot flow with 10o and 20o swirl angles 

Swirl 

Angle 

Flow 

Conditions 

Annulus inner body end with 

elliptical shape 

Annulus inner body end with 

square shape 

Фt Ф2nd Ф3rd Фt Ф2nd Ф3rd 

10o 
Hot flow 1.70 0.20 0.5 1.9 0.40 0.5 

20o 
Hot flow 1.75 0.30 0.45 1.95 0.45 0.5 

  
Using hot inlet flow conditions, temperature uniformity factor (ft) is considered as an important 

ejector main performance parameter. The factor shows how close the average temperature (Tav) is to the 

local maximum temperature (Tmax) at specific downstream cross sections. At 10o and 20o swirl angles, Table 

5-11 shows the measured temperature uniformity factor and the ejector back pressure coefficient, Cb, using 

the straight rounded nozzle with the elliptical and square shapes of the annulus inner body end. At 10o and 

20o swirl angles, the square shape of the annulus inner body end increased the temperature uniformity factor 

by about 6.00 and 9.43% over using the elliptical shape. It was also found that the temperature uniformity 

factor was slightly increased with swirl strength. As shown in Figure 5-12, the velocity distributions at the 
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diffuser exit using both the elliptical and square shapes of the annulus inner body end were almost identical. 

This observation indicated that with high swirl angles, the square shape did not have substantial positive 

effects on the ejector performance. 

Shown in Figures 5-10 to 5-12, the use of the square shape of the annulus inner body end shifted 

the peak velocity profiles up toward the nozzle walls at the nozzle exit, msimt section and diffuser exit 

compared to those obtained using the elliptically shaped end. This velocity shifting up enhanced the mixing 

process between the primary and secondary flows at high radii that increased the secondary and tertiary 

mass flow rate at the mixing tube inlet and through the diffuser gaps respectively. These improvements of 

the mixing process decreased the flow temperature at and around the ejector centreline too as shown in 

Figure 5-14 that resulted in increasing the temperature uniformity factor using the square shape over the use 

of the elliptical shape. These results reflected the improvements of the ejector pumping ratios using the 

square shape. 

 

Table 5-11: Measured temperature uniformity factor and ejector back pressure coefficient, straight nozzle 

with elliptical and square shapes of the annulus inner body end, 0.41 standoff ratio (sstr1), hot flow 

with 10o and 20o swirl angles 

 

Swirl 

Angle 

 

Flow 

Conditions 

Annulus inner body end with 

elliptical shape 

Annulus inner body end with square 

shape 

Temperature 

uniformity factor, 

ft 

Back pressure 

coefficient, Cb 

Temperature 

uniformity factor, 

ft 

Back pressure 

coefficient, Cb 

φ = 10o Hot flow 0.47 -0.40 0.50 -0.35 

φ = 20o 
Hot flow 0.48 -0.45 0.55 -0.40 

 
Using the elliptical and square shapes of the annulus inner body end, the data in Table 5-11 showed 

that the back pressure decreased with swirl strength. It was also found that compared to the elliptical shape, 

the square shape of the annulus inner body end increased the back pressure over under 10o and 20o swirl 

inlet flow conditions that were consistent with the results from using cold flow with the converged nozzle 

and cold and hot flow with the straight nozzle. At 10o and 20o swirl angle, the square shape increased the 

back pressure coefficient by 14.63% and 6.8% respectively. It was also found that the back pressure 
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coefficient decreased with swirl strength. Using the elliptical and square shapes of the annulus inner body 

end, with the 20o swirl angle, the ejector back pressure decreased by 7% and 15% over implementing the 

10o swirl angle respectably. These results were also consistent with conclusions of using cold flow with the 

converged nozzle and cold and hot flow with straight nozzle.  

 

(e) Ejector Wall Temperature 

 Under hot inlet flow conditions, the temperature distributions along the mixing tube and diffuser 

walls were measured using the FlirSc1000 thermal imaging system. At 10o and 20o swirl angle and elliptical 

shape of the annulus inner body end, the mixing tube and diffuser wall temperature contours are shown in 

Figures 5-16 and 5-17 respectively. The temperature contours showed that the ejector wall temperature 

increased as swirl angle increased. Higher swirl resulted in spreading the core flow toward the ejector walls 

due to the effects of the centrifugal force. The wall cooling can be seen at the first part of the mixing tube 

due to the entrained secondary flow. The entrained cold tertiary flow through the diffuser gaps cooled the 

device wall effectively as shown in Figure 5-16 (b) and 5-17 (b). 

 
(a) Mixing Tube, φ = 10o 

 
(b) Diffuser, φ = 10o 

Figure 5-16: Measured wall temperature contours along the mixing tube and diffuser, straight nozzle, 

elliptical shape of the annulus inner body end, 0.41 standoff ratio (sstr1), hot flow conditions 
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(a) Mixing Tube, φ = 20o 

 
(b) Diffuser, φ = 20o 

Figure 5-17: Measured wall temperature contours along the mixing tube and diffuser, straight nozzle, 

elliptical shape of the annulus inner body end, 0.41 standoff ratio (sstr1), hot flow conditions 

 
 Figures 5-18 and 5-19 show the effects of the shape of the annulus inner body end on the mixing 

tube wall temperature under different inlet swirl angles. At 10o swirl angle, the square shape increased the 

wall cooling over using the elliptical shape particularly through the first part of the mixing tube inlet as 

shown in Figure 5-18. This observation indicated that the square shape entrained secondary flow better than 

the elliptical shape. This observation is consistent with pumping ratio results and temperature reduction, 

shown in Tables 5-9 and 5-10.  Figure 5-19 (a) and (b) shows that the square shape had the same influence 

on the mixing tube wall temperature as the elliptical shape. This observation is also consistent with the 

observation reported in the above subsections.  

 
(a) Elliptical shape  

(b) Square shape 

Figure 5-18: Measured wall temperature contours along the mixing tube wall, straight nozzle, elliptical and 

squire shapes, 0.41 standoff ratio (sstr1), hot flow conditions with 10o swirl angle 
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(a) Elliptical shape 

 
(b) Square shape 

Figure 5-19: Measured wall temperature contours along the mixing tube wall, straight nozzle, elliptical and 

squire shapes, 0.41 standoff ratio (sstr1), hot flow conditions with 20o swirl angle 

 
 Figure 5-20 shows the measured wall temperature profiles along the mixing tube and diffuser under 

hot inlet flow. At 10o and 20o swirl angles using the elliptical and square shapes of the annulus inner body 

end. The wall temperature profiles were obtained by drawing straight lines, as shown in Figure 5-17 and 5-

18 (b) along the mixing tube and diffuser using the ThermaCAM software. At 10o swirl angle, as shown in 

Figures 5-18-and 5-19, the square shape of the annulus inner body end slightly increased the mixing tube 

and diffuser wall cooling over the use of the elliptical shape.  

With 20o swirl angle, the data showed that the square shape increased the wall cooling through the 

first half of the mixing tube compared to the elliptical shape. However, with the same swirl angle the 

elliptical shape enhanced the wall cooling over using the square shape though the second half of the mixing 

tube. Nevertheless, at 10o and 20o swirl angles, the square shape enhanced the diffuser wall cooling 

compared to the elliptical shape because the square shape increased the tertiary pumping ratios over using 

the elliptical shape. 
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Figure 5-20: Non-dimensionalized measured wall temperature profiles along the mixing tube and diffuser 

surfaces, straight nozzle, elliptical and squire shapes, 0.41 standoff ratio (sstr1), hot flow conditions 

with 10o and 20o swirl angles, Ell, Sq: Elliptical and square shapes of the annulus inner body end 

respectively, l and Dmt: local length and mixing tube diameter respectively 

 
5.3.2 Using Standoff Number Two: Converged and Straight Nozzles, Cold and Hot Inlet 

Flow Conditions  

In the current subsection, tests were carried out under cold and hot inlet flow conditions using the 

converged and straight rounded nozzles with both the elliptical and square shapes of the annulus inner body 

end. The tests were carried out at 0. 0.62 and 0.75 standoff ratios (sc2, sstr2) using two nozzle exit diameters. 

Some of the material and results presented in the current section were already published in ASME Trubo 

Expo 2013 [91]. Figure 5-21 shows the schematic diagram of the air-air ejector with the two nozzles and the 

standoff number two (s2) and other main features that were used in the current subsection. The main goal of 

carrying out these tests was to study the effects of the shapes of the annulus inner body on the core 

separation region that had major effects on the performance criteria of the subsonic air-air ejector with a 

four-ring entraining diffuser under range of inlet flow temperature and swirl angles using two standoffs.  

For the cold inlet flow conditions, the flow temperatures at the nozzle inlet were almost the same 

for all cases at about 295 K, while in hot inlet flow conditions it was difficult to keep it constant. The range 

of the flow temperature for hot flow that was measured in the annulus 4h upstream of the annulus inner 
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body end (Tin) was 800 to 850 K at different swirl flow conditions. Under cold and hot inlet flow conditions, 

the flow velocities in the diffuser gaps were measured using a hot wire anemometer and a 7-hole probe and 

pressure taps for the converged and straight nozzles. For all measured cases, it was found that the difference 

between the readings using both devices was within 10%. To minimize any uncertainty, even though it was 

found that 2200 pressure samples were adequate to have an acceptable accuracy, 5000 samples were taken 

in gap velocity measurements using a 7-hole probe. 

 
Figure 5-21: Schematic diagram of the air-air subsonic ejector with standoff number two (s2) and two 

nozzle configurations 

 
Tables 5-12 and 5-13 show the non-dimensionalized measured diffuser gap inlet velocities for the 

converged and straight nozzles with both the elliptical and square shapes of the annulus inner body end and 

the 10.62 and 0.75 and standoff ratios (sstr2, sc2) and under cold and hot inlet flow conditions. The diffuser 

gap inlet velocities were non-dimensionalized by dividing the local average inlet velocity with the 

maximum average inlet velocity. The maximum average inlet velocity was found at diffuser gap one’s inlet 

using the hot flow with 10o swirl angle and the square shape of the annulus inner body end. 

It was noticed that the gap velocities of hot flow were higher than those of cold flow at the four 

swirl angles. With increasing the flow temperature, the flow turbulent shear stress in the mixing shear layer 

increased that increased the mixing process between the primary and secondary flows. This mixing process 

improvement resulted in an increasing of ejector tertiary mass flow rates that, in turn, increased the diffuser 
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gap inlet velocities. It was also found that the square shape of the annulus inner body increased the diffuser 

gap velocities over the use of the elliptical shape under the different swirl angles (0o, 10o, 20o and 30o) and 

for all configurations tested. 

 

Table 5-12: Non-dimensionalized measured diffuser gap velocities, converged nozzle with elliptical and 

square shapes of the annulus inner body end, 0.75 standoff ratio (sc2), cold and hot flows with 

different swirl angles 

 

Swirl 

Angle 
Flow 

Conditions 

  

Annulus inner body end with 

elliptical shape 

Annulus inner body end with square 

shape 

Gap1 Gap2 Gap3 Gap4 Gap1 Gap2 Gap3 Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm V1/Vm V2/Vm V3/Vm V4/Vm 

0.0o Cold flow 0.63 0.49 0.34 0.23 0.66 0.49 0.34 0.23 

10o Cold flow 0.74 0.51 0.34 0.26 0.77 0.51 0.37 0.26 

20o Cold flow 0.86 0.63 0.46 0.31 0.89 0.66 0.46 0.31 

30o Cold flow 0.83 0.63 0.43 0.26 0.86 0.57 0.43 0.29 

0.0o Hot flow 0.83 0.66 0.49 0.31 0.91 0.69 0.49 0.34 

10o Hot flow 1.00 0.69 0.49 0.34 0.99 0.74 0.51 0.37 

20o Hot flow 0.88 0.71 0.51 0.36 0.89 0.74 0.54 0.37 

30o Hot flow 0.91 0.70 0.54 0.35 091 0.64 0.51 0.34 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 

 

Table 5-13: Non-dimensionalized measured diffuser gap velocities, straight nozzle with elliptical and 

square shapes of the annulus inner body end, 0.62 standoff ratio (sstr2), cold and hot flows with 

different swirl angles 

 

Swirl 

Angle Flow 

Conditions 

  

Annulus inner body end with 

elliptical shape 

Annulus inner body end with square 

shape 

Gap1 Gap2 Gap3 Gap4 Gap1 Gap2 Gap3 Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm V1/Vm V2/Vm V3/Vm V4/Vm 

0.0o Cold flow 0.78 0.48 0.31 0.21 0.77 0.51 0.36 0.23 

10o Cold flow 0.86 0.58 0.41 0.25 0.84 0.57 0.41 0.24 

20o Cold flow 0.86 0.62 0.45 0.29 0.89 0.63 0.45 0.29 

30o Cold flow 0.86 0.60 0.50 0.30 0.67 0.48 0.39 0.25 

0.0o Hot flow 1.00 0.79 0.51 0.33 0.96 0.74 0.55 0.33 

10o Hot flow 0.82 0.61 0.45 0.31 0.82 0.69 0.51 0.32 

20o Hot flow 0.84 0.70 0.54 0.37 0.84 0.66 0.49 0.33 

30o Hot flow 0.88 0.68 0.53 0.36 0.93 0.71 0.49 0.35 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 

 

 It was also noticed that the converged nozzle increased the diffuser gap inlet velocities compared to 

the straight nozzle under the different swirl angles using the both shapes of the annulus inner body end. The 
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converged nozzle increased the flow velocity over using the straight nozzle that, in sequence, resulted in 

increasing flow kinetic energy in the diffuser that enhanced the mixing process in the diffuser. This 

improvement of the mixing process increased the diffuser gap inlet mass flow rates that, in turn, increased 

the diffuser gap inlet velocities. These results were consistent with the results of using the converged and 

straight rounded nozzles with the standoff number one (s1), both shapes of the annulus inner body end and 

cold and hot inlet flow conditions with different swirl angles.  

 

5.3.2.1 Flow Structure at Different Sections Downstream of the Ejector System 

The velocity and temperature contours for cold and hot inlet flow conditions were measured at the 

converged and straight nozzle and diffuser exits. Figures 5-22 to 5-24 show the axial velocity contours at 

the diffuser exit for converged nozzle with both shapes of the annulus inner body end and under cold inlet 

flow conditions with 10o, 20o and 30o swirl angles. Similar to the cases using the standoff number one, the 

data showed that a low velocity core separation region behind the annulus inner body was created due to the 

flow separation that started immediately downstream of the annulus inner body end. Several parameters 

affected the downstream recovery of this core separation including the shape of the annulus inner body end, 

flow parameters, nozzle area ratios, and the length of the mixing tube and diffuser.  

Figures 5-22 to 5-24 show the effects of the elliptical and square shapes of the annulus inner body 

end on the velocity contours at the diffuser exit for cold inlet flow conditions and at 10o, 20o and 30o swirl 

angles. The fluid velocity directions were represented by the vectors and described the swirling flow. The 

data showed that the square shape of the annulus inner body end spread the core flow towards the diffuser 

wall over the use of the elliptical shape under different swirl angles. This observation was consistent with 

the increasing of the diffuser gap inlet velocities using the square shape of the annulus inner body end 

compared to the elliptical shape, shown in Table 5-12. The data also showed that the peak axial velocity 

decreased with swirl strength due to the improvements of the mixing process between the primary and 
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secondary flows in the standoff, mixing tube and diffuser. Decreasing the peak axial velocity would, in turn, 

result in enhancing the flow uniformity at the ejector exit.  
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(a) Elliptical shape, 10o swirl angle 
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(b) Square shape, 10o swirl angle 

Figure 5-22: Non-dimensionalized measured axial velocity contours at the diffuser exit plane, converged 

nozzle, elliptical and square shapes of the annulus inner body end, 0.75 standoff ratio (sc2), cold 

flow conditions with 10o swirl angle 
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(a) Elliptical shape, 20o swirl angle 
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(b) Square shape, 20o swirl angle 

Figure 5-23: Non-dimensionalized measured axial velocity contours at the diffuser exit plane, converged 

nozzle, elliptical and square shapes of the annulus inner body end, 0.75 standoff ratio (sc2), cold 

flow conditions with 20o swirl angle 
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(a)  Elliptical shape, 30o swirl angle 
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(b) Square shape, 30o swirl angle 

Figure 5-24: Non-dimensionalized measured axial velocity contours at the diffuser exit plane, converged 

nozzle, elliptical and square shapes, 0.75 standoff ratio (sc2), cold flow conditions with 30o swirl 

angle  

 

Figures 5-25 and 5-26 show the non-dimensionalized measured axial velocity profiles at the vertical 

centreline of the diffuser exit for cold inlet flow conditions with different swirl angles and using converged 

nozzle with the elliptical and square shapes of the annulus inner body. The data showed that as the swirl 

angle increased, the size of the core separation increased due to the effects of the centrifugal force of the 

swirling flow. At the 30o swirl angle with the elliptical shape of the annulus inner body end, the size of the 

core separation was slightly larger compared with the other swirl angles. At 10o swirl angle, the axial 

velocity at the ejector centreline increased 14% with the square shape on the annulus inner body end 

compared with the elliptical shape. This improvement flattened the velocity profiles and, in turn, resulted in 

decreasing the core separation. The same tendency in the non-dimensionalized measured axial velocity 

profiles at the nozzle and diffuser exits were observed for both nozzles under different swirl angles for both 

the cold and hot inlet flow conditions.  

Therefore, it was found that focusing on the effects the shape of the annulus inner body end on the 

centreline axial velocity at the nozzle and diffuser exits would be a reasonable technique to explore the 

improvements of the size of the core separation. The square shape smoothed the flow velocity, particularly 
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around the ejector centreline, over using the elliptical shape, shown in Figure 5-26, by decreasing the size of 

the recirculation zone behind the annulus inner body.  

 
Figure 5-25: Non-dimensionalized measured axial velocity profiles at the vertical centreline of the diffuser 

exit, converged nozzle with elliptical shape of the annulus inner body end, 0.75 standoff ratio 

(sc2), cold flow conditions with 0o, 10o, 20o and 30o swirl angles, Wne,m: maximum local axial 

velocity 
 

 
Figure 5-26: Non-dimensionalized measured axial velocity profiles at the vertical centreline of the diffuser 

exit, converged nozzle with square shape of the annulus inner body end, 0.75 standoff ratio (sc2), 

cold flow conditions with 0o, 10o, 20o and 30o swirl angles, Wne,m: maximum local axial velocity 

 

Figure 5-27 shows the non-dimensionalized measured centreline axial velocity at converged and 

straight nozzles exits under cold flow and different swirl angles. As swirl increases, the velocity profiles 

become more distorted to the extent that flow reversal extended beyond the nozzle exit plane, shown in 

Figure 5-27. The data are truncated for the straight nozzle as a consequence of the 7-hole probe being 
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unable to measure negative axial velocities. The results also showed that the square shape on the annulus 

inner body end increased the velocity at the ejector centreline over the use of the elliptical shape. The 

square shape of the annulus inner body end improved the flatness of the flow velocity at the nozzle exit 

under different swirl angles, since removing the elliptical part created an available space allowed the flow to 

entrain in that space resulted in decreasing the size of the recirculation zone behind the annulus inner body. 

Decreasing the size of the recirculation zone, in turn, resulted in improving the flow uniformity downstream 

of the ejector device.  

Using converged nozzle, the 7-hole probe successfully measured the flow velocity at and near the 

ejector centreline using the elliptical and square shapes under the different swirl angles, shown in Figure 5-

27,. The flow velocity could be measured since its flow angle was within +/- 52o at the 7-hole probe's tip. 

Using straight nozzle with the elliptical shape of the annulus inner body end, at the 20o and 30o swirl angles, 

the 7-hole probe did not detect the flow at diameters of 32 and 40 mm respectively or less around the 

ejector centreline. Also, the probe did not detect the flow at a diameter of 28 mm or less around the ejector 

centreline using the square shape of the annulus inner body end at 30o swirl angle. These diameters were 

gotten from the velocity contours at the converged and straight nozzle exits as shown in Figure 5-28 as an 

example. Figure 5-28 clearly shows the unmeasured zone using the 7-hole probe. The probe did not 

measure the flow in these zones because the flow reached the probe's tip with negative axial velocities 

and/or with angles that exceeded the probe's calibrated cone angle (+/- 52o). At 10o swirl angle, the 

improvement of the axial velocity using the square shape of the annulus inner body end was obvious 

compared with the other swirl angles. 
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Figure 5-27: Centreline non-dimensionalized measured axial velocity at the nozzle exit, converged and 

straight nozzles, elliptical and square shapes, 0.62 and 0.75 standoff ratios (sstr2, sc2), cold flow 

with 0o, 10o, 20o and 30o swirl angles, Wne,m: maximum local axial velocity at nozzle exit 
 

As shown in Figure 5-29, using hot flow and both nozzles, the square shape of the annulus inner 

body end also increased the centreline axial velocity at the nozzle exit compared with the elliptical shape at 

different swirl angles. In agreement with the cold flow results, the velocity profile was flattest for 

converged nozzle with a square shape of the annulus inner body end compared to the elliptical shape at 

different inlet flow conditions. At 10o swirl angle, the square shape on the inner body end increased the 

axial velocity at the ejector centreline 120% over using the elliptical shape with the converged nozzle. At a 

30o swirl angle, using the converged nozzle, the 7-hole probe did not detect the flow with the elliptical and 

the square shapes of the inner body end at respective diameters of 8.0 and 12 mm or less around the 

centreline at the nozzle exit, shown in Figure 5-29. 
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Figure 5-28: Non-dimensionalized measured axial velocity contour at the nozzle exit, straight nozzle, 

elliptical shape of the annulus inner body end, 0.62 standoff ratio (sstr2), cold flow conditions with 

30o swirl angle 

 
Figure 5-29: Centreline non-dimensionalized measured axial velocity at the nozzle exit, converged and 

straight nozzles, elliptical and square shapes, 0.62 and 0.75 standoff ratios (sstr2, sc2), hot flow with 

0o, 10o, 20o and 30o swirl angles, Wne,m: maximum local axial velocity and nozzle exit 

 

 As shown in Figure 5-29, it was also found that using straight nozzle with elliptical shape of the 

annulus inner body end, the probe did not measure the flow at diameters of 32 and 40 mm or less around the 

ejector centreline at 20o and 30o swirl angles respectively but with the square shape on the inner body end 

the probe did not detect the flow only at 30o swirl angle with a diameter of 28 mm or less. These results 

demonstrated the positive effects of using the square shape of the annulus inner body end over the use of the 

elliptical shape as removing the elliptical shape, the flow has more space to spread after the annulus inner 
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body end to give the higher centreline velocity. Also, these results showed that compared to the straight 

nozzle, the converged nozzle decreased the size of the core separation. Since converged nozzle directs the 

flow towards the ejector centreline, its influence of condensing the streamlines propagates upstream and 

reduces the length of the recirculation region that started immediately at the inner body end. In comparison, 

the diffusing characteristic of the straight nozzle does not promote spreading towards the center and result 

in longer recirculation zones that, in turn, results in a lower nozzle exit centreline velocity. 

 Figure 5-30 shows the non-dimensionalized measured centreline axial velocity at the diffuser exit 

and cold flow under different inlet flow swirl angles for converged and straight nozzles using the elliptical 

and square shapes of the annulus inner body end. The square shape of the annulus inner body end was more 

effective in increasing the centreline axial velocity using both nozzles and at different swirl angles. The 7-

hole probe detected the flow at all configurations' tested except for the 30o swirl angle, using the straight 

nozzle with elliptical and square shapes of the annulus inner body end at respective diameters of 8 and 12 

mm or less around the centreline at the diffuser exit, shown in Figure 5-30. This indicated that the 

converged nozzle reduced the size of the core separation over the straight nozzle. The converging shape of 

converged nozzle directed the annular flow towards the ejector centreline that, in turn, decreased the size 

and shape of the recirculation zone compared with the straight nozzle.  

 
Figure 5-30: Centreline non-dimensionalized measured axial velocity at the diffuser exit, converged and 

straight nozzles, elliptical and square shapes, 0.62 and 0.75 standoff ratios (sstr2, sc2), cold flow 

with 0o, 10o, 20o and 30o swirl angles, Wne,m: maximum local axial velocity and nozzle exit 
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 Figure 5-31 shows the non-dimensionalized measured centreline axial velocity at the diffuser exit 

using hot flow with different swirl angles for converged and straight nozzles using the elliptical and square 

shapes of the annulus inner body end. Using hot flow with an average temperature range of 800 to 850 K, 

the average flow velocity at the nozzle exit almost doubled over the use of the cold flow. However, the 

same flow behaviour was observed in the previous subsections at the diffuser exit for both nozzles under the 

cold and hot inlet flow conditions. This pointed out that higher temperature increased the momentum of the 

primary flow and turbulent stresses in the shear layers which energized the turbulent mixing process 

between the primary and secondary flows in the standoff, mixing tube and diffuser. These improvements 

decreased the size of the core separation that, in turn, increased the flatness of the velocity profiles at the 

diffuser exit. 

 
Figure 5-31: Centreline non-dimensionalized measured axial velocity at the diffuser exit, converged and 

straight nozzles, elliptical and square shapes, 0.62 and 0.75 standoff ratios (sstr2, sc2), cold flow 

conditions with 0o, 10o, 20o and 30o swirl angles, Wne,m: maximum local axial velocity and nozzle 

exit 

 

5.3.2.2 Static Pressure Distribution along the Mixing Tube and Diffuser Walls 

 Figures 5-32 and 5-33 show static gauge pressure distribution along the mixing tube and diffuser 

walls for converged nozzle with elliptical and square shapes of the annulus inner body end with cold inlet 

flow conditions. The data showed that in contrast to the annulus inner body end with the elliptical shape, the 

square shape decreased the wall static pressure distribution along the mixing tube at different swirl angles 
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since it flattened the velocity profiles at the nozzle exit. This flatness increased the flow velocity near the 

mixing tube and diffuser walls that, in turn, resulted in decreasing wall static pressure. This result was 

consistent with results obtained by increasing the flow velocity through diffuser gaps when the square shape 

on the annulus inner body end was used.  

 
Figure 5-32: Non-dimensionalized measured ejector pressure recovery, converged nozzle elliptical shape of 

the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions, 0o, 10o, 20o and 30o 

swirl angles, Pst: local static pressure, q: average dynamic pressure at the nozzle exit  

 
Figure 5-33: Non-dimensionalized measured ejector pressure recovery, converged nozzle, square shape of 

the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions with 0o, 10o, 20o and 30o 

swirl angles, Pst: local static pressure, q: average dynamic pressure at the nozzle exit 
 

 It was noticed that the wall static pressure increased as swirl angle increased. Increasing the swirl 

angle caused higher radial pressure gradients compared with non-swirling flows due to the effects of the 

centrifugal component. The data also showed that the wall pressure significantly dropped near the mixing 
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tube exit for both annulus inner body ends at different swirl flow conditions. However, this pressure 

dropped most noticeably at a 30o swirl angle that showed the larger swirl angle had notably increased the 

core separation size at the mixing tube exit, in agreement with the above velocity results. Also, the pressure 

noticeably dropped more at the mixing tube exit using straight nozzle than using converged nozzle due to 

the higher flow momentum near the mixing tube wall. 

 It was also found that converged nozzle had more wall pressure recovery than the straight nozzle at 

the four different swirl angles (0o, 10o, 20o and 30o). This occurred due to the quicker spreading of the 

primary flow inside the standoff, mixing tube and diffuser. The converged nozzle produced higher 

momentum jet at the same mass flow rates compared with the straight nozzle that decreased the static 

pressure inside the mixing tube entrained more secondary flow. Higher momentum improved the turbulent 

mixing process between the primary and secondary flow that, in turn, increased the pressure recovery inside 

the mixing tube and diffuser. The higher momentum and quicker spreading of the primary flow toward the 

ejector walls caused the slope of the wall static pressure, resulting from using converged nozzle, to be 

higher compared with the use of the straight nozzle, shown in Figures 5-34 and 5-35. At the 30° swirl 

condition, the mixing tube pressure was rapidly increased. This rapid increase was probably due to the 

increasing of the angle of core flow spreading out toward the ejector walls. 

 
Figure 5-34: Non-dimensionalized measured ejector pressure recovery, straight nozzle, elliptical shape of 

the annulus inner body end, 0.62 standoff ratio (sstr2), cold flow conditions with 0o, 10o, 20o and 

30o swirl angles, Pst: local static pressure, q: average dynamic pressure at the nozzle exit 
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Figure 5-35: Non-dimensionalized measured ejector pressure recovery, straight nozzle, square shape of the 

annulus inner body end, 0.62 standoff ratio (sstr2), cold flow conditions with 0o, 10o, 20o and 30o 

swirl angles, Pst: local static pressure, q: average dynamic pressure at the nozzle exit 

 

5.3.2.3 Ejector Exit and Wall Temperature Distributions 

 Figure 5-36 shows the non-dimensionalized measured average temperature at the diffuser exit for 

all measured cased with hot inlet flow conditions. The data showed that the square shape of the annulus 

inner body end increased the cooling of the core flow at the diffuser exit compared to the elliptical shape at 

different swirl angles. As previously explained, compared to the elliptical shape, the square shape of the 

annulus inner body end flattened the velocity profiles at the nozzle exit that increased the entrainment and 

improved the turbulent mixing process between the primary and secondary flows in the mixing tube and 

diffuser, in turn, improving the cooling of the core flow.  

 It was also found that the converged nozzle improved the cooling of the core flow, 15% on average, 

over the use of the straight nozzle. The converged nozzle increased the kinetic energy of the primary flow 

inside the standoff, mixing tube and diffuser over using the straight nozzle that, in turn, increased the 

turbulent mixing process between the primary and secondary flows resulted in decreasing of the core 

temperature at the diffuser exit. As it was noticed in Figure 5-37, the core flow velocity decreased with 

increasing swirl angle due to the improved mixing process between the primary and secondary flows in the 

standoff, mixing tube and diffuser that, in turn, resulted in decreasing the core temperature at the diffuser 
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exit, shown in Figure 5-36. The average flow temperature at the diffuser exit slightly decreased with 

increasing the swirl angle.  

 
Figure 5-36: Non-dimensionalized measured average temperature at the diffuser exit, converged and 

straight nozzles with elliptical and square shapes of the annulus inner body end, 0.62 and 0.75 

standoff ratios (sstr2, sc2), hot flow conditions with 0o, 10o, 20o and 30o swirl angles, Tne,av: average 

temperature at the nozzle exit 

 

 Using the FlirSc1000 thermal imaging system, the mixing tube and diffuser wall temperature was 

measured. The measured wall temperature profiles are shown in Figures 5-37 and 5-38 for the converged 

nozzle with the elliptical and square shapes of the annulus inner body end and hot inlet flow conditions with 

different swirl angles,. The data showed that the mixing tube wall temperature increased as the applied swirl 

angle increased due to the rapid spread of the core flow with swirl strength caused by the centrifugal force. 

This result was consistent with wall static gauge pressure distributions along the mixing tube as shown in 

Figures 5-32 to 5-35. Figure 5-37 shows the mixing tube inlet wall temperature substantially increased for 

the elliptical shape of the annulus inner body end due to the heat radiation effects. Due to the entrained 

cooled flow at the mixing tube inlet, the wall temperature decreased to certain level reaching a specific 

downstream distance before starting to increase again due to the effect of core flow temperature.  
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Figure 5-37: Non-dimensionalized measured temperature distribution along the mixing tube and diffuser 

walls, converged nozzle, elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), 

hot flow conditions with 0o, 10o, 20o and 30o swirl angles, Tne,av:  average temperature at the nozzle 

exit, mt: mixing tube 

 

With 0o, 10o, 20o and 30o swirl angle inlet flow conditions, the mixing tube entrance wall 

temperature decreased up to Lmt/Dmt of 0.7, 0.51, 0.4 and 0.35 respectively then the wall temperature 

increased gradually reached the maximum near the mixing tube exit as shown in Figure 5-37. With the 0o, 

10o and 20o swirl angles, the mixing tube wall temperature reached the maximum at Lmt/Dmt of about 1.95. 

With the 30o swirl angle, the wall temperature reached the maximum at Lmt/Dmt  ratio of about 1.65 due the 

rapid spread of the core flow toward the tube walls with high swirl angle. 

However, using the 30o swirl angle, the wall maximum temperature ratio, (T/Tn)max, was 2% lower 

than the 20o swirl angle results As shown in Table 5-12, with the 30o swirl angle, the inlet velocity of the 

diffuser gap number 1 was higher compared to the counterpart with the 20o swirl angle. Thus higher inlet 

velocity in the diffuser gap number 1 result in increasing the entrained mass flow rate with ambient 

temperature. Higher cooled entrained mass flow rate in diffuser gap number 1 with the 30o swirl angle 

resulted in decreasing the wall temperature at mixing tube exit compared to the 20o swirl angle. The positive 

effects of higher mass flow rate of diffuser gap number 1 with 30o swirl angle extended downstream in the 

diffuser resulted in decreasing the device wall temperature compared to 0o, 10o and 20o swirl angles. 
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Similar to the elliptical shape of the annulus inner body end, shown in Figure 5-37, with the four 

swirl angle inlet flow conditions and using the square shape, the mixing tube wall temperature decreased to 

some extent downstream of the mixing tube and then increased gradually due to the spreading out of the 

core flow, as shown in Figure 5-38. With the 30o swirl angle, the wall maximum temperature at the mixing 

tube exit area decreased compared to the counterpart with the 20o swirl angle. As shown in Table 5-12, the 

inlet velocity of the diffuser gap number 1 increased with the 30o swirl angle over using the 20o swirl angle. 

The higher inlet flow velocity in the diffuser gap number 1 decreased the wall temperature at the mixing 

tube exit. The same results were found using the elliptical shape as was explained in the above 

paragraph.The effects of higher mass flow rate of diffuser gap number 1 with 30o swirl angle extended 

downstream in the diffuser resulted in decreasing the device wall temperature compared to the other three 

swirl angles. 

 
Figure 5-38: Non-dimensionalized measured temperature distribution along the mixing tube and diffuser 

walls, converged nozzle, square shape of the annulus inner body end, 0.75 standoff ratio (sc2), hot 

flow conditions with 0o, 10o, 20o and 30o swirl angles, Tne,av:  average temperature at the nozzle 

exit, mt: mixing tube 

 

 Using the straight nozzle with elliptical and square shapes of the annulus inner body end under 

different swirl angles, the wall temperature distribution along the mixing tube and diffuser are shown in 

Figures 5-39 and 5-40 respectively. The data showed that the mixing tube wall temperature increased with 

swirl strength using both the elliptical and square shapes of the annulus inner body end.  
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Figure 5-39: Non-dimensionalized measured temperature distribution along the mixing tube and diffuser 

walls, straight nozzle, elliptical shape of the annulus inner body end, 0.62 standoff ratio (sstr2), hot 

flow conditions, Tne,av:  average temperature at the nozzle exit, mt: mixing tube 

 

With the straight nozzle, the mixing tube wall temperature increased significantly over the using of 

the converged nozzle, because the straight nozzle delivered core flow at higher radii compared to the 

converged nozzle. This observation was consistent with the measured data shown in Figure 5-36, since the 

straight nozzle increased the temperature ratio at the diffuse exit over using the converged nozzle. The 

results were also consistent with mixing tube wall static gauge pressure distributions along the mixing tube 

walls, using both nozzles with the two shapes of the annulus inner body end, shown in Figures 5-32 to 5-35. 

 
Figure 5-40: Non-dimensionalized measured temperature distribution along the mixing tube and diffuser 

walls, straight nozzle, square shape of the annulus inner body end, 0.62 standoff ratio (sstr2), hot 

flow conditions, Tne,av:  average temperature at the nozzle exit, mt: mixing tube 
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5.3.2.4 Ejector System Back Pressure Coefficient  

 Figures 5-41 and 5-42 show the measured back pressure coefficient under cold inlet flow conditions 

using converged and straight nozzles. Using both nozzles with the elliptical and square shapes of the 

annulus inner body end, it was noticed that the pressure coefficient decreased as the swirl angle increased 

due to the average axial flow velocity at the nozzle exits slightly decreasing with increasing of the swirl 

angle. At different swirl flow conditions, the back pressure coefficient was increased at about 8 and 20% 

respectively by using the square shape of the annulus inner body end compared to the elliptical shape using 

converged and straight nozzles. It was believed that the back pressure increased due to the higher pressure 

loss by removing the elliptical part from the annulus inner body. However, in the coming sections, it was 

observed that by moving the annulus inner body with the square shape 0.03Dne (converged nozzle exit 

diameter) downstream from the current position, the back pressure coefficient decreased by 13-16% at 

different swirl angles and cold inlet flow conditions. It was also found that the converged nozzle increased 

the back pressure coefficient compared with the straight nozzle, shown in Figures 5-41 and 5-42, due to the 

higher local pressure loss at the converged nozzle exit. In other words, for the same flow conditions, the 

back pressure increased with decreasing the inlet to outlet nozzle area ratio. 

 
Figure 5-41: Measured back pressure coefficients, converged nozzles, 0.75 standoff ratio (sc2), elliptical and 

square shapes of the annulus inner body end, cold and hot inlet flow conditions with 0o, 10o, 20o 

and 30o swirl angles 
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Figure 5-42: Measured back pressure coefficients, straight nozzle, 0.62 standoff ratio (sstr2), elliptical and 

square shapes of the annulus inner body end, cold and hot inlet flow conditions with 0o, 10o, 20o 

and 30o swirl angles 

 

5.3.2.5 Ejector System Total Pumping Ratio 

 Figures 5-43 and 5-44 show the ejector pumping ratio was calculated for all the measured 

cases using both converged and straight nozzles with annulus inner body end with elliptical and square 

shapes. Based on the calculated measured uncertainties of the total pumping ratio, which is discussed in 

Appendix H, the uncertainty bars of the ratio also are shown in Figures 5-43 and 5-44. In comparison with 

the elliptical shape of the annulus inner body end, the square shape increased the pumping ratio at different 

swirl angles for both nozzles due to improving the downstream flow uniformity. This improvement was 

found for both cold and hot inlet flow conditions except for one case, straight nozzle at 30o swirl angle and 

hot inlet flow conditions. In this case, the flow temperature for annulus inner body with an elliptical shape 

was 865 K whereas with a square shape it was 840 K. This temperature difference increased the kinetic 

energy of the core flow in the standoff, mixing tube and the diffuser that, in turn, resulted in an increasing 

of the entrainment and thus an increased mass flow rate at the diffuser exit. This core separation pushed the 

core flow toward the ejector wall reducing the volume of the mixing tube that decreased the secondary 

flow. 
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Figure 5-43: Measured ejector total pumping ratio, converged nozzle, 0.75 standoff ratio (sc2), elliptical and 

square shapes of the annulus inner body end, cold and hot inlet flow conditions with 0o, 10o, 20o 

and 30o swirl angles 

 
Figure 5-44: Measured ejector total pumping ratio, straight nozzle, 0.62 standoff ratio (sstr2), elliptical and 

square shapes, cold and hot inlet flow conditions with 0o, 10o, 20o and 30o swirl angles 

 

 Using the two shapes of the annulus inner body end and at under different inlet flow temperatures, 

the entrainment ratio was increased by increasing flow swirl up to about 20o and to some extent reduced at 

30o flow swirl due to the decreasing of the effective area of the secondary flow at the mixing tube inlet. It 

was believed that increasing the swirl angle, the mixing process between the primary and secondary flows 

increased since it is dominated by axial and radial static pressure gradients due to the presence of swirling 

flow in addition to turbulent mixing component.  
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It was also observed that the ejector pumping capacity increased as the core flow temperature 

increased. The momentum of the primary flow and Reynolds stresses in the shear layers increased as the 

core flow temperature increased that, in turn, enhanced the turbulent mixing process between the primary 

and secondary flows in the standoff, mixing tube, and diffuser. Thus, the increasing core flow temperature 

resulted in increasing total pumping ratios that were 22% and 18% higher on average for converged and 

straight nozzles respectively.  

 It was also observed that compared to the straight nozzle, the converged nozzle increased the 

ejector pumping ratio by 20-32% in average. The converged nozzle increased the kinetic energy of the 

primary flow in the standoff and inside the mixing tube compared with the straight nozzle. This was 

determined from the increase of the wall static pressure using the converged over using the straight nozzle, 

shown in Figures 5-31 to 5-34. Increasing the kinetic energy of the primary flow causes a drop in the 

pressure inside the mixing tube that, in turn, induced high energy secondary flow into the ejector. Thus 

higher kinetic energy of the primary flow would, in turn, result in increasing the ejector pumping ratio. 

Finally, after carrying out the series of experiments at 0.62 and 0.75 and standoff ratios (sstr2, sc2) 

using two nozzle exit diameters, it was observed that the annulus inner body with the square shape 

decreased the size of the recirculation zone that started immediately at the annulus inner body end over the 

use of the elliptical shape. Highly recirculating flow region was created behind the annulus inner body end 

that affected the flow uniformity downstream in the nozzle, mixing tube and diffuser. The square shape was 

created by removing the elliptical shape from the annulus inner body end. Removing the elliptical shape 

from the annulus inner body end created accessible space downstream of the annulus inner body end 

allowing the flow to entrain in that, in turn, increased the velocity at and around the ejector centreline.  

 The square shape flattened the velocity profiles at the nozzle and diffuser exits under all the 

measured cases inlet flow conditions. It also was noticed that the converged nozzle enhanced the recovery 

of the recirculation zone compared to the straight nozzle. Contrary to the annulus inner body with the 
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elliptical shape, the square shape decreased the static pressure distribution along the mixing tube and 

diffuser walls under both cold and hot inlet flow conditions with different swirl angles.  

The static pressure distributions on the mixing tube and diffuser walls increased with increasing the 

swirl angle. It was also observed that the converged nozzle achieved a better pressure recovery than the 

straight nozzle in both the mixing tube and diffuser. It was also observed that the converged nozzle 

decreased the average flow temperature over using the straight nozzle at the diffuser exit under different 

swirl angles. Compared to the elliptical shape, the annulus inner body with the square shape decreased the 

temperature at the diffuser exit using both nozzles at different swirl angles. 

It was also noticed that the temperature at and around the ejector centreline decreased as the swirl 

angle increased. The back pressure coefficient also decreased as the swirl angle increased. It was also 

observed that the square shape of the annulus inner body end increased the back pressure coefficient over 

using the elliptical shape. The annulus with a square shape increased the total pumping ratio compared to 

the using of the elliptical shape due to the flatness of the velocity profiles at the nozzle exits under cold and 

host flows and different swirl angles except for the 30o swirl angle using the straight nozzle with hot flow. 

The total pumping ratio increased significantly by increasing the inlet flow temperature because, higher 

temperature increased the momentum of the primary flow and Reynolds stresses in the shear layers that, in 

turn, energized the turbulent mixing process between the primary and secondary flows in the mixing tube. 

Also, for all measured cases, the maximum entrainment ratio was observed with 20o angle. It was found that 

using annulus inner body with a square shape of the inner body end enhanced the ejector performance over 

the use of the elliptical shape under different inlet flow conditions and ejector configurations. 

 

5.3.3 Effects of Nozzle Length on the Ejector Performance Parameters 

 The core flow separation in air-air ejectors is significantly affected by the length of the exhaust 

nozzle. This length was changed by moving the annulus inner body end upstream and downstream of the 

nozzle inlet, shown in Figure 5-45. At these four positions, the ejector performance was measured at 
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ambient temperature and at different flow swirl angles. The measured cases tests that were carried out on 

the air-air ejector that was mounted on the HGWT using cold inlet flow conditions with an air temperature 

of 295 K are presented in the current section. As it was found in the previous subsections, using the same 

apparatus, a similar trend in the ejector performance using both cold and hot inlet flow conditions was 

found. Therefore, it was decided that carrying out these experiments using cold flow would save time, 

money and energy and at the same time would fulfill the objectives of the investigation.  

The measured cases were conducted with 0o (no swirl), 10o and 20o swirl angles. The converged 

nozzle with the square shape of the annulus inner body end and with an inlet to outlet area ratio of 1.5 was 

used in these tests. In order to study the effects of the length of the exhaust nozzle on the core separation 

and consequently on the ejector performance, the end of the annulus inner body with square shape was 

moved 0.24Dne, 0.41Dne, 0.7Dne, upstream and 0.06Dne downstream of the nozzle inlet. Finally, the tests 

were carried with 0.75 standoff ratio. Other objective of studying the effects of the nozzle length on the 

device performance was to minimize the ejector back pressure. The most of the material and results 

presented in the current section were already published in the ASME Turbo Expo 2013 [92]. 

 
Figure 5-45: Schematic diagram of the air-air subsonic ejector with different positions of the annulus inner 

body, converged nozzle with square shape of the annulus inner body end, 0.75 standoff ratio (sc2) 
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5.3.3.1 Flow Structures at the Nozzle and Diffuser Exits 

 The velocity contours in 3-dimensions were obtained for each test at the nozzle and diffuser exits. 

Figures 5-46 and 5-47 show axial velocity contours and vectors at the nozzle and diffuser exits respectively 

that are typical for all configurations tested. The 7-hole probe did not detect the flow in this zone of 8 mm 

or less. This indicated that the recirculation zone behind the annulus inner body extended up to the nozzle 

exit as flow reached the 7-hole probe's tip negative axial velocity or with angles exceeded +/- 52o from the 

axial direction.  
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Figure 5-46: Non-dimensionalized measured axial velocity contours at the nozzle exit, converged nozzle, 

annulus inner body end with square shape at 0.06Dne downstream of the nozzle inlet, 0.75 

standoff ratio (sc2), cold flow conditions with 20o swirl flow 

 

Figure 5-46 shows the core flow separation extended along the flow direction and affected the flow 

structure at the diffuser exit particularly at and around the ejector centreline. Similar trend in the velocity 

contours at the nozzle and diffuser exits was found under different positions of the annulus inner body end 

and at different swirl angles. 
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Figure 5-47: Non-dimensionalized measured axial velocity contours at the diffuser exit, converged nozzle, 

annulus inner body end with square shape at 0.06Dne downstream of the nozzle inlet, 0.75 

standoff ratio (sc2), cold flow conditions with 20o swirl flow 

 

 Figure 5-48 shows the non-dimensionalized measured axial velocity profiles at the vertical 

centreline at diffuser exit under different swirl angles and at two positions of the end of the annulus inner 

body: 0.24Dne and 0.41Dne upstream of the nozzle inlet. The effects of the swirl flow and the presence of 

the annulus inner body were clearly observed in the velocity profiles. As the swirl angle increased, the 

magnitude of the axial velocity at and around the ejector centreline decreased. The tangential component in 

the swirl flow forced the core flow toward the mixing tube and diffuser walls by the effect of the centrifugal 

forces, shown in Figure 5-48.  

The effects of severe recirculation zone on the velocity profile at the diffuser exit were clearly seen 

at 20o swirl angle, shown in Figure 5-48. However, the effect of the position of the annulus inner body end 

was also found at 10o swirl angle, shown in Figure 5-48. At 10o swirl angle, the position of the annulus 

inner body end of 0.41Dne upstream of the nozzle inlet increased the centreline axial velocity 10% 

compared to the position of 0.24Dne upstream. The increment of the centreline axial velocity increased the 

smoothness of the velocity profile that, in turn, decreased the size of the core flow separation, at the diffuser 

exit.  
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Figure 5-48: Non-dimensionalized measured axial velocity profiles at the vertical centreline of the diffuser 

exit, converged nozzle, annulus inner body end with square shape at 0.24Dne and 0.41Dne 

upstream of the nozzle inlet, 0.75 standoff ratio (sc2), cold flow conditions with 0o, 10o and 20o 

swirl angles, Wne,m: maximum local axial velocity and nozzle exit 

 
As it was mentioned in the above sections, the magnitude of the centreline axial velocity would 

express the size of the core flow separation. The core separation decreases as the centreline axial velocity 

increases, which is considered as core separation’s improvement. Also, the axial velocity profile would 

open up towards the diffuser wall as the centreline axial velocity increases. Consequently, the effects of the 

positions of the annulus inner body end on the magnitude of the centreline axial velocity at the nozzle and 

diffuser exits would be the central point in the next paragraphs. 

 The 7-hole probe successfully measured the flow at the nozzle exit at two positions of the annulus 

inner body end: 0.41Dne and 0.7Dne upstream of the nozzle inlet, shown in Figure 5-49, and at different 

swirl angles but didn't detect the flow at 20o swirl angle at the other two positions: 0.06Dne downstream and 

0.24Dne upstream. The size and shape of the recirculation zone at the nozzle exit indicated that positioning 

the annulus inner body at 0.41Dne and 0.7Dne upstream of the nozzle inlet decreased this size and shape 

over using the 0.24Dne upstream and 0.06Dne downstream positions due to the more available space 

between the end of the annulus inner body and nozzle exit. Decreasing the distance between the annulus 

inner body end and the nozzle exit affected the flow uniformity at the nozzle exit, shown in Figure 5-49. It 
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was seen that the flow uniformity decreased as this distance decreased and vice versa. The recirculation 

zone behind the annulus inner body end, which also depends on the annular flow conditions and the nozzle 

geometrical parameters, propagated downstream of the flow direction.  

 
Figure 5-49: Centreline non-dimensionalized measured axial velocity at the nozzle exit, different positions 

of the annulus inner body, converged nozzle, square shape of the annulus inner body end, 0.75 

standoff ratio (sc2), cold flow conditions with 0o, 10o and 20o swirl angles  

 

 At the diffuser exit, shown in Figure 5-50, the probe detected (measured) the flow at centreline for 

all measured cases (configurations tested). It was found that at 10o swirl angle, the effect of the nozzle 

length on the core separation became stronger at the diffuser exits, shown in Figure 5-50, but at 20o swirl 

angle, the influence was almost the same. As shown in Figure 5-50, it was found that the positioning the 

end of the annulus inner body at 0.41Dne and 0.7Dne upstream of the nozzle inlet resulted in a better 

velocity recovery of the core separation at the diffuser exit compared to positioning the annulus inner body 

end 0.24Dne  upstream and 0.06Dne downstream of the nozzle inlet. This reduction of the size of the core 

separation was achieved due to the presence of available space between the annulus inner body end and the 

nozzle exit. These results concluded that the auspicious position of the annulus inner body end would be 

between the 0.41Dne and 0.7Dne upstream of the nozzle inlet.  
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Figure 5-50: Centreline non-dimensionalized measured axial velocity at the diffuser exit, different positions 

of the annulus inner body, converged nozzle with square shape of the annulus inner body end, 

0.75 standoff ratio (sc2), cold flow conditions with 0o, 10o and 20o swirl angles 

 
5.3.3.2 Static Pressure Distribution along the Mixing Tube and Diffuser Walls 

 Figures 5-51 to 5-53 show non-dimensionalized measured static pressure distributions along the 

mixing tube and diffuser walls for the cases studied. The non-dimensionalized measured wall static pressure 

was defined as the ratio of the measured static pressure along the mixing tube and diffuser walls to the 

corresponding dynamic pressure in the annulus measured at 6.5h upstream of the nozzle inlet. It was 

noticed that in the mixing tube, pressure recovery occurs since the high momentum from the incoming 

nozzle flow was dissipated since it mixed with the entrained flow.  
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Figure 5-51: Non-dimensionalized measured pressure recovery, different positions of the annulus inner 

body end with square shape, converged nozzle, 0.75 standoff ratio (sc2), cold flow with φ = 0o 

 
Figure 5-52: Non-dimensionalized measured pressure recovery, different positions of the annulus inner 

body end with square shape, converged nozzle, 0.75 standoff ratio (sc2), cold flow with φ = 10o 

 
Figure 5-53: Non-dimensionalized measured pressure recovery, different positions of the annulus inner 

body end with square shape, converged nozzle, 0.75 standoff ratio (sc2), cold flow with φ = 20o 
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Figures 5-51 to 5-53 show a rapid momentum exchange at the inlet of the mixing tube, followed by 

a more gradual exchange as a result of the velocity profile becoming more uniform. Pressure recovery also 

occurs in the diffuser since the area increase causes velocity to decrease as noted by the lower average 

velocity shown in Figure 5-48. Because a 4-ring entraining diffuser was added to the mixing tube, flow 

from the surrounding was entrained through the diffuser gaps that, in turn, mixed with the stream from the 

mixing tube. This mixed flow participated in the pressure recovery in the diffuser transferring high velocity 

and low pressure stream to low velocity and high pressure flow at the end of the diffuser, shown in Figure 

5-51.  

 The pressure recovery in both the mixing tube and the diffuser was also obviously increased by 

increasing the swirl angle. However, the pressure recovery was noticeable in the diffuser device. The flow 

momentum near the diffuser walls increased with the swirl angle due to the centrifugal force that, in turn, 

improved the diffuser performance to a certain degree, by delaying or preventing diffuser stall.  

Regardless of the position of the annulus inner body end, at the 0o, 10o and 20o swirl angles, the 

static pressure along the mixing tube and diffuser walls was almost the same. This indicated that the nozzle 

length did not strongly influence the pressure recovery in the mixing tube and diffuser for the cases studied. 

Along the first 8 cm of the mixing tube inlet, it was also found that the wall static pressure dropped 

significantly regardless of the position of the end of the annulus inner body and the swirl angle. This 

pressure drop was due to a rapid momentum exchange between the primary and secondary flows within the 

first 0.07Lmt of the mixing tube inlet.  

 

5.3.3.3 Ejector System Back Pressure Coefficient  

Figure 5-54 show the back pressure coefficients were calculated for the cases studied. It was 

noticed that the pressure coefficient decreased as the swirl angle increased regardless of the position of the 

end of the annulus inner body. As it was observed in Figure 5-49, the pressure recovery in mixing tube and 

diffuser increased as the swirl angle increased that, in turn, positively affected the back pressure at the 



  

  

  

156 

nozzle inlet, shown in Figure 5-54. Under the three swirl conditions of 0o, 10o, and 20o, minimum back 

pressure penalty occurred when the annulus inner body end was 0.41Dne upstream of the nozzle inlet. The 

maximum coefficient was generated by placing the end of the annulus inner body 0.06Dne downstream of 

the nozzle inlet for all three swirl conditions as there was not enough space between the annulus inner body 

end and the nozzle exit to entrain more annular flow in the recirculation zone. 

 
Figure 5-54: Measured back pressure coefficient, different positions of the annulus inner body end with 

square shape, converged nozzle, 0.75 standoff ratio (sc2), cold flow conditions with 0o, 10o and 20o 

swirl angles 

 

At 0o, 10o, and 20o swirl angles, as shown in Figure 5-54, the back pressure coefficient was 

decreased 15-19% by moving the end of the annulus inner body from 0.7Dne to 0.41Dne upstream of the 

nozzle inlet. The coefficient increased 10-27% by moving the annulus inner body end from 0.41Dne to 

0.24Dne upstream of the nozzle inlet. It also increased again 13-18% by moving the annulus inner body end 

from 0.24Dne upstream to 0.06Dne downstream of the nozzle inlet. These results showed that the position 

of the end of the annulus inner body at 0.41Dne upstream of the nozzle inlet was the optimum location for 

the end of this body for all swirl angles to produce the preferable back pressure coefficient.  

 

5.3.3.4 Ejector System Total Pumping Ratio 

 Figure 5-55 show the ejector total pumping capacity was calculated at 0o, 10o, and 20o swirl 

conditions for the four positions of the annulus inner body end. The data showed that the ejector pumping 
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ratio increased as the swirl angle increased independent of the position of the annulus inner body end. The 

ejector total pumping ratio increased with swirl strength due to creating strong radial and axial pressure 

gradients at the nozzle exit that, in turn, increased the entrainment through the standoff and at the inlet of 

the mixing tube. Also, the strong swirl forced the core flow to open up towards the diffuser walls that 

increased the entrainment through the diffuser gaps that, in turn, beneficially participated in improving the 

ejector pumping ratio. 

 
Figure 5-55: Measured ejector total pumping ratio, different positions of the annulus inner body end with 

square shape, converged nozzle, 0.75 standoff ratio (sc2), cold flow conditions with 0o, 10o and 20o 

swirl angles 

 

 At the three swirl angles, the maximum ejector pumping capacity was achieved with the end of the 

annulus inner body 0.06Dne downstream of the nozzle inlet, shown in Figure 5-55. However, at 20o flow 

swirl, when the end of the annulus inner body was placed 0.41Dne upstream and 0.06Dne downstream of 

the nozzle inlet, the ejector pumping ratio was almost the same. These results demonstrated that the most 

favorable position of the annulus inner body end was 0.41Dne upstream of the nozzle inlet, which produced 

comparable pumping ratios and lowered the back pressure coefficient at different flow swirl angles. 

In conclusion, the nozzle length was investigated by moving the annulus inner body with a square 

shape 0.704Dne, 0.41Dne, and 0.7Dne upstream and 0.06Dne downstream of the nozzle inlet. It was found 

that the static pressure on the mixing tube and diffuser wall were almost the same for each swirl angle 
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regardless of the position of the annulus inner body end. It was also found that along the first 0.02Lmt cm of 

the mixing tube, the wall static pressure dropped significantly regardless of the position of the end of the 

annulus inner body and the swirl angle due to a rapid momentum exchange within this zone.  

The position of the annulus inner body end 0.41Dne upstream of the nozzle inlet delivered the best 

back pressure coefficient over the using of the other three positions regardless of the swirl angle and mass 

flow rate. The position of the annulus inner body end 0.06Dne downstream of the nozzle inlet increased the 

ejector pumping capacity over implementing the other three positions at 0o, 100, and 20o swirl angles. 

However, at the 20o swirl angle, the ejector pumping ratio was almost the same when placing the annulus 

inner body end at 0.41Dne upstream and 0.06Dne downstream of the nozzle inlet. Finally, the significant 

advantage offered by the position of the annulus inner body end at 0.41Dne upstream of the nozzle inlet 

compared with the other three positions is the improving of the ejector pumping ratio and reducing the back 

pressure coefficient under different swirl angles. 
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Chapter 6 

CFD Results and Discussions 

6.1 Introduction 

The CFD model results and discussion are presented in this chapter. The RANS-based computational 

fluid dynamics turbulence models were implemented using ANSYS Fluent 14 software [73]. The CFD 

results were compared to the experimental data. One of the main objectives of the current CFD 

investigation was predicting the core separation in air-air ejector devices under different inlet flow 

conditions and using different geometric parameters. Predicting the changes in the core separation and its 

effects on the ejector performance criteria for small geometric variations such as the shape of the annulus 

inner body end, ejector area ratio and standoff represented another main objective of the current CFD 

investigation. The main goals of achieving these objectives were to understand and determine: 

 How sensitive RANS-based CFD predictions were to changes in system boundary conditions, 

which included inlet flow distortion and turbulence models, 

 Whether the RANS-based turbulence models were able to predict the core separation in swirling 

flows in air-air ejectors with entraining diffusers, and 

 How well RANS-based CFD could predict system performance when small changes in the flow 

conditions and geometry were made. 

Understanding the experimental data, predicting the performance parameters that had to be taken in 

consideration for design purposes and determining a method for using the RANS-based turbulence models 

that are available in ANSYS Fluent 14 were also the main objectives of the current CFD study. The CFD 

simulations were also used to understand the flow field where there was no experimental data. 

 Most of the experimental cases were simulated numerically using RANS-based turbulence models. 

In an attempt to ensure a concise chapter, simulation results were chosen that were representative of all 
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cases modeled. Some results are presented in the Appendices section. The following steps were made to 

achieve an adequate numerical investigation of the core separation in an air-air ejector and proper CFD 

prediction of the device performance parameters:  

o The performance of the standard, RNG and realizable k-ε, SST k-ω and RSM turbulence models 

was evaluated through comprehensive CFD simulations. 

o CFD simulations were carried out to check the RANS-based turbulence model's sensitivity to small 

changes in the inlet swirl strength and geometric. 

o The effects of the standoffs on the ejector pumping ratios and back pressure were performed to 

determine how the RANS-based turbulence model was sensitive to standoff changes. 

o CFD simulations with applying the measured parameters at the nozzle exit as inlet boundary 

conditions for the CFD simulations were conducted to figure out whether the CFD predictions 

yielded different solutions. 

o The detailed flow structures in the converged and straight nozzle systems that were used in the 

current air-air ejector system were analyzed to better understand the experimental data and CFD 

simulation results. 

Under different inlet flow conditions and geometric parameters, the ejector performance parameters were 

investigated included: 

(i) The four diffuser gap inlet velocities, 

(ii) Temperature uniformity factor, 

(iii) Flow structure at a central section inside the mixing tube and at nozzle and diffuser exits,  

(iv) Temperature distribution along the mixing tube and diffuser walls and at the diffuser exit,  

(v) Ejector pumping ratios, pressure recovery and back pressure, and 

(vi) Flow separation at the mixing tube inlet.  
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 The turbulence intensity profiles that were used as CFD inlet boundary condition parameters in the 

annulus in the current work were taken from previous work [20] that used the same apparatus. An adiabatic 

no-slip wall condition was used for the inner and outer faces of the ejector walls. The wall roughness was 

selected as smooth. The secondary flow was entrained at the mixing tube inlet and more entraining flow 

was drawn into the diffuser by the primary flow from the nozzle systems. Thus, inlet pressure was specified 

for all inlets to simulate the atmospheric condition. In this research, all the final results were based on the 

second-order upwind scheme. The SIMPLE algorithm for pressure-velocity coupling was used in all 

simulations with the k-ε and k-ω turbulence models and the PISO algorithm was used with the RSM model. 

 

6.2 Selecting the Turbulence Model: Applying the CFD Inlet Boundary Conditions in the 

Annulus 

 In the literature review, it was found that the qualities of the CFD simulation results using 

commercial software were greatly affected by selecting the proper turbulence models. The two-equation 

RANS-based turbulence models (k-ε and k-ω) and RSM model were of particular interest in the current 

study. The main objective of carrying out these CFD simulations in the current section was to understand 

the performance of the RANS-based turbulence models in predicting the core separation in an air-air ejector 

with entraining diffuser and the effects of the core on the device’s performance parameters. To figure out 

which RANS-based turbulence model generated the best agreement with the experimental data for a 

number of the ejector performance criteria including velocity profiles, diffuser gap inlet velocities, ejector 

pumping ratios and back pressure represented another goal. Cold and hot inlet flow conditions with 10o, 20o 

and 30o swirl angles were modeled.  
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6.2.1 Cold Inlet Flow Conditions with Low Swirl Angle 

 Cold inlet flow conditions with 10o swirl angle, the converged nozzle with the elliptical shape of the 

annulus inner body end, a 0.5 standoff ratio (sc1), a short mixing tube and a four ring-entraining diffuser, as 

shown in Figure 6-1, were used.  

 

Figure 6-1: Schematic diagram of the air-air ejector, converged nozzle with elliptical shape of the annulus 

inner body end, 0.5 standoff ratio (sc1) 

 

The non-dimensionalized measured axial velocity profiles at different downstream sections and the 

system pressure recovery using the five turbulence models are shown in Figures 6-2 to 6-5. Through a 

qualitative comparison, as shown in Figures 6-4 and 6-5, it was apparent that most of the turbulence models 

over-predicted the flow axial velocity at and around the ejector centreline. This over prediction was likely a 

result of under prediction of the mixing rate of non-isothermal shear layers due to the large pressure 

gradients that had significant effects on turbulence quantities. 

The standard k-ε turbulence model was the worst model in predicting the core separation at the 

three downstream sections because it used constant values for Prandtl numbers. The constant Prandtl 

numbers adversely affected the flow prediction particularly in the strong recirculation zone that started 

immediately downstream of the annulus inner body end. It was found that the RNG k-ε turbulence model fit 

the best with the measured data compared to the other turbulence models in predicting the core separation 

as the RNG k-ε model had an additional term in its dissipation rate equation. This additional term 
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considerably enhanced the accuracy of predicting flows with large strain rates and pressure gradients [75] 

such as core separation over implementing the other turbulence models.  

 The realizable k-ε turbulence model did not perform well in predicting the core separation, as 

shown in Figures 6-2 and 6-5, but predicted the pressure recovery in the mixing tube close to the measured 

data better than the other models, as shown in Figure 6-5. The model dissipation equation (ε-equation) was 

modified to better represent the energy transfer between the primary and secondary flows. The model non-

dimensionalized constant, Cµ, that was used to calculate the turbulent viscosity, was also no longer constant. 

In the realizable k-ε turbulence model, the Cµ values were dependent on the mean flow deformation and the 

turbulence quantities that enhanced the pressure recovery predictions. However, there was not a substantial 

difference between using the RNG and realizable k-ε turbulence models in predicting the pressure recovery.  

As shown in Figure 6-4, the SST k-ω turbulence model predicted a recirculation zone near to the 

diffuser wall and close to the device exit. Neither the other turbulence models nor the experimental data 

showed this recirculation zone. As shown in Figure 6-5, the SST k-ω predicted the worst pressure recovery. 

 
Figure 6-2: Non-dimensionalized measured and predicted axial velocity at the nozzle exit, converged 

nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow conditions 

with 10o swirl angle 
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Figure 6-3: Non-dimensionalized measured and predicted axial velocity at the msimt, converged nozzle, 

elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with φ = 10o  

 
Figure 6-4: Non-dimensionalized measured and predicted axial velocity at the diffuser exit, converged 

nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow, φ = 10o 

 
Figure 6-5: Non-dimensionalized measured and predicted pressure recovery of the ejector system, 

converged nozzle, elliptical shape of inner body end, 0.5 standoff ratio (sc1), cold flow, φ = 10o 
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 It was expected that the RSM model might have a greater capacity to give accurate predictions for 

complex flows than the two-equation models. It was reported [78-80] that for complex flows such as stress-

entrained secondary flows in ducts, swirling flows and rotating flow passages, the RSM should perform 

well. During the simulation process, it was found that the RSM converging course was sensitive to the 

domain size, mesh quality and under-relaxation factor compared to the other models. However, as shown in 

Figures 6-2 to 6-5, the RSM model did not show significantly better performance over using the RNG k-ε 

model particularly in predicting the core separation. It was found that the RSM model’s results showed a 

slightly better agreement with the experimental data in predicting the pressure recovery over implementing 

the RNG k-ε model as the model abandoned the isotropic eddy-viscosity hypothesis. Nevertheless, it was 

found that the required convergence time using RSM model was almost 15 times that of the RNG k-ε 

model. As shown in Figures 6-6 to 6-8, the five turbulence models did not appropriately predict the swirl 

velocity profiles at the nozzle exit, the centerline measured section inside the mixing tube (msimt) and the 

diffuser exit. This lack of prediction was probably a result of the poor predictions of the size of the 

recirculation zone that started immediately downstream of the annulus inner body end.  

 
Figure 6-6: Non-dimensionalized measured and predicted swirl velocity profiles at nozzle exit, converged 

nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o 

swirl angle, Exp: Experimental 
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Figure 6-7: Non-dimensionalized measured and predicted swirl velocity profiles at the measured section 

inside the mixing tube, converged nozzle, elliptical shape of the annulus inner body end, 0.5 

standoff ratio (sc1), cold flow with 10o swirl angle, Exp: Experimental 

 
Figure 6-8: Non-dimensionalized measured and predicted swirl velocity profiles at the diffuser exit, 

converged nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow 

with 10o swirl angle, Exp: Experimental 

 
The lack of predication of the swirl velocity resulted in poor prediction of the mixing process 

between the primary and secondary flows in the standoff, mixing tube and diffuser. This lack of prediction 

of the mixing process between the two flows downstream in the ejector components resulted in poor 

prediction of the ejector pressure recovery, as shown in Figure 6-5. However, compared with the 

experimental data the RNG k-ε turbulence model results showed a better performance compared to the other 
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models in predicting the swirl velocity profiles not only at and around the ejector centreline but also at large 

radii. 

 The ejector pumping ratio represented another device performance criterion that was tested. The 

three pumping ratios: secondary, total and tertiary were calculated using the five turbulence models. Table 

6-1 shows the system pumping ratios and different percentages between the measured and predicted ratios 

found using the five turbulence models. Compared with experimental data, it was found that the standard, 

RNG and realizable k-ε turbulence models over-predicted the ejector total and secondary pumping ratios but 

the SST k-ω and RSM models under-predicted the ratios. However, the RNG k-ε and RSM model 

predictions were closer to the measured data over implementing the other models. It was also found that the 

five models significantly under-predicted the tertiary pumping ratio because these models were not able to 

accurately predict the mixing process between the primary and secondary flows particularly in the diffuser.  

 

Table 6-1: Measured and predicted pumping ratios, different turbulence models, converged nozzle, elliptical 

shape of the annulus inner body end, cold flow with 10o swirl angle, 0.5 standoff ratio (sc1) 

Experimental/ 

Turbulence Model Фt Фt Diff% 

 

Ф2nd Ф2nd Diff% 

 

Ф3rd Ф3rd Diff% 

Measured Data 1.78  0.40  0.4  

Standard k-ε Results 1.83 3.0 0.45 9.0 0.35 -6.0 

RNG k-ε Results 1.81 2.0 0.45 9.0 0.35 -9.0 

Realizable k-ε Results 1.83 3.0 0.45 10.0 0.35 -7.0 

SST  k-ω Results 1.60 -10.0 0.35 -14.0 0.20 -45.0 

RSM Results 1.77 -0.5 0.40 5.0 0.30 -11.0 

  Diff%: the difference between measured and predicted ratios in percentage 

 
The back pressure coefficient is considered one of the main ejector performance criteria and is also 

examined in the current section. The coefficient is defined as the ratio of static to dynamic pressure in the 

annulus. The back pressure coefficient, Cb, was calculated using the measured and predicted static and 

dynamic pressures at the measured section. Table 6-2 shows the measured coefficient and the difference 

between the measured data and predicted results as a percentage. Compared with the experimental data, the 

five models under-predicted the coefficient due to the uncertainties in predicting the diffuser performance 
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parameters such as the tertiary mass flow rate and pressure recovery. However, the standard k-ε model 

showed better performance in predicting the coefficient compared to the other four models because, as 

shown in Figure 6-5, it was the best turbulence model for predicting the diffuser pressure recovery. 

 

Table 6-2: Measured and predicted back pressure coefficient, different turbulence models, converged 

nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o 

swirl angle, Exp: experimental 

 Exp. Data Standard k-ε RNG k-ε Realizable k-ε SST k-ω RSM 

 0.099 0.088 0.081 0.082 0.079 0.040 

Difference in percent (%)  -12 -18 -18 -20 -60 

 
 As shown in Table 6-3, the standard k-ε model gave the second best results in predicting the 

diffuser gap inlet velocities behind the RSM model. However, the model (standard), as it was found in the 

previous paragraphs, poorly predicted the core separation. Finally, the RNG k-ε model showed better 

capability in predicting the core separation, ejector pumping ratios and pressure recovery over the using of 

the other turbulence models. Considering the reliability of the converging process and the ability of 

predicting the ejector performance parameters, the RNG k-ε model was found the most suitable model to be 

used in numerical design of such devices. Therefore, the RNG k-ε model was selected to simulate the rest of 

CFD cases in the current study. However, the ability of the two-equation models to predict the core 

separation and its effects on the ejector performance was also tested under hot inlet flow conditions with 

different swirl angles. 

 

Table 6-3: Non-dimensionalized measured and predicted diffuser gap inlet average velocities (Gap1, Gap2, 

Gap3 and Gap4), turbulence models, converged nozzle, elliptical shape of the annulus inner body 

end, 0.5 standoff ratio (sc1), cold flow with 10o swirl angle 

Experimental/Turbulence 

Models 

Diffuser Gap1 Diffuser Gap2 Diffuser Gap3 Diffuser Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm 

Measured Data 0.98 0.70 0.48 0.30 

Standard k-ε Results 0.69 0.57 0.45 0.34 

RNG k-ε Results 0.67 0.54 0.41 0.29 

Realizable k-ε Results 0.69 0.55 0.42 0.30 

SST k-ω Results 0.46 0.34 0.25 0.18 

RSM Results 0.70 0.58 0.46 0.31 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 
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6.2.2 Cold Inlet Flow Conditions with High Swirl Angle 

 Under cold inlet flow conditions with high swirl angles of 20o and 30o, it was found that the RNG k-

ε turbulence model was not able to accurately predict the ejector performance particularly the ejector 

pressure recovery. The air-air ejector with the converged nozzle with elliptical shape of the annulus inner 

body end and the 0.75 standoff ratio (sc2), as shown in Figure 6-9, was used in the current CFD simulations.  

 
Figure 6-9: Schematic diagram of air-air ejector with four ring entraining diffuser, converged nozzle with 

elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2) 

 

Figure 6-10 shows the ejector pressure recovery under cold inlet flow conditions with 20o swirl 

angle. It was found that a significant difference between the measured and predicted pressure recovery 

reached up to 25% within the first 0.03Lmt of the mixing tube inlet. It was also observed that the difference 

between the measured and predicted pressure recovery decreased downstream in the mixing tube. The RNG 

k-ε model over-predicted the pressure recovery along the second half of the mixing tube and under-

predicted the diffuser pressure recovery. Experimentally, a sudden drop in the pressure recovery at the 

mixing tube exit due to the core flow spreading out towards the mixing tube wall was noticed. The model 

was not able to predict this sudden drop of the pressure recovery at the mixing tube exit. The RNG k-ε 

model under-predicted this rapid pressure drop by about 25%. The model also noticeably under-predicted 

the diffuser pressure recovery reaching up to 30%. 
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Figure 6-10: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions with 

20o swirl angle, Exp: Experimental 

 

Figure 6-11 shows the ejector pressure recovery using the converged nozzle under cold inlet flow 

conditions with 30o swirl angle. Similar to cold flow with 20o swirl angle, under 30o swirl angle, the RNG k-

ε turbulence model under-predicted the pressure recovery at the mixing tube inlet, as shown in Figure 6-11, 

by about 23%. The difference between the measured data and the predicted results decreased downstream in 

the first half of the mixing tube. The RNG k-ε turbulence model over-predicted the pressure recovery along 

the second half of the mixing tube. Similar to using the 20o swirl angle inlet flow conditions, under the 30o 

swirl angle, the model was not able to predict the sudden drop in the pressure recovery at the mixing tube 

exit. The model also under-predicted the diffuser pressure recovery by about 30%. 

The experimental data showed that the size of the separation area at the mixing tube inlet decreased 

with swirl strength, as shown in Figure 6-12. The RNG k-ɛ turbulence model successfully predicted the 

same experimental trend. However, using cold inlet flow with 20o swirl angle, the RNG k-ɛ model under-

predicted the size of the separation area at the mixing tube inlet compared with the experimental data. With 

30o swirl angle, the model did not predict the separation area that was obtained experimentally. This poor 

prediction of the separation area at the mixing tube inlet caused uncertainty in predicting the pressure 

recovery at the mixing tube inlet under 20o and 30o swirl angles as shown in Figures 6-10 and 6-11.  
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Figure 6-11: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions with 

30o swirl angle, Exp: Experimental 

 

 
Figure 6-12: Measured and predicted flow separation at the mixing tube inlet, converged nozzle, elliptical 

shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions with 20o and 

30o swirl angles 

 

As shown in Figure 6-13, it was found that a sudden drop of the flow swirl velocity at the mixing 

tube inlet and then the velocity gradually decreased downstream of the mixing tube and diffuser. This 

sudden drop of the swirl velocity explained the rapid pressure recovery at the mixing tube inlet that was 
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predicted using the RNG k-ɛ turbulence model. The gradual decreasing of the swirl velocity downstream in 

the mixing tube and diffuser explained the downstream gradual pressure recovery that was predicted by the 

model as well.  

 
Figure 6-13: Non-dimensionalized predicted swirl velocity along the standoff, mixing tube and diffuser at 8 

cm radius, different swirl angles, converged nozzle, elliptical shape of the annulus inner body end, 

0.75 standoff ratio (sc2), cold flow 

 

 Figures 6-14 to 6-16 show the flow properties at the nozzle and diffuser exit under cold inlet flow 

conditions with 30o swirl angle. It was found that the RNG k-ε turbulence model over-predicted the axial 

velocity and the static pressure distribution at high radii at the diffuser exit. The model under-predicted the 

swirl velocity at the nozzle exit and the radial velocity distribution at high radii at the diffuser exit. At the 

nozzle exit, the under prediction of the swirl velocity reached up to 47%. 

 The over prediction of the axial velocity and static pressure distribution and under prediction of the 

radial and swirl velocity at the nozzle and diffuser exits provided an evidence that the RNG k-ε turbulence 

model under-predicted the mixing process between the primary and secondary flows in the standoff, mixing 

tube and diffuser. This under prediction of the mixing process was reflected in the prediction of gradually 

decreasing swirl velocity in the mixing tube and diffuser as shown in Figure 6-13. This under prediction of 

the mixing process explained the lack in prediction of the pressure recovery in the mixing tube and diffuser.  
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(c) Swirl velocity profiles at the nozzle exit 

 

 

 
(d) Radial velocity at the diffuser exit 

 

Figure 6-14: Non-dimensionalized measured and predicted flow swirl and radial velocities at nozzle and 

diffuser exits respectively, converged nozzle, elliptical shape of the annulus inner body end, 0.75 

standoff ratio (sc2), cold flow with 30o swirl angle, Exp: Experimental, Une,m, Vne,m: local maximum 

swirl and radial velocity at the nozzle exit respectively 
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(c) Static pressure profiles at the diffuser exit 

 

 
(d) Total pressure profiles at the diffuser exit 

 

Figure 6-15: Non-dimensionalized measured and predicted flow static and total pressure at the diffuser exit, 

converged nozzle, elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold 

flow with 30o swirl angle, Exp: Experimental 
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(c) Axial velocity profiles at the diffuser exit 

 

 
(d) Swirl velocity profiles at the diffuser exit 

 

Figure 6-16: Non-dimensionalized measured and predicted flow axial velocity at the diffuser exit, 

converged nozzle, elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold 

flow with 30o swirl angle, Exp: Experimental, Wne,m, Une,m: local maximum axial and swirl velocity 

at the nozzle exit respectively 

 
As was observed in the above paragraphs, the RNG k-ε turbulence model under-predicted the swirl 

and radial velocity at the nozzle and diffuser exits. This under prediction of these velocities resulted in an 

under prediction of the turbulent shear stress in the mixing shear layers in the mixing tube and diffuser. This 

under prediction of the turbulent shear stress caused under prediction of the mixing process between the 

primary and secondary flows that resulted in under prediction of the diffuser pressure recovery. The RNG k-
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ε turbulence model was not able to predict the rapid drop in the pressure recovery at the mixing tube exit 

due to the under prediction of swirl and axial velocity at high radii at the mixing tube exit. In other words, 

the RNG k-ε turbulence model was not accurately able to predict the rate of the core flow spreading up 

towards the ejector walls especially at the mixing tube exit, as shown in the schematic diagram in Figure 6-

17. 

 

Figure 6-17: Schematic diagram of the core flow spreading out towards the ejector walls 

 
The predicted velocity contours along the ejector centreline are shown in Figures 6-18 to 6-21 for 

converged nozzle with elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2) and cold flow 

conditions with 0o, 10o, 20o and 30o swirl angles. It was noticed that the core flow spreading angle towards 

the device walls increased with swirl strength. However, it was believed that the RNG k-ε turbulence model 

under predicted this spreading angle of the core flow towards the ejector walls due to the unsatisfactory 

predictions of radial and swirl velocity and static pressure distributions at different sections downstream of 

the ejector system, shown in Figures 6-14 to 6-16. These unsatisfactory predictions represented main 

deficiencies of the RNG k-ε turbulence model in predicting the core separation in air-air ejectors devices.  
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Figure 6-18: Predicted velocity contours, converged nozzle with elliptical shape of the annulus inner body 

end, 0.75 standoff ratio (sc2), cold flow conditions with no swirl 

 

 
Figure 6-19: Predicted velocity contours, converged nozzle with elliptical shape of the annulus inner body 

end, 0.75 standoff ratio (sc2), cold flow conditions with 10o swirl angle 

 

 
Figure 6-20: Predicted velocity contours, converged nozzle with elliptical shape of the annulus inner body 

end, 0.75 standoff ratio (sc2), cold flow conditions with 20o swirl angle 
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Figure 6-21: Predicted velocity contours, converged nozzle with elliptical shape of the annulus inner body 

end, 0.75 standoff ratio (sc2), cold flow conditions with 30o swirl angle 

 

 The under prediction of the pressure recovery that was found in the above paragraphs was reflected 

in the prediction of the diffuser gap inlet velocities as shown in Table 6-4. The experimental data showed 

that the diffuser gap velocities increased with the swirl strength. The RNG k-ε turbulence model 

successfully predicted the same experimental trend but the model under-predicted the diffuser inlet velocity 

compared with the measured data. This under prediction of the diffuser gap inlet velocities was reflected in 

predicting the tertiary mass flow rate as was found in the coming subsections. 

 

Table 6-4: Non-dimensionalized measured and predicted diffuser gap inlet velocities, converged nozzle, 

elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions with 

20o and 30o swirl angles 

Swirl 

Angle 
Experimental/ 

Turbulence model 

Diffuser Gap1 Diffuser Gap2 Diffuser Gap3 Diffuser Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm 

20o Measured Data 1.00 0.73 0.53 0.37 

20o RNG Results 0.61 0.50 0.39 0.28 

30o Measured Data 0.97 0.73 0.50 0.30 

30o RNG Results 0.72 0.63 0.53 0.45 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 

 
6.2.3 Hot Inlet Flow Conditions 

In this subsection, the ability of the RANS-based turbulence models including the standard, RNG 

and realizable k-ε and the SST k-ω models in predicting the core separation and its effects on the ejector 

performance parameters under hot inlet flow conditions were tested. The converged nozzle with square 

shape of the annulus inner body end was used, as shown in Figure 6-22, to perform the current CFD 
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simulations. The measured flow parameters that measured at 4h upstream of the annulus end were used as 

the CFD inlet boundary conditions. Hot inlet flow conditions with 515K temperature and 10o swirl angle 

were used. As results of the domain sensitive study, the exit plenum Lep3, radial plenum Lrp2, inlet boundary 

conditions Lip2 and the 1.25 million cells were used. The aspect ratio of the 1.25 million cells was kept less 

than 2.7. Table 6-5 shows the non-dimensionalized measured diffuser gaps' average inlet velocities. These 

velocities were non-dimensionalized by dividing the gap average inlet velocity with the maximum velocity. 

The maximum inlet velocity was found at the gap one inlet section using the elliptical shape on the annulus 

inner body end. 

 
Figure 6-22: Schematic diagram of the air-air ejector, converged nozzle with square shape of the annulus 

inner body end 
 

 The data showed that the measured gap velocity decreased downstream as the mixing process 

between the primary and secondary flows decelerated and the diffuser static pressure increased by reducing 

the flow dynamic pressure.  The same trend was predicted using the four turbulence models. However, the 

four models clearly under-predicted the diffuser gaps’ inlet velocities compared with the experimental data 

due to the under prediction of the mixing process between the primary and secondary flows. The standard k-

ε model predicted the gaps’ inlet velocities closer to the experimental data over the other three models. The 

RNG and realizable k-ε turbulence model predictions were almost the same. On the other hand, the SST k-ω 

model was the worst in predicting the diffuser gap inlet velocities compared with the other models. 
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Table 6-5: Non-dimensionalized measured and predicted diffuser gap inlet velocities, turbulence models, 

converged nozzle, square shape of the annulus inner body end, 86mm standoff, hot flow with 10o 

swirl angle 

Experimental/Turbulence Models 

 

Diffuser 

Gap1 

Diffuser 

Gap2 

Diffuser 

Gap3 

Diffuser 

Gap 4 

V1/Vm V2/Vm V3/Vm V4/Vm 

Measured Data 0.89 0.64 0.51 0.34 

Standard k-ε model results 0.69 0.57 0.45 0.34 

RNG k-ε model results 0.69 0.56 0.44 0.31 

Realizable k-ε model results 0.70 0.58 0.45 0.33 

SST k-ω model results 0.47 0.36 0.27 0.19 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 

 
 The non-dimensionalized axial velocity profiles at different downstream sections and the system 

pressure recovery using the five turbulence models are shown in Figure 6-23 to 6-26. As shown in Figure 6-

23 to 6-25, through a qualitative comparison, it was apparent that most of the used turbulence models 

under-predicted the core separation that started immediately downstream of the annulus inner body end. As 

a result, the models over-predicted the axial velocity at different downstream sections. However, at the 

nozzle and diffuser exits and msimt, as shown in Figures 6-23 to 6-26, similar to the cold inlet flow 

conditions, using the hot flow, the data showed that the RNG k-ε turbulence model predicted the axial 

velocity profiles at and around the ejector centreline fit well with the experimental data over implementing 

the standard k-ε, realizable k-ε and the SST k-ω turbulence models.  

The RNG k-ε turbulent dissipation transport equation contained a term account for the effects of the 

strain rates that significantly increased the rapid strained flow predictions. The RNG k-ε transport equations 

also included the swirl effects in calculating the turbulent viscosity, μt, that enhanced the accuracy of 

swirling flow predictions. Using the standard k-ε and the SST k-ω turbulence model, the axial velocity 

profiles at and around the device centreline at the nozzle exit were identical. These two models agreed the 

least with the experimental data compared to the RNG and realizable k-ε turbulence models. These results 

were also found at the measured section inside the mixing tube and diffuser exit.  
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 The standard k-ε turbulence model was the worst model in predicting the core separation at the 

msimt and diffuser exit. In the standard k-ε turbulence model's transport equations, the model constant, Cμ, 

which is used to compute the turbulent viscosity, has a constant value (Cμ = 0.09) that adversely affects the 

ability of the model in predicting the high rates of strain and streamline curvature flows. Unlike the standard 

k-ε turbulence mode, the Cμ is no longer constant with the realizable k-ε model. With the realizable k-ε 

model, the Cμ is function of the kinetic energy, dissipation rate and angular velocity of the flow rotation that 

improved the ability of the realizable k-ε model in predicting the core separation at the diffuser exit 

compared to the standard k-ε model as shown in Figure 6-25.  

Nevertheless, a recirculation zone near to the diffuser wall and close to the device exit was 

predicted by the SST k-ω turbulence model. Neither the experimental data nor the other turbulence models 

showed this recirculation zone. Using the SST k-ω model, different mesh sizes with very small cell sizes 

close to the mixing tube and diffuser walls and second and third discretization schemes were implemented. 

However, the model predicted the same recirculation zone that contradicted the reality.  

 
Figure 6-23: Non-dimensionalized measured and predicted axial velocity profiles at the nozzle exit, 

converged nozzle, square shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow 

with 10o swirl angle, Exp: experimental 
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Figure 6-24: Non-dimensionalized measured and predicted axial velocity profiles at the measured section 

inside the mixing tube, converged nozzle, square shape of the annulus inner body end, 0.5 

standoff ratio (sc1), hot flow with 10o swirl angle 

 
Figure 6-25: Non-dimensionalized measured and predicted axial velocity profiles at diffuser exit, converged 

nozzle, square shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow with 10o swirl 

angle, Exp: experimental 

 
Figure 6-26: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

square shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow with 10o swirl angle, 

Exp: experimental 
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As shown in Figure 6-26, the four turbulence models clearly under-predicted the static gauge 

pressure distribution along the first 0.02Dmt at the mixing tube inlet. The RNG and realizable k-ε turbulence 

model predicted almost the same pressure distribution along the mixing tube and diffuser. However, 

downstream in mixing tube and diffuser, the standard k-ε turbulence model results fit well with the 

measured data over the implement of the other three models. The SST k-ω model was the worst model in 

predicting the ejector pressure recovery.  

As shown in Table 6-5 in the above paragraph, the SST k-ω model predicted the worst diffuser gaps 

inlet velocities compared to the other three models that reflected in predicting the ejector pressure recovery. 

It was also found that, as shown in Table 6-5, the standard k-ε model well predicted the diffuser gaps’ inlet 

velocity over applying the other three models, which was also reflected in predicting the diffuser pressure 

recovery as shown in Figure 6-26. Finally, the data showed that the RNG k-ε turbulence model had the 

upper hand in predicting the velocity profiles at the nozzle and diffuser exits and at msimt section compared 

to the standard, realizable k-ε and the SST k-ω models. The model reasonable predicted the ejector pressure 

recovery compared with the other three models. The same observation was found using the cold inlet flow 

conditions. 

 Using the converged nozzle with the square shape of the annulus inner body end, hot inlet flow 

condition with 10o swirl angel and the 0.5 standoff ratio (sc1), the non-dimensionalized measured swirl 

velocity at different ejector downstream sections are shown in Figures 6-27 to 6-29. Quantitatively, none of 

the four turbulence models properly predicted the swirl velocity at the nozzle exit. At nozzle exit, the four 

models under-predicted the swirl velocity compared to the experimental data. However, the RNG k-ε 

turbulence model predicted the velocity closer to the experimental data over applying the other three 

models. At the nozzle exit and msimt section, the RNG k-ε predicted the swirl peak velocity about 4 and 6% 

closer to the experimental data over using the other three models. At the diffuser exit, the RNG k-ε 
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turbulence model properly predicted the swirl velocity at and around the ejector centreline over the use of 

the other three models.  

 With hot inlet flow conditions, as shown in Figure 6-27 to 29, the data showed that the performance 

of the four models particularly the RNG k-ε model had improved in predicting the swirl velocity compared 

with using cold inlet flow conditions. This observation indicated that the RANS-based turbulence model 

able to predict the core separation and its effects on the ejector performance for hot inlet flow conditions 

with low swirl angle.  

 
Figure 6-27: Non-dimensionalized measured and predicted swirl velocity profiles at nozzle exit, converged 

nozzle, square shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow with 10o swirl 

angle, Exp: experimental  

 
Figure 6-28: Non-dimensionalized measured and predicted swirl velocity profiles at nozzle exit, converged 

nozzle, square shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow with 10o swirl 

angle, Exp: experimental  
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Figure 6-29: Non-dimensionalized measured and predicted swirl velocity profiles at diffuser exit, converged 

nozzle, square shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow with 10o swirl 

angle, Exp: experimental 

 
At the msimt section and diffuser exit, the data showed that the standard k-ε turbulence model was 

the worst model in predicting the swirl velocity at and around the device centreline over using the other 

models. These results were in consistent with the prediction of the axial velocity at the diffuser exit as 

shown in Figure 6-25. At these two sections, the standard k-ε model well predicted the swirl velocity at high 

radii compared to the other three models. This observation was consistent with predicting the ejector 

pressure recovery. Finally, the RNG k-ε turbulence model showed the superiority over implementing the 

other three models in predicting the core separation and its effects on the ejector performance parameters. 

 Table 6-6 shows the predicted and measured ejector pumping ratios and back pressure coefficient 

and temperature uniformity factor (ft). The data showed that the standard, RNG and realizable k-ε 

turbulence models slightly under-predicted the ejector total pumping ratio but they clearly over-predicted 

the secondary ratio. The three models also under-predicted the tertiary ratio within a range by 10%. 

However, the SST k-ω turbulence model noticeably under-predicted the ejector total and tertiary pumping 

ratio and over-predicted the secondary ratio.  

The standard and RNG k-ε and SST k-ω models under-predicted the ejector back pressure due to 

the lack or predicting the ejector pressure recovery particularly at the mixing tube inlet. The realizable k-ε 

model results fit well with the measured data. It was found that the four models noticeably under-predicted 
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the temperature uniformity due to the poor prediction of the large temperature gradient downstream of the 

ejector device. It was also found that the SST k-ω turbulence model was the worst model in predicting the 

ejector pumping ratios and back pressure and the temperature uniformity over using the other three models. 

 

Table 6-6: Measured and predicted ejector pumping ratios and back pressure coefficient, Cb, and flow 

temperature uniformity factor, converged nozzle, square shape of the annulus inner body end, 0.5 

standoff ratio (sc1), hot flow, φ = 10o, Diff: difference between the measured and predicted data 

 Фt 

Фt 

Diff% Ф2nd 

Ф2nd  
Diff% Ф3rd 

Ф3rd 

Diff% 

 

Cb 

 

Cb 

Diff% 

 

ft 

 

ft 

Diff% 

Experimental data 2.2  0.5  0.60  0.14  0.58  

Standard k-ε results 2.4 6% 0.8 40% 0.60 -0.0% 0.12 -13% 0.34 -41% 

RNG k-ε results 2.3 4.5% 0.75 37% 0.58 -3% 0.11 -21% 0.25 -57% 

Real k-ε results 2.4 5.5% 0.75 38% 0.60 1% 
0.14 0.0% 0.24 -59% 

SST k-ω results 2.1 -7% 0.70 33% 0.37 -62% 0.10 -23% 0.18 -69% 

Real: Realizable k-ε turbulence model 

 
 As was seen in Table 6-5 in the previous subsection, the four turbulence model under-predicted that 

diffuser gap inlet velocities as a result the four models under-predicted the tertiary pumping ratio. It was 

also found that the SST k-ω model was the worst model in predicting the diffuser gap inlet velocities that 

was reflected in predicting the ejector tertiary pumping ratio too. The data also showed that the RNG and 

realizable k-ε models predicted the flow temperature uniformity factor almost the same.  

Figure 6-30 shows the measured and predicted non-dimensionalized temperature distribution at the 

diffuser exit using the four turbulence models, converged nozzle with the square shape of the annulus inner 

body end and hot inlet flow conditions with 10o swirl angle. The data showed that the four turbulence model 

over-predicted the temperature distribution at the diffuser exit because, as shown in Table 6-6, the models 

under-predicted the diffuser pumping ratios. Using the four models, the unsatisfactory prediction of the 

mixing process between the primary and secondary flows that was reflected in predicting the ejector 

pressure recovery, shown in Figure 6-26, resulted in under predication of the temperature profiles at the 

diffuser exit.  
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Figure 6-30: Non-dimensionalized measured and predicted centreline flow temperature profiles at the 

diffuser exit, converged nozzle, square shape of the annulus inner body end, 0.5 standoff ratio 

(sc1), hot flow with 10o swirl angle, Exp: experimental 

 

 As shown in Figures 6-25 and 6-30, compared with the measured data, the turbulence models 

predicted higher velocity and temperature profiles at the diffuser exit. It was believed that these over 

predictions was due to the lack in predicting the mixing process between the primary and secondary flows 

and large temperature gradient downstream of the ejector device.  As shown in Table 6-6, the four models 

were unable to predict the large temperature gradient downstream of the device.   

As shown in Table 6-5, the four models under-predicted the diffuser gaps inlet velocity that resulted 

in over predicting the temperature distribution at the diffuser exit as shown in Figure 6-30. The data showed 

that the standard k-ε model slightly predicted the temperature distribution at and around the ejector 

centreline at the diffuser exit closer to the measured data over the use of the other three models. At high 

radii, the SST k-ω turbulence model predicted the temperature distribution fit with the experimental data 

compared to the other three models. The RNG and realizable k-ε turbulence models predicted almost the 

same temperature profiles at the diffuser exit.  Finally, The RNG k-ε turbulence model was still superior to 

the other 2-equation turbulence models in predicting the ejector performance criteria with either the annulus 
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or nozzle boundary condition locations. Therefore, the RNG k-ε turbulence model was used in the most of 

the CFD simulations through the rest of the current chapter. 

Finally, it was found that the RNG k-ε turbulence model showed the superiority compared to the 

other RANS-based turbulence models in predicting the core separation in air-air ejector devices under 

different inlet flow conditions. However, the RNG k-ε turbulence model did not accurately predicted the 

separation area at the mixing tube inlet. It was found that none of the RANS-based turbulence models was 

able to predict the ejector pressure recovery under high swirl angle inlet flow conditions (30o swirl angle). 

The four models over-predicted the flow temperature distributions at the diffuser exit compared with the 

experimental data. 

 

6.3 CFD Sensitivity for Small Geometrical and Swirl Changes 

 The objectives of these simulations included generating detailed performance data of these types of 

devices using different swirl strengths and identifying the essential flow features such as core separation at 

and around the ejector centreline and separation areas at the mixing tube inlet. The sensitivity of the RANS-

based turbulence models to small changes in the inlet flow conditions such as the swirl strength and 

geometric parameters including the variation of the shape of the annulus inner body end represented another 

main objective of the current CFD simulations. 

 These CFD simulations were carried out using 0.5 standoff ratio (sc1), the converged nozzle with 

the two shapes of the annulus inner body end, as shown in Figure 6-31, under cold and hot inlet flow 

conditions with 20o and 30o swirl angles. The flow properties that were measured in the annulus at 4h 

upstream of the annulus inner body end were imposed as inlet boundary conditions for the CFD simulations 

at 30h upstream of the annulus inner body end location (Lip2). The CFD results were compared with the 

measured data and discussed in detail. These simulations were conducted using the RNG k-ε turbulence 

model.  
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Figure 6-31: The air-air ejector schematic diagram with standoff number one (s1), two nozzles and two 

shapes of the annulus inner body end 
 

 

6.3.1 Cold Inlet Flow Conditions 

 Under cold inlet flow conditions with 10o and 20o inlet flow swirl angles, the measured and 

predicted non-dimensionalized centreline average axial velocity profiles at the diffuser exit are shown in 

Figures 6-32 and 6-33 respectively. The experimental data showed that the flow uniformity at the diffuser 

exit decreased as the swirl angle increased. The size of the recirculation zone increased with swirl strength 

degrading the flow uniformity at the diffuser exit. The same measured trends were predicted using the RNG 

k-ε turbulence model. Predicting the measured trend indicated that the RNG k-ε model responded well to 

small changes in the swirl strength.  

 
Figure 6-32: Non-dimensionalized measured and predicted average axial velocity profiles at diffuser exit, 

converged nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow 

with 10o and 20o swirl angles, Exp: Experimental, Wne,m: local maximum axial velocity at the 

nozzle exit 
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Figure 6-33: Non-dimensionalized measured and predicted average axial velocity profiles at diffuser exit, 

converged nozzle, square shape, 0.5 standoff ratio (sc1), cold flow, Exp: Experimental, Wne,m: local 

maximum axial velocity at the nozzle exit 

 

 However, the RNG k-ε turbulence model clearly under-predicted the core separation at and around 

the ejector centreline. As shown in Table 6-7, at the 10o swirl angle the RNG k-ε model over-predicted the 

peak axial velocity by about 8.3%. This over prediction was due to the poor prediction of the mixing 

process between the primary and secondary flows as was explained in the above subsections. At 20o swirl 

angel, the model over-predicted the peak axial velocity by about 6.8%. However, the model under-predicted 

the axial velocity at the ejector centreline at the diffuser exit. It was believed that this under prediction was 

due to the over prediction of the recirculation zone that started immediately downstream of the annulus 

inner body end. This under prediction might also a result of the isotropic assumption in computing the 

turbulent viscosity that was not appropriate with high swirl angles. However, these results showed that the 

RNG k-ε turbulence model was able to respond to the small changes in the swirl strength and geometric 

parameters. 

 

Table 6-7: The predicted centreline and peak axial velocity at the diffuser exit, converged nozzle, elliptical 

shape of the annulus inner body end, 0.5 standoff ratio (sc1) 

Cold flow with 10o swirl angle Cold flow with 20o swirl angle 

Centreline  Axial Velocity Peak Axial Velocity Centreline  Axial Velocity Peak Axial Velocity 

27% 8 % -7% 34% 
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 The measured and predicted pressure recovery in the mixing tube and diffuser are shown in Figures 

6-34 and 6-35. At a 10o swirl angle, the data showed that the RNG k-ε model predicted the pressure 

recovery in the mixing tube and diffuser closer to the measured data compared to the results with the 20o 

swirl angle. The under prediction of the pressure recovery under the 20o swirl angle was probably due to the 

model not being able to accurately predict the high rate of the core flow spreading out towards the ejector 

walls under high inlet swirl angles.  

 
Figure 6-34: Non-dimensionalized measured and predicted pressure recovery in the mixing tube and 

diffuser, converged nozzle, elliptical shape, 0.5 standoff ratio (sc1), cold flow with 10o, and 20o 

swirl angles 

 
At 10o and 20o swirl angles, within the first 15 cm distance of the mixing tube inlet, the model over-

predicted the pressure recovery by about 25% and 30% respectively compared with the experimental data. 

Downstream in the mixing tube, the over prediction of the pressure recovery decreased reaching about 6%. 

Using a similar rounded mixing tube, a small separation bubble was observed experimentally by McBean 

[93]. McBean reported that the RANS-based CFD simulations (realizable k-ε turbulence model) under-

predicted the size of this separation zone and over-predicted the wall static gauge pressure at the mixing 

tube inlet similar to the above results. 
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Figure 6-35: Non-dimensionalized measured and predicted pressure recovery in the mixing tube and 

diffuser, converged nozzle, square shape of the annulus inner body end, 0.5 standoff ratio (sc1), 

cold flow with 10o, and 20o swirl angles, Exp: Experimental 

 
 Table 6-8 shows the measured and predicted ejector pumping ratios and back pressure coefficient, 

Cb, using cold inlet flow conditions with 10o and 20o swirl angles.  The measured data showed that the 

ejector pumping ratios had increased with swirl strength. The square shape on the annulus inner body end 

enhanced the ejector total, secondary and tertiary pumping ratios compared to the elliptical shape. 

Numerically, the RNG k-ε model predicted the same measured trends. However, at a 10o swirl angle and 

using the elliptical shape, the RNG k-ε model over-predicted the total and secondary pumping ratios and 

under-predicted the tertiary ratio. The model under-predicted the tertiary ratio due to the under predication 

of the rate of spreading out of the core flow towards the ejector walls. The same results were found with the 

same swirl angle (10o) but with the square shape of the annulus inner body end. With a 20o swirl angle and 

using the elliptical shape, the RNG k-ε model under-predicted the total, secondary and tertiary pumping 

ratios. The same result was found using the same swirl angle (20o) but with the square shape of the annulus 

inner body end. This poor prediction of the ejector pumping ratios was due to the lack of prediction of the 

mixing process between the primary and secondary flows downstream of the ejector components. 

 The experimental data showed that the ejector back pressure decreased with the swirl strength. The 

square shape increased the ejector back pressure over using the elliptical shape for both 10o and 20o swirl 
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angles. Numerically, the RNG k-ε model also predicted the same measured trends. However, the model 

under-predicted the ejector back pressure with the two swirl angles due to the poor prediction of the ejector 

pressure recover. These results highlighted that the RNG k-ε turbulence model was successfully able to 

respond to small changes in swirl strength and the shape of the annulus inner body end but was not being 

able to accurately predict the ejector pressure parameters. 

 

Table 6-8: Measured and predicted ejector pumping ratios and back pressure coefficients, Cb, converged 

nozzle, elliptical and square shapes of the annulus inner body end, cold flow conditions 

 

Experimental/ 

Turbulence 

Model 

 

Swirl 

Angle 

Elliptical shape of the annulus inner 

body end 

Square shape of the annulus inner 

body end 

Фt 

 

Ф2nd 

 

Ф3rd 

 

 

Cb 

Фt 

 

Ф2nd 

 

Ф3rd 

 

 

Cb 

Measured Data, 10o 1.78 0.41 0.38 0.10 2.05 0.60 0.45 0.16 

RNG Results 10o 1.81 0.45 0.3,4 0.081 2.04 0.65 0.39 0.12 

Measured Data 20o 1.89 0.50 0.39 0.08 2.15 0.64 0.51 0.09 

RNG Results 20o 1.77 0.40 0.39 0.033 2.06 0.62 0.44 0.083 

 
Using the RNG k-ε turbulence model, the velocity contours are shown in Figure 6-36 to 6-38 for 

0.75 standoff, hot inlet flow conditions with 0, 10, 20 and 30 swirl angles and converged nozzle with 

elliptical shape of the annulus inner body end. It was noticed that the responded to the swirl strength since 

the swirl angle increased, the core flow spreading out towards the ejector wall increased. However, it looks 

that the model under-predicted the spreading rate of the core flow that in consistent with cold flow results, 

shown in Figure 6-18 to 6-21. 

 
Figure 6-36: Predicted velocity contours, converged nozzle with elliptical shape of the annulus inner body 

end, s2, hot axial inlet flow conditions (0o swirl angle) 
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Figure 6-37: Predicted velocity contours, converged nozzle with elliptical shape of the annulus inner body 

end, s2, hot flow conditions with 10o swirl angle 

 

 
Figure 6-38: Predicted velocity contours, converged nozzle with elliptical shape of the annulus inner body 

end, s2, hot flow conditions with 20o swirl angle 

 

6.3.2 Hot Inlet Flow Conditions 

 The measured and predicted non-dimensionalized axial velocity profiles at the diffuser exit are 

shown in Figures 6-39 and 6-40 using the converged nozzle with the elliptical and square shapes of the 

annulus inner body end, hot inlet flow conditions with 10o and 20o swirl angles and the 0.5 standoff ratio 

(sc1),. Similar to cold inlet flow conditions, the measured data under hot inlet flow conditions showed that 

the effect of the core separation on the flow uniformity at the diffuser exit increased with swirl strengths. 

Compared to the elliptical shape, the square shape of the annulus inner body end enhanced the flow 

uniformity at the diffuser exit particularly with the 10o swirl angle. The RNG k-ε model predicted these 

measured trends for both 10o and 20o swirl angles. Similar to using cold inlet flow conditions, the RNG k-ε 

model over-predicted the core flow at and around the ejector centreline compared with experimental data.  

 With the elliptical and square shapes of the annulus inner body end and under hot inlet flow with 

10o and 20o swirl angles, as shown in Figures 6-39 and 6-40, the effects of the core separation on the axial 
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velocity profiles at the diffuser exit decreased compared to cold inlet flow conditions as shown in Figure 6-

40. The flow uniformity at the diffuser exit increased due to the effects of the high flow temperature. The 

high flow temperature increased the primary flow momentum and the Reynolds stress in the mixing shear 

layers, resulting in enhancing the mixing process between the primary and secondary flows in the standoff, 

mixing tube and entraining diffuser. The RNG k-ε turbulence model was successfully able to predict the 

same measured trends. These results also showed that the RNG k-ε model was able to respond to small 

changes in inlet boundary conditions and/or the shape of the annulus inner body end. 

 
Figure 6-39: Non-dimensionalized measured and predicted axial velocity profiles at the diffuser exit, 

converged nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow 

with 10o and 20o swirl angles, Exp: Experimental 

 

 Similar to cold inlet flow conditions, under hot inlet flow conditions the RNG k-ε turbulence 

model's ability to predict the axial velocity at the diffuser exit, particularly the peak velocity decreased with 

swirl strength. At the 20o swirl angle, it was found that the difference between the measured and predicted 

axial peak velocity at the diffuser exit increased over implementing the 10o swirl angle. This observation 

also showed that for low swirl strength flow the RNG k-ε model is able to predict the core separation in air-

air ejectors and the effects of this core separation on such devices' performance. However, this model did 

not simulate high swirl flow well. 
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Figure 6-40: Non-dimensionalized measured and predicted axial velocity profiles at the diffuser exit, 

converged nozzle, square shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow 

with 10o and 20o swirl angles, Exp: Experimental 

 

 Using the converged nozzle with the elliptical and square shapes of the annulus inner body end and 

hot flow with 10o and 20o swirl angle, the non-dimensionalized flow temperature distributions at the 

diffuser exit are shown in Figure 6-41. The flow temperature was non-dimensionalized by dividing the local 

flow temperature, T, with the average temperature at the nozzle exit, Tnav. The data showed that the RNG k-ε 

model over-predicted flow temperature at and around the ejector centreline at the diffuser exit compared 

with the experimental data. It was believed that this unsatisfactory prediction of the flow temperature at the 

diffuser exit was due to the fact that the RANS-based two-equation turbulence models were not able to 

accurately predict the mixing in the shear layers for high temperature jet flows.  

This poor prediction of the mixing in the shear layers occurred because the effects of the large 

temperature gradient on the mixing process in high temperature jet flows were not included in the two-

equation turbulence models [83] and [84]. So, it was evident that the available thermal correction models 

[83] and [84] could be used to take into consideration the effects of temperature variations on jet turbulent 

flow, thereby enhancing these two-equation models.  
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Figure 6-41: Non-dimensionalized measured and predicted temperature profiles at the diffuser exit, 

converged nozzle, elliptical and square shapes of the annulus inner body end, 0.5 standoff ratio 

(sc1), hot flow with 10o and 20o swirl angles, Ell, Sq: Elliptical and square respectively 

 

  Figures 6-42 and 6-43 show the ejector pressure recovery under hot inlet flow conditions with 10o 

and 20o swirl angles. With the elliptical shape of the annulus inner body end and 10o swirl angle, the RNG 

k-ε model under-predicted the ejector pressure recovery particularly through the first half of the mixing tube 

due to the under prediction of the flow separation at the mixing tube inlet. There was a good match between 

the measured data and predicted results for the pressure recovery along the second half of the mixing tube. 

Similar to cold inlet flow conditions, under hot inlet flow conditions, the RNG k-ε model noticeably under-

predicted the diffuser pressure recovery, as shown in Figures 6-42 and 6-43, due to the unsatisfactory 

prediction of the mixing process between the primary and entrained flow through the diffuser gaps. Under 

20o swirl angle inlet flow conditions, the disagreement between the predicted pressure distribution along the 

mixing tube and diffuser walls and the measured data increased compared to the 10o swirl angle due to 

unsatisfactory prediction of the spreading angle of the core flow towards the ejector walls under high swirl 

angles. Under 10o and 20o swirl angle inlet flow conditions, compared to the elliptical shape, the measured 

data showed that the square shape of the annulus inner body end enhanced the pressure recovery in the 

mixing tube. The same measured trend was predicted using the RNG k-ε model. These results indicated that 



  

  

  

198 

the RNG k-ε model was able to capture the main measured trend using hot flow and responded well to the 

two swirl angles and shapes of the annulus inner body end.  

Similar to cold inlet flow conditions, under hot inlet flow conditions with 10o and 20o swirl angles 

and using the two shapes of the annulus inner body end, the measured data in Table 6-9 showed that the 

diffuser gap inlet velocities increased with swirl angle due to the effects of the centrifugal force that 

increased the mixing process between the primary and secondary flows at high radii. The data showed that 

the diffuser gap inlet velocities decreased downstream. Under hot inlet flow conditions, the measured data 

also showed that the diffuser gap inlet velocities increased over using cold inlet flow conditions.  

 
Figure 6-42: Non-dimensionalized measured and predicted pressure recovery, converged nozzle, elliptical 

shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow with 10o and 20o swirl angles 

 
Figure 6-43: Non-dimensionalized measured and predicted pressure recovery, converged nozzle, square 

shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow with 10o and 20o swirl angles 
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The RNG k-ε model successfully predicted the same measured trends. However, the model under-

predicted the diffuser gap inlet velocities due to the under predictions of the mixing process between the 

primary and secondary flow. These results showed that the RNG k-ε model was successfully able to respond 

to the small changes in the inlet flow conditions and geometric parameters but unable to accurately predict 

the ejector performance parameters. 

 

Table 6-9: Non-dimensionalized measured and predicted diffuser gaps' inlet velocities, converged nozzle, 

elliptical and square shapes, hot flow conditions, 0.5 standoff ratio (sc1) 

Experimental/ 

Turbulence 

Model Swirl 

Angle 

Elliptical of the annulus inner body 

end 

Square of the annulus inner body 

end 

Gap1 Gap2 Gap3 Gap4 Gap1 Gap2 Gap3 Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm V1/Vm V2/Vm V3/Vm V4/Vm 

Measured Data 10o 0.89 0.64 0.49 0.36 0.89 0.64 0.51 0.34 

RNG Results 10o 0.65 0.54 0.42 0.30 0.65 0.53 0.42 0.30 

Measured Data 20o 1.00 0.77 0.58 0.42 0.99 0.77 0.57 0.43 

RNG Results 20o 0.61 0.51 0.40 0.29 0.61 0.50 0.39 0.28 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 

 

Tables 6-10 and 6-11 show the measured and predicted ejector system pumping ratios and flow 

temperature uniformity factor under hot inlet flow conditions with 10o and 20o swirl angle. Under 10o swirl 

angle flow conditions and using the elliptical shape on the annulus inner body end, it was found that the 

RNG k-ε model slightly over-predicted the ejector total pumping ratio compared with the measured data. 

The model noticeably over-predicted the secondary pumping ratio and under-predicted the tertiary ratio. 

With the 20o swirl angle inlet flow conditions and using the same shape of the annulus inner body end, the 

CFD simulations under-predicted the ejector total and tertiary pumping ratios but slightly over-predicted the 

secondary ratio. The same results were found using the square shape of the annulus inner body end with the 

two swirl angles.  

The same results were also found using cold inlet flow conditions. These results showed that the 

RNG k-ε model was able to respond to small changes in the inlet flow conditions and geometric criteria but 

was not able to accurately predict the ejector performance parameters. The data in Tables 6-10 and 6-11 
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clearly showed that the RNG k-ε model under-predicted the flow temperature uniformity factor at the 

diffuser exit because the model under-predicted the turbulent shear stress in the shear layers. This under 

prediction of the turbulent shear stress resulted in under prediction of the mixing process between the 

primary and secondary flows in the standoff, mixing tube and diffuser. 

 

Table 6-10: Measured and predicted ejector pumping ratios and temperature uniformity, converged nozzle, 

elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow, φ = 10o and 20o 

Experimental/ 

Turbulence 

Model 

Swirl 

Angle 

Фt 

 

Фt 

Diff% 

 Ф2nd  

Ф2nd  

Diff% 

 Ф3rd  

Ф3rd 

Diff% 

 

ft 

 

ft 

Diff% 

 

Measured Data 10o 2.02  0.41  0.61  0.56  

RNG Results 10o 2.04 0.5.0 0.53 21.0 0.51 -20.0 0.10 -82.0 

Measured Data 20o 2.21  0.51  0.69  0.62  

RNG Results 20o 2.05 -7.0 0.53 3.0 0.52 -25.0 0.09 -85.0 

Exp: experimental, Diff%: the difference between the measured and predicted data in percentage 

 

Table 6-11: Measured and predicted ejector pumping ratios and temperature uniformity, converged nozzle, 

square shape of the annulus inner body end, hot flow, φ = 10o and 20o, Diff: the difference 

between the measured and predicted data 

Experimental/ 

Turbulence Model 

 

Swirl 

Angle 

Фt 

 

Фt 

Diff% 

 Ф2nd  

Ф2nd  

Diff% 

 Ф3rd 

Ф3rd 

Diff% 

 

ft 

 

ft 

Diff% 

 

Measured Data 10o 2.23  0.47  0.60  0.58  

RNG Results 10o 2.35 5.0 0.76 38.0 0.56 -7.0 0.28 -52 

Measured Data 20o 2.30  0.61  0.56  0.63  

RNG Results 20o 2.32 1.0 0.74 18.0 0.55 -2.0 0.12 -81.0 
 

For hot inlet flow conditions with 10o and 20o swirl angles, the measured and predicted ejector back 

pressure coefficient and the difference between the measured and predicted data are shown in Table 6-12. 

Experimentally, similar to cold inlet flow conditions, for hot inlet flow conditions the data showed that the 

ejector back pressure coefficient decreased with swirl strength using the elliptical and square shapes of the 

annulus inner body end. At 10o and 20o swirl angles, the square shape increased the coefficient compared to 

the elliptical shape. It was found that the RNG k-ε model predicted these measured trends. However, the 

RNG k-ε model under-predicted the coefficient using the two shapes of the annulus inner body end under 

hot inlet flow conditions with 10o and 20o swirl angles. 
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Table 6-12: Measured and predicted ejector back pressure coefficient, Cb, converged nozzle, elliptical and 

square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow, φ = 10o and 20o 

Experimental/ 

Turbulence Model 

 

Swirl Angle 

Elliptical shape Square shape 

Cb Cb, Difference% Cb Cb, Difference% 

Measured Data 10o 0.13  0.14  

RNG Results 10o 0.10 -23 0.14 0.0 

Measured Data 20o 0.08  0.11  

RNG Results 20o 0.06 -25 0.09 -18 

 
6.4 The Effects of the Standoff on Ejector Performance Parameters 

 In the current section, the converged and straight nozzles with both shapes of the annulus inner 

body end, as shown in Figure 6-44, both cold and hot inlet flow conditions with different swirl angles, and 

the two standoffs (s1, s2) were used. The RNG k-ε turbulence model was also used. The effects of these 

standoffs on the ejector performance parameters including ejector pumping ratios and back pressure 

coefficient were tested. The main objective in running these simulations was to determine whether the RNG 

k-ε turbulence model was able to respond to different standoffs. 

 

6.4.1 Ejector System Pumping Ratios 

 Under cold and hot inlet flow conditions with 10o and 20o swirl angles, Tables 6-13 and 6-14 show 

the measured and predicted ejector pumping ratios. Under cold inlet flow conditions, the experimental data 

showed that as the standoff increased the ejector total pumping ratios increased using the converged and 

straight nozzles with the elliptical and square shapes of the annulus inner body end. Because a short mixing 

tube was used in the current study, increasing the standoff led to increasing the mixing length that, in turn, 

enhanced the mixing process between the primary and secondary flow. The swirl strength enhanced the 

ejector total pumping ratios in the cases of both standoffs. It was observed that the square shape of the 

annulus inner body end slightly increased the ejector total pumping ratios over using the elliptical shape. 

These results were consistent with McBean and Birk`s conclusion [93]. 
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Figure 6-44: Schematic diagram of the air-air ejector 

 

Table 6-13: Measured and predicted ejector pumping ratios, converged nozzle, elliptical and square shapes 

of the annulus inner body end, two standoffs (s1, s2), cold flow, different swirl angles, s: standoff, 

Exp: experimental 

Experimental/ 

Turbulence 

Model 

 

Swirl 

Angle 

 

Standoff 

 

Converged Nozzle Straight Nozzle 

Elliptical Square Elliptical Square 

Фt Ф3nd Фt Ф3rd Фt Ф3nd Фt Ф3rd 

Exp Data 10o s1 1.75 0.92 1.76 0.93 1.48 0.8 1.51 0.78 

RNG Results 10o s1 1.82 0.85 1.92 0.86 1.53 0.65 1.52 0.65 

Exp Data 10o s2 1.82 1.02 1.86 1.07 1.51 0.89 1.53 0.93 

RNG Results 10o s2 1.81 0.81 2.1 0.85 1.55 0.64 1.78 0.7 

Exp Data 20o s1 1.86 1.04 1.9 1.26 1.52 1.01 1.55 1.02 

RNG Results 20o s1 1.88 0.83 2.12 0.82 1.6 0.69 1.74 0.72 

Exp Data 20o s2 1.84 1.01 1.87 1.21 1.47 0.95 1.5 0.81 

RNG Results 20o s2 1.86 0.88 2.13 0.88 1.48 0.68 1.73 0.67 

 
Table 6-14: Measured and predicted ejector pumping ratios, converged nozzle, elliptical and square shapes 

of the annulus inner body end, two standoffs (s1, s2), hot flow conditions, s: standoff, Exp: 

experimental  

Experimental/ 

Turbulence 

Model 

Swirl 

Angle 
 

Standoff 

 

Converged Straight 

Elliptical Square Elliptical Square 

Фt Ф3nd Фt Ф3rd Фt Ф3nd Фt Ф3rd 

Exp Data 10o s1 2.02 0.61 2.23 0.60 1.84 0.5 1.84 0.6 

RNG Results 10o s1 2.04 0.51 2.33 0.58 1.76 0.47 2.07 0.57 

Exp Data 10o s2 2.22 0.67 2.32 0.71 1.71 0.51 1.8 0.65 

RNG Results 10o s2 2.22 0.64 2.55 0.74 1.75 0.47 2.07 0.58 

Exp Data 20o s1 2.21 0.69 2.3 0.56 1.88 0.59 1.91 0.66 

RNG Results 20o s1 2.05 0.52 2.32 0.55 1.76 0.49 2.06 0.59 

Exp Data 20o s2 2.49 0.75 2.54 0.82 1.96 0.63 1.95 0.65 

RNG Results 20o s2 2.24 0.65 2.56 0.75 1.75 0.51 2.01 0.58 
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 The RNG k-ε turbulence model predicted the main measured trends. However, the model over-

predicted the ejector total pumping ratios over the measured data due to the over prediction of the secondary 

ratio as was found in the previous sections. The model under-predicted the tertiary pumping ratios in all 

cases just as the model under-predicted the diffuser performance parameters as reported in the previous 

sections. The same results were obtained for hot inlet flow conditions as shown in Table 6-14. These results 

indicated that the RNG k-ε turbulence model was able to respond to changes in the standoff, swirl strength 

and the shape of the annulus inner body end in predicting the ejector pumping ratios. However, the model 

was not able to accurately predict the ejector performance parameters. 

 

6.4.2 Ejector System Back Pressure Coefficient 

 The back pressure coefficients were calculated for the two standoffs (s1, s2) in the annulus at the 

measured section using the converged nozzle with both shapes of the annulus inner body end as shown in 

Table 6-15. Under cold inlet flow conditions, the experimental data showed that that the standoff number 

one (s1) increased the measured back pressure coefficient compared to the standoff number two (s2) due to 

the increasing flow static pressure at the nozzle exit. Under hot inlet flow conditions, it was also found that 

the standoff number one (s1) increased the coefficient over implementing the standoff number two (s2). It 

was also found that the square shape of the annulus inner body end increased the coefficient over the use of 

the elliptical shape under cold and hot inlet flow conditions using the two standoffs.   

Table 6-15: Measured and predicted ejector back pressure coefficient, Cb, converged, elliptical and square 

shapes of the annulus inner body end, two standoffs (s1, s2), cold and hot flow conditions 

Experimental/ 

Turbulence 

Model/ 

Swirl 

Angle 

 

Standoff 

ratio 

Cold Flow Hot Flow 

Elliptical Square Elliptical Square 

Cb Cb Cb Cb 

Measured data 10o 0.5 (sc1) 0.13 0.14 0.13 0.14 

RNG results 10o 0.5 (sc1) 0.06 0.11 0.09 0.13 

Measured data 10o 0.75 (sc2) 0.13 0.15 0.14 0.14 

RNG results 10o 0.75 (sc2) 0.10 0.14 0.10 0.13 

Measured data 20o 0.5 (sc1) 0.08 0.11 0.08 0.11 

RNG results 20o 0.5 (sc1) 0.06 0.08 0.06 0.08 

Measured data 20o 0.75 (sc2) 0.11 0.12 0.10 0.12 

RNG results 20o 0.75 (sc2) 0.07 0.09 0.07 0.09 
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The RNG k-ε turbulence model predicted the same trends found experimentally but clearly under-

predicted the coefficient using both shapes of the annulus inner body end and hot inlet flow with 10o and 

20o swirl angles. This under prediction of the back pressure coefficient was due to the unsatisfactory 

prediction of the diffuser pressure recovery. This poor prediction of the back pressure coefficient must be 

taken into consideration when designing such devices. These results also showed that the RNG k-ε 

turbulence model was able to predict the main measured back pressure coefficient’s trends with small 

changes in the inlet flow conditions and geometric shapes but was not able to predict the coefficient 

accurately. 

6.5 Remarks 

 CFD simulations reported in the previous subsections provided useful numerical results for the 

purpose of designing ejectors. It was observed that the RANS-based CFD predictions were sensitive to the 

changes in the ejector domain size, grid and inlet boundary condition locations. With annulus inlet 

boundary conditions, the two-equation and RSM turbulence models was not able to accurately predict the 

swirl velocity at different downstream sections of the ejector device. This under prediction degraded the 

mixing process between the primary and secondary flows in the device. Due to the under prediction of this 

mixing process, the RANS-based turbulence models under-predicted the pressure recovery in the mixing 

tube and diffuser. The under prediction of the diffuser pressure recovery also resulted in under prediction of 

the system tertiary pumping ratio and back pressure.  

However, the RNG k-ε turbulence model's results showed that it was superior over applying the 

other two-equation turbulence models in predicting the core separation and its effects on the ejector 

performance criteria with either low or high swirl angles. With low swirl strength and using different 

geometrical parameters, the RNG k-ε model predicted satisfactorily the core separation, ejector pressure 

recovery and total and secondary pumping ratios in particular. In some cases, the model also logically 

predicted the flow separation at the mixing tube inlet. The RNG k-ε model responded logically to small 
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parameter and geometrical changes including the swirl strength, standoff and the shape of the annulus inner 

body end. However, the RNG k-ε model noticeably under-predicted the tertiary pumping ratio and back 

pressure coefficient.  

 At high swirl angles of 20o and 30o; the RNG k-ε model was not able to accurately predict the 

ejector pressure recovery, the separation area at the mixing tube inlet and the back pressure coefficient. 

These results suggested that using the measured flow parameters at the nozzle exit as the CFD inlet 

boundary conditions (NEBC) might correct the unsatisfactory prediction of the swirl velocity downstream 

in the ejector system. Applying the NEBC might result in improving the prediction of the ejector pressure 

recovery, back pressure and flow separation area at the mixing tube inlet particularly under high swirl 

strength inlet flow conditions. Therefore, in the next section, the measured flow parameters at the nozzle 

exit were applied as CFD inlet boundary conditions.  

 

6.6 Applying the CFD Inlet Boundary Conditions at the Nozzle Exit 

 In the current section the flow parameters that were measured at the nozzle exit were used as CFD 

inlet boundary conditions (NEBC) to determine whether this inlet CFD location corrected the poor 

prediction of the core separation in air-air ejectors and its effects on the device performance parameters 

using the annulus inlet boundary conditions (AIBC). Cold and hot inlet flow conditions with different swirl 

angles, the converged nozzle with both shapes of the annulus inner body end and the two standoffs (s1, s2) 

were used. The standard, RNG and realizable k-ε and the SST k-ω turbulence models were tested. The main 

goal of testing these models was to determine whether the RNG k-ε turbulence model still had superiority 

compared to the other two-equation turbulence models in predicting the core separation and its effects on 

the ejector performance criteria. For comparison, some results obtained by applying the CFD inlet boundary 

conditions in the annulus were presented. 

CFD domain size and grid independence studies resulted in the use of the exit plenum Lep4, radial 

plenum Lrp2 and 1.25 million cells in the domain. However, removing the annulus and nozzle from the 
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domain, as shown in Figure 6-45, resulted in a new domain that had fewer cells. Two-dimensional 

axisymmetric domain with 1.1 million cells was simulated. Due to the limited available resources to 

measure the turbulence intensity at the nozzle exit, the predicted turbulence intensity at the nozzle exit that 

resulted from applying the measured flow parameters in the annulus (AIBC) was used as the turbulence 

intensity inlet boundary condition parameter at the nozzle exit. 

 
 

Figure 6-45: Schematic diagram of the basic features of CFD exit and radial plenum domain with applying 

CFD inlet boundary conditions at the nozzle exit 

 

6.6.1 Cold Inlet Flow conditions 

Using cold inlet flow conditions with the 10o swirl angle, the 0.5 standoff ratio (sc1) and applying 

the NEBC, Figure 6-46 shows the non-dimensionalized axial velocity at the diffuser exit. This case 

corresponded to the converged nozzle with the elliptical shape of the annulus inner body end. As shown in 

Figure 6-46, the standard and realizable k-ε and the SST k-ω turbulence models clearly over-predicted the 

core separation at the diffuser exit. On the other hand, the RNG k-ε turbulence model predicted 

satisfactorily the effects of the core separation on the axial velocity profile at the diffuser exit. However, at 

the ejector centreline, the RNG k-ε turbulence model over-predicted the axial velocity at the diffuser exit by 

about 27%. The predicted turbulence intensity at the nozzle exit resulted by applying the AIBC was used in 

these simulations as the CFD inlet boundary condition parameter. It was believed that this turbulence 

intensity parameter was not accurately predicted.  
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Figure 6-46: Non-dimensionalized measured and predicted axial velocity at the diffuser exit, converged 

nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow conditions 

with 10o swirl angle, Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the 

annulus and at the nozzle exit respectively 

 

Therefore, it was thought that applying this inaccurate predicted turbulence intensity as CFD inlet 

parameter at the nozzle exit contributed significantly to the difference between the measured and predicted 

centreline axial velocity at the diffuser exit (27%). However, at large radii it was found that there was good 

agreement between the measured data and the CFD results with the RNG k-ε model at the diffuser exit. 

Similar to applying the AIBC, implementing the NEBC, the SST k-ω turbulence model predicted a 

recirculation zone close to the device exit and near to the diffuser wall, as shown in Figure 6-46. Neither the 

other turbulence models nor the experimental data showed this recirculation zone. 

 Figure 6-47 shows the ejector system pressure recovery using cold inlet flow conditions with 10o 

swirl angle, 0.5 standoff ratio (sc1) and applying the NEBC,. As shown in Figure 6-47, the standard and 

realizable k-ε turbulence models clearly over-predicted the pressure recovery in the mixing tube. The two 

models predicted satisfactorily the diffuser pressure recovery over implementing the RNG k-ε and SST k-ω 

turbulence models compared with the experimental data. The SST k-ω turbulence model accurately 

predicted the static gauge pressure along most of the mixing tube wall but noticeably under-predicted the 

wall pressure at the mixing tube inlet and exit sections. The SST k-ω model also under-predicted the 

diffuser pressure recovery compared with the measured data. It was also found that the RNG k-ε turbulence 
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model predicted the pressure recovery in the mixing tube and diffuser better than the other three models 

compared to the measured data. These results showed that the RNG k-ε turbulence model still had the upper 

hand in predicting the core separation and ejector performance compared to the other two-equation models. 

 
Figure 6-47: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow, φ = 10o, AIBC 

and NEBC: CFD inlet boundary conditions in the annulus and at the nozzle exit respectively 

 

Table 6-16 shows the diffuser gap inlet velocities using the four turbulence models under cold inlet 

flow conditions with the 10o swirl angle using the same configuration that was used in the previous 

paragraph and applying the NEBC. It was found that the standard, RNG and realizable k-ε turbulence 

models predicted the diffuser gap inlet velocities closer to the measured data over applying the SST k-ω 

model. However, the four models still under-predicted the diffuser gap inlet velocities compared with the 

measured data. 

Table 6-16: Non-dimensionalized measured and predicted diffuser gapes' inlet velocities, converged nozzle, 

elliptical shape of the annulus inner body end, different turbulence models, cold flow, φ = 10o 

Experimental 

/Turbulence Model 

Gap1 Gap2 Gap3 Gap4 

V1/Vm V2/Vm V3/Vm V4/Vm 

Measured data 0.98 0.70 0.48 0.30 

Standard k-ε 0.78 0.65 0.52 0.38 

RNG k-ε 0.78 0.64 0.50 0.36 

Realizable k-ε 0.81 0.68 0.53 0.39 

SST k-ω 0.51 0.38 0.29 0.20 

 V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum local 

diffuser gap inlet velocity 
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Under cold inlet flow conditions with the 10o swirl angle, the measured and predicted ejector 

pumping ratios are shown in Table 6-17. The data showed that the standard, RNG and realizable k-ε 

turbulence models well predicted the ejector total pumping ratio better than the SST k-ω turbulence model 

compared with the experimental data. However, the standard, RNG and realizable k-ε turbulence models 

slightly over-predicted the ejector total pumping ratio, but the SST k-ω clearly under-predicted the ratio. 

The four models under-predicted the tertiary pumping ratios compared with the measured data due to their 

unsatisfactory prediction of the radial spreading of the core flow in the diffuser. This poor prediction of the 

radial spreading of the core flow degraded the mixing process between the primary and secondary flows 

causing under-prediction of the entrained flow through the diffuser gaps. Nevertheless, the RNG k-ε model 

still had the upper hand in predicting the flow parameters downstream in the ejector device compared to the 

two-equation turbulence models. 

 

Table 6-17: Measured and predicted ejector pumping ratios, converged nozzle, elliptical shape of the 

annulus inner body end, 0.5 standoff ratio (sc1), cold flow with 10o swirl angle 

Experimental 

/Turbulence Model 
Фt Фt Difference % Ф2nd 

Ф2nd  
Difference % 

Ф3rd 
Ф3rd 

Difference % 

Experimental Data 1.78  0.41  0.38  

Standard k-ε 1.88 5.0 0.47 12 0.41 8.0 

RNG k-ε 1.84 3.0 0.44 6.0 0.40 5.0 

Realizable k-ε 1.89 6.0 0.46 11 0.43 12 

SST k-ω 1.63 -8.0 0.40 -3.0 0.24 -38 

Difference%: the difference between measured and predicted ratios in percentage 

 
 Figure 6-48 shows the swirl and axial velocity at the measured section inside the mixing tube 

(msimt) and swirl velocity at the diffuser exit. The standard and realizable k-ε turbulence models clearly 

under-predicted the peak swirl velocity at the msimt and diffuser exit compared to the experimental data. At 

high radii the standard k-ε model predicted swirl velocity at the two sections closer to the experimental data 

compared to the other three turbulence models. Consequently, the standard k-ε model well predicted the 

diffuser pressure recovery compared to the other three turbulence models as shown in Figure 6-47.  
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(a) Swirl velocity at the nozzle exit, Exp: experimental 

 
(b) Axial velocity at the measured section inside the mixing tube (msimt), Exp: experimental 

 
(c) Swirl velocity the diffuser exit. Exp: experimental 

Figure 6-48: Non-dimensionalized measured and predicted flow properties different downstream sections, 

converged nozzle, elliptical shape, 0.5 standoff ratio (sc1) and cold flow, φ = 10o, AIBC and 

NEBC: CFD inlet boundary conditions in the annulus and at the nozzle exit respectively 
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The RNG k-ε and the SST k-ω models well predicted the peak swirl velocity at the msimt and 

diffuser exit better than standard and realizable k-ε models compared with the experimental data. The RNG 

k-ε turbulence model predicted satisfactorily the effects of the core separation on the axial velocity at the 

msimt section and swirl velocity at the diffuser exit over using the other three models. Therefore, the RNG 

k-ε model still had superiority compared to the other RANS-based CFD turbulence model in predicting the 

core separation in the air-air ejector device with entraining diffuser under inlet flow with low swirl angles. 

 

 In the current and coming paragraphs, the ability of the RNG k-ε turbulence model to predict the 

core separation and its effects on the ejector performance parameters under high swirl angles was examined. 

Also, whether applying the NEBC corrected the lack of the RNG k-ε model's predictions to study the core 

separation in the ejector device was also tested. Cold inlet flow conditions with 10o and 20o swirl angles, the 

converged nozzle with the elliptical shape of the annulus inner body end and the 0.5 standoff ratio (sc1) were 

used.  

Figures 6-49 and 6-50 show the measured and predicted non-dimensionalized axial velocity at the 

diffuser exit as well as the ejector pressure recovery. At 10o swirl angle inlet flow conditions, with applying 

the NEBC, it was found that the RNG k-ε model successfully predicted the effects of the core separation on 

the flow uniformity at the diffuser exit over implementing the AIBC. The ability of the model to predict the 

ejector pressure recovery was also increased by applying the NEBC over implementing the AIBC. Under 

the 20o swirl angle inlet flow conditions, the performance of the RNG k-ε model in predicting the flow 

velocity at the diffuser exit and the system pressure recovery was also increased by applying the NEBC 

over the use of the AIBC. 
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(c) Axial velocity profiles at the diffuser exit 

 

 
(d) Ejector pressure recovery 

Figure 6-49: Non-dimensionalized measured and predicted axial velocity at the diffuser exit and the ejector 

pressure recovery, converged nozzle, elliptical shape of the annulus inner body end, 0.5 standoff 

ratio (sc1), cold flow conditions with 10o swirl angle, Exp: experimental, AIBC and NEBC: CFD 

inlet boundary conditions in the annulus and at the nozzle exit respectively 
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(c) Axial velocity profiles at the diffuser exit 

 

 
(d) Ejector pressure recovery 

 

Figure 6-50: Non-dimensionalized measured and predicted axial velocity at the diffuser exit and the ejector 

pressure recovery, converged nozzle, elliptical shape of the annulus inner body end, 0.5 standoff 

ratio (sc1), cold flow conditions with 20o swirl angle, Exp: experimental, AIBC and NEBC: CFD 

inlet boundary conditions in the annulus and at the nozzle exit respectively  

 

Using the NEBC was simply intended to apply the proper swirl, radial and axial velocities to 

improve the RNG k-ε model’s prediction of the effects of the core separation on the flow uniformity at the 

diffuser exit and ejector pressure recovery. The difference between the measured and predicted data might 

be due to the improper turbulence intensity that was used as an inlet boundary condition parameter at the 

nozzle exit. It was also found that the difference between the measured and predicted data slightly increased 

with swirl strength. This result showed that the RNG k-ε model performed well with the low swirl angle 



  

  

  

214 

(less than or equal 10o) inlet flow condition but was still unable to accurately predict the ejector 

performance parameters for high inlet swirling flows.  

With applying the NEBC, the RNG k-ε model’s capability was tested at a higher swirl strength, the 

30o swirl angle. With the AIBC, the predicted results were presented to show the difference between both 

the AIBC and NEBC at high swirl angles. The converged nozzle with the square shape of the annulus inner 

body end and the 0.75 standoff ratio (sc2) were used. Figures 6-51 and 6-52 show the axial velocity profiles 

at the diffuser exit and ejector pressure recovery implementing both the AIBC and NEBC. Compared with 

the measured data, implementing the NEBC enhanced the RNG k-ε model's predictions of the axial velocity 

at the diffuser exit particularly at and around the ejector centreline over-prediction obtained applying the 

AIBC. 

 
Figure 6-51: Non-dimensionalized measured and predicted axial velocity at the diffuser exit, converged 

nozzle, square shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow with 30o 

swirl angle, Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the annulus 

and at the nozzle exit respectively, Wne,m: local maximum axial velocity at the nozzle exit 

 
With AIBD, the RNG k-ε model over-predicted the centreline axial velocity at the diffuser exit and 

the peak velocity by about 14.8 and 11% respectively. With NEBC, the RNG k-ε model successfully 

predicted the axial velocity profile at the diffuser exit. These results showed that implementing the NEBC 

enhanced the RNG k-ε model's predictions of the ejector performance parameters over the applying of the 
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AIBC. However, with implementing the NEBC, the RNG k-ε model still over-predicted the peak axial 

velocity at the diffuser exit compared to the measured data.  

 As shown in Figure 6-52, applying the NEBC also corrected the RNG k-ε model’s predictions of 

the ejector pressure recovery over implementing the AIBC particularly at the mixing tube inlet and through 

the diffuser. With applying the NEBC, the RNG k-ε model under-predicted the pressure recovery along the 

first 20 cm of the mixing tube inlet by 15%. The difference between the predicted results and measured data 

decreased downstream in the mixing tube. Through the second half of the mixing tube, the RNG k-ε model 

over-predicted the pressure recovery due to the gradual decrease of the swirl velocity downstream of the 

mixing tube as was explained in the previous subsections.  

With applying the NEBC, the RNG k-ε model was still unable to accurately predict the pressure 

recovery along the mixing tube. The model also under-predicted the diffuser pressure recovery. The results 

that were found in the above two paragraphs suggested that the RNG k-ε model was not able to accurately 

predict the ejector performance parameters for high swirl angle inlet flow conditions regardless of applying 

the CFD inlet boundary conditions in the annulus or at the nozzle exit.  

 
Figure 6-52: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

square shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow, 30o swirl angle, 

Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the annulus and at the 

nozzle exit respectively 
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Using the RNG k-ε turbulence model, as shown in Figures 6-53 and 6-54, applying the NEBC 

enhanced the performance of the RNG k-ε model in predicting the swirl and radial velocity profiles and 

static and dynamic pressure distributions at the diffuser exit over implementing the AIBC compared with 

the measured data. However, with applying the NEBC, the model was not able to accurately predict the 

velocity and pressure profiles at the diffuser exit. 

 
(a) Swirl velocity at the diffuser exit 

 

 
(b) Radial velocity at the diffuser exit 

 

Figure 6-53: Non-dimensionalized measured and predicted flow properties at the diffuser exit, converged 

nozzle, square shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions 

with 30o swirl angle Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the 

annulus and at the nozzle exit respectively 
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(c) Static pressure at the diffuser exit 

 

 

 
(d) Total pressure at the diffuser exit 

 

Figure 6-54: Non-dimensionalized measured and predicted flow properties at the diffuser exit, converged 

nozzle, square shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow conditions 

with 30o swirl angle, Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the 

annulus and at the nozzle exit respectively 

 

6.6.2 Hot Inlet Flow Conditions 

  In the current section, hot inlet flow conditions, the converged nozzle with both shapes of the 

annulus inner body end, the two standoffs (s1, s2) and the RNG k-ε turbulence model with non-equilibrium 

wall functions for near flow wall treatment were used. With applying the NEBC, the capability of the RNG 

k-ε turbulence model to predict the core separation in the air-air ejector and the effects of this core 

separation on the device performance were tested for different swirl angle and geometric parameters 
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including the shape of the annulus inner body end and standoff. For comparison, the CFD results using the 

AIBC were also represented.  

With hot inlet flow conditions with 10o and 20o swirl angles and using the 0.5 standoff ratio (sc1), 

Figures 6-55 to 6-58 show the measured and predicted axial velocity profiles at the diffuser exit and ejector 

pressure recovery respectively. With both shapes of the annulus inner body end, it was found that the RNG 

k-ε model's capability to predict the effects of the core separation on the flow uniformity at the diffuser exit 

was increased by applying the NEBC over the applying of the AIBC for 10o and 20o swirl angles compared 

with the measured data as shown in Figures 6-55 and 6-56.  

 
Figure 6-55: Non-dimensionalized measured and predicted axial velocity profiles at the diffuser exit, 

converged nozzle, elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow 

conditions with 10o and 20o swirl angles, AIBC and NEBC: CFD inlet boundary conditions in the 

annulus and at the nozzle exit respectively 

 
However, with the 10o swirl angle inlet flow conditions, applying the NEBC and using the elliptical 

and square shapes of the annulus inner body end, the RNG k-ε turbulence model over-predicted the axial 

velocity at the ejector centreline at the diffuses exit by 32% and 18% respectively. With the 20o swirl angle, 

applying the NEBC and using the elliptical and square shapes of the annulus inner body end, the RNG k-ε 

turbulence model over-predicted the axial velocity at the ejector centreline at the diffuse exit by 22 and 23% 

respectively. It was believed that the predicted turbulence intensity that was used as the inlet boundary 
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condition parameter at the nozzle exit caused these over predictions of the axial velocity at the ejector 

centreline at the diffuser exit. However, it was clear that the model over-predicted the core flow velocity at 

the diffuser exit when both the AIBC and NEBC were used with it. 

 
Figure 6-56: Non-dimensionalized measured and predicted axial velocity profiles at the diffuser exit, 

converged nozzle, square shape of the annulus inner body end, 86mm standoff, hot flow with 10o 

and 20o swirl angles, Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the 

annulus and at the nozzle exit respectively 

 
 Figures 6-57 and 6-58 showed that applying the NEBC improved the capability of the RNG k-ε 

model to predict the static gauge pressure at the mixing tube inlet and the diffuser pressure recovery 

compared to implementing the AIBC. Simply applying the NEBC represented applying the correct inlet 

boundary condition parameters (axial, swirl and radial velocity) that minimized the RANS-based turbulence 

model drawbacks. However, as shown in Figures 6-57 and 6-58, the model over-predicted the pressure 

recovery along the second half of the mixing tube. These results showed that applying the NEBC enhanced 

the capability of the RNG k-ε model to predict the core separation in the ejector and the effects of this core 

separation on the device performance, but the model was not able to accurately predict the ejector 

performance parameters. 

Tables 6-18 and 6-19 show the measured and predicted ejector pumping ratios and different 

percentages between the measured and predicted ratios found using the RNG k-ε model and with both the 
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AIBC and NEBC. Applying the NEBC corrected the RNG k-ε model’s prediction of the system pumping 

ratio over the implement of the AIBC using the elliptical and square shapes of the annulus inner body end.  

However, with applying the NEBC, the model over-predicted the ejector total pumping ratio and under-

predicted the tertiary ratios for both the 10o and 20o swirl angle inlet flow conditions and using the both 

shapes of the annulus inner body end. This observation showed that applying the NEBC enhanced the 

ability of the RNG k-ε model to predict the ejector performance parameters over implementing the AIBC. 

However, the data showed the RNG k-ε model successfully responded well to the change of the swirl angle 

inlet flow conditions and the shape of the annulus inner body end to predict the ejector pumping ratio. 

 
Figure 6-57: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow conditions, Exp: 

experimental, AIBC and NEBC: CFD inlet boundary conditions in the annulus and at the nozzle 

exit respectively 
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Figure 6-58: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

square of the annulus inner body end, 86mm standoff, hot flow conditions with, Exp: 

experimental, AIBC and NEBC: CFD inlet boundary conditions in the annulus and at the nozzle 

exit respectively 

 
Table 6-18: Measured and predicted ejector pumping ratios, converged nozzle, elliptical shape of the 

annulus inner body end, 86mm standoff, hot flow 

Experimental 

/Turbulence Model 

CFD IBC 

Location 

Swirl 

Angle Фt 

 

Фt 

Diff% 

 

Ф2nd 

 

Ф2nd  

Diff% 

 

Ф3rd 

 

Ф3rd 

Diff% 

 

Measuerd Data  10o 2.02  0.41  0.61  

RNG Results 
AIBC 10o 

2.04 1.0 0.53 21.0 0.51 -20.0 

RNG Results NEBC 10o 2.21 9.0 0.62 0.5 0.59 -3.0 

Measuerd Data  20o 2.21  0.51  0.69  

RNG Results AIBC 20o 2.05 -7.0 0.53 3.0 0.52 -25.0 

RNG Results  NEBC 20o 2.47 12.0 0.79 35.0 0.68 -2.5 

IBC: Inlet boundary conditions 

 

Table 6-19: Measured and predicted ejector pumping ratios, converged nozzle, square shape of the annulus 

inner body end, 86mm standoff, hot flow, AIBC and NEBC: CFD inlet boundary conditions in the 

annulus and at the nozzle exit respectively 

Experimental 

/Turbulence Model 

CFD 

IBC 

location 

Swirl 

Angle Фt 

 

Фt 

Diff% 

 

Ф2nd 

 

Ф2nd  

Diff% 

 

Ф3rd 

 

Ф3rd 

Diff% 

 

Measuerd Data  10o 2.42  0.60  0.65  

RNG Results AIBC 10o 2.35 -3.0 0.76 21.0 0.59 -10.0 

RNG Results NEBC 10o 2.67 10.0 0.96 0.5 0.71 8.0 

Measuerd Data  20o 2.30  0.61  0.56  

RNG Results AIBC 20o 2.32 1.0 0.74 17.0 0.59 5.0 

RNG Results  NEBC 20o 2.82 22.0 1.04 41.0 0.78 38 

IBC: Inlet boundary conditions 
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The results of CFD simulations using the RNG k-ε turbulence model with a higher swirl strength, 

30o swirl angle and applying the NEBC are discussed in current and coming paragraphs. For comparison, 

the CFD results with implementing the AIBC for the same swirl conditions and geometric parameters are 

also presented. In these simulations, the converged nozzle with the elliptical shape of the annulus inner 

body end and the 0.75 standoff ratio (sc2) were used. Figures 6-59 and 6-60 show that the axial velocity 

profiles at the diffuser exit and the ejector system pressure recovery and the flow separation zone at the 

mixing tube inlet respectively.  

Figure 6-59 shows the flow velocity at the diffuser exit compared to applying the AIBC for 

applying the NEBC enhanced the capability of the RNG k-ε model. The RNG k-ε model over-predicted the 

axial velocity at and around the ejector centreline and under-predicted it at large radii. At the ejector 

centreline, applying the NEBC, the RNG k-ε model over-predicted the axial velocity at the diffuser exit 

compared to the measured data by 6.5%. With the AIBC, the model accurately predicted the axial velocity 

at the ejector centreline at the diffuser exit. 

 
Figure 6-59: Non-dimensionalized measured and predicted axial velocity at the diffuser exit, converged 

nozzle, elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), hot flow with 30o 

swirl angle, Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the annulus 

and at the nozzle exit respectively 

 
However, applying the NEBC and AIBC, the model over-predicted the peak axial velocity 

compared to the measured data by 11% and 20% respectively. This observation indicated that applying the 
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NEBC improved the ability of the RNG k-ε model to predict the flow uniformity at the diffuser exit over 

applying the AIBC 

 The data in Figure 6-60 showed that applying the NEBC clearly improved the RNG k-ε model's 

performance to predict the ejector pressure recovery over implementing the AIBC compared with the 

measured data. Significant improvement to predict the rapid drop in the pressure recovery at the mixing 

tube exit and diffuser pressure recovery was found with usage of the NEBC compared to the ANBC.  

However, there was still a substantial difference between the predicted results and measured data with 

applying the NEBC. At the mixing tube inlet, applying the NEBC under-predicted the static gauge pressure 

by about 18%. On the other hand, implementing the AIBC, resulted in the model under predicting the static 

gauge pressure at the mixing tube inlet by about 42%. These results were reflected in predicting the 

separation area at the mixing tube inlet as shown in Figure 6-61. Implementing the AIBC, the RNG k-ε 

turbulence model was not able to predict the separation area at the mixing tube inlet but with applying the 

NEBC, the model predicted the separation zone as shown in Figure 6-61. 

 
Figure 6-60: Non-dimensionalized measured and predicted ejector pressure recovery, converged nozzle, 

elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), hot flow conditions with 

30o swirl angle, Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in the 

annulus and at the nozzle exit respectively 
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Figure 6-61: Measured and predicted separation area at the mixing tube inlet, converged nozzle, elliptical 

shape of the annulus inner body end, 0.75 standoff ratio (sc2), hot flow conditions with 30o swirl 

angle 

 
The measured and predicted flow temperature profiles at the diffuser exit are shown in Figure 6-62. 

Applying both the AIBC and NEBC, the RNG k-ε turbulence model was not able to accurately predict the 

flow temperature distribution at the diffuser exit. With AIBC and NEBC, the RNG k-ε model over-predicted 

the centreline flow temperature at the diffuser exit by about 24% and 21% respectively compared with the 

measured data. This over-prediction was a result of the poor prediction of the flow velocity in the three 

components at different sections downstream of the ejector device described in the above subsections.  

This unsatisfactory prediction of the flow velocity components resulted in an unsatisfactory 

prediction of the turbulent shear stress that, in turn, caused under-prediction of the mixing process between 

the primary and secondary flows in the standoff, mixing tube and diffuser. The unsatisfactory prediction of 

the flow velocity was evidence that the RNG k-ε turbulence under-predicted the spreading angle of the core 
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flow towards the ejector walls. The under-prediction of the core flow spreading out resulted in over-

prediction of the flow temperature at and around the ejector centreline as shown in Figure 6-62. 

Therefore, it is recommended to use the thermal correction models that accounted for the effect of 

large temperature variations in jet turbulent flows to improve the capability of the RNG k-ε turbulence 

model to predict accurate flow temperature distributions downstream in such devices. Another solution is to 

implement the large eddy simulation model to predict the core separation in air-air ejectors and its effects 

on the device performance. 

 
Figure 6-62: Non-dimensionalized measured and predicted flow temperature distributions at the diffuser 

exit, converged nozzle, elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), hot 

flow with 30o swirl angle, Exp: experimental, AIBC and NEBC: CFD inlet boundary conditions in 

the annulus and at the nozzle exit respectively 

 

6.6.3 Remarks 

 The results in the previous subsections highlighted that applying the CFD inlet boundary conditions 

at the nozzle exit (NEBC) enhanced the RANS-based turbulence models' performance over the 

implementing of the CFD inlet boundary conditions in the annulus (AIBC). Applying the NEBC specified 

correct parameters as CFD inlet boundary conditions that assisted in improving the RNG k-ε model to 

predict the mixing process between the primary and secondary flows. This improvement in predicting the 

mixing process positively reflected on the other ejector performance parameters.  
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However, with the NEBC and high swirl angle (>20o) inlet flow conditions, the two-equation 

turbulence models were not able to accurately predict the flow structure at different downstream sections of 

the ejector device and the ejector system pressure recovery and back pressure. Therefore, it is highly 

recommended to consider implementing the large eddy simulation model to study the core separation in air-

air ejectors and its effects on the device performance. Using the thermal correction models that accounted 

for the effect of large temperature variations in jet flows might also be an option to at least correct the 

capability of the RNG k-ε turbulence model to predict accurate flow temperature.  

 

6.7 Flow Structure in the Converged and Straight Rounded Nozzle Systems 

 In chapter 5 (Experimental Results and Discussions), the effects of different inlet flow conditions 

using the two nozzle systems that were used as driving nozzle in the ejector system in the current work were 

discussed.  It was observed that some of the ejector performance criteria improved and others were 

degraded by using the square shape of the annulus inner body end and the converged nozzle instead of the 

elliptical shape and the straight nozzle respectively. Compared to the elliptical shape of the inner body end 

and the straight nozzle, the square shape of the annulus inner body end and the converged nozzle increased 

the ejector pumping ratios and pressure recovery respectively. However, the square shape and the 

converged nozzle increased the ejector back pressure over the use of the elliptical shape and the straight 

nozzle respectively. To understand these results, a series of CFD simulations was conducted analyzing the 

flow field in the two nozzle systems. The most of the material and results presented in the current section 

were already published in the ASME Turbo Expo 2014 [94]. 

Figure 6-63 shows a diagram of the two nozzle configurations, converged and straight nozzles that 

were used in the current subsection. In a close look, with the converged nozzle, the nozzle system consists 

of an annulus, a diffuser that is called a transition (Tr.) diffuser and the rounded converted nozzle, shown in 

Figure 6-63. With the straight rounded nozzle, the nozzle system consists of an annulus and transition 

diffuser followed by the straight rounded nozzle, shown in Figure 6-63. Measured velocity profiles 
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including, axial, tangential, and radial velocity (w, u, v), in Cartesian coordinates were used as inlet 

boundary conditions.  

 
Figure 6-63: Schematic diagram of the CFD domain used to study the flow structure in the two nozzle 

system configurations 

 
In the current CFD simulations, cold inlet flow conditions with 0o, 10o, 20o and 30o swirl angles 

were used. During the experiments, the recorded room temperature changed from 285 to 305 K. The same 

measured temperatures were used in the CFD simulations accordingly. The measured flow properties were 

imposed as inlet boundary conditions for the CFD simulations at 30h upstream of the annulus inner body 

end location. In these CFD simulations, the RNG k-ε turbulence model was used. Details of the complex 

flow structure such as recirculation zones behind the annulus inner body were obtained through the CFD 

simulation analysis. Mesh with 1.5 million cells was used and turbulence intensity was set at 7%. The grid 

in the main domain was 100% structured. The cell aspect ratio in the annulus, transition diffuser and 

converged and straight nozzles (main domain) did not exceed 2. Nevertheless, the ratio increased 

downstream of the exit plenum and vertically in the inlet plenum. The aspect ratio in the inlet and exit 

plenums was between 2 and 8. 
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 The CFD results were compared with the experimental data that were obtained by mounting the two 

nozzle configurations on the HGWT. The following parameters where compared:  

 The back pressure coefficient in the annulus, close to the annulus inner body end, 

 The total pressure loss and the longitudinal variation of the static pressure coefficient along 

annulus, converged and straight nozzle walls, 

 The radial distribution of axial velocity at the converged and straight nozzle exit planes, and 

 The size of the recirculation zone behind the annulus inner body end using both shapes.  

 These parameters were analyzed experimentally and numerically in a comparable manner. The 

average measured parameters were used to calculate the above measured parameters. 

 

6.7.1 Back Pressure Coefficient in the Annulus 

 Using the straight and converged nozzle configuration systems, shown in Tables 6-20 and 6-21, the 

RNG k-ε model under-predicted the back pressure coefficient, Cb, compared to the experimental data using 

the elliptical and square shapes of the annulus inner body end. The discrepancy between the CFD prediction 

and experiment was a maximum of 26%. The data also showed that the pressure coefficient slightly 

decreased as the swirl angle increased for both configurations regardless of the shape of the annulus inner 

body end. 

However, using both configurations, with the square shape of the annulus inner body end, the back 

pressure coefficient increased compared to the elliptical shape over the entire range of swirl strength. 

Compared to the elliptical shape, the back pressure coefficient increased with the square shape of the inner 

body end because the size of the recirculation zone downstream of the annulus inner body end is larger 

compared to the elliptical shape. Consequently, the coefficient increased due to energy loss resulting from 

the increased rotation of the flow, as reported by Mallett and Harp [57]. It was also observed that the 

converged nozzle increased the back pressure coefficient compared with the straight nozzle, shown in Table 

6-21, due to the higher local pressure loss at the nozzle exit.
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Table 6-20: Non-dimensionalized measured and predicted ejector back pressure coefficient, Cb, straight 

nozzle system with elliptical and square shapes of the annulus inner body end, cold flow 

conditions 

Elliptical Shape of the annulus inner body end Square Shape of the annulus inner body end 

Swirl 

Angle 

Measured 

Cb 

CFD 

Results, Cb 

Difference 

% 

Swirl 

angle 

Measured 

Cb 

CFD 

Results, Cb 

Difference 

in % 

0o -0.24 -0.33 27% 0o -0.20 -0.27 26% 

10o -0.41 -0.44 5% 10o -0.33 -0.34 3% 

20o -0.42 -0.47 10% 20o -0.36 -0.38 3% 

30o -0.41 -0.44 7% 30o -0.37 -0.42 12% 

 
Table 6-21: Non-dimensionalized measured and predicted ejector back pressure coefficient, Cb, 

converged nozzle system with elliptical and square shapes of the annulus inner body end, cold 

flow conditions  

Elliptical Shape of the annulus inner body end Square Shape of the annulus inner body end 

Swirl 

Angle 

Measured 

Cb 

CFD 

Results, Cb 

Difference 

in % 

Swirl 

angle 

Measured 

Cb 

CFD 

Results, Cb 

Difference 

in % 

0o 0.18 0.16 12 0o 0.19 0.17 12 

10o 0.15 0.14 7.0 10o 0.18 0.16 14 

20o 0.11 0.10 16 20o 0.14 0.13 12 

30o 0.10 0.08 27 30o 0.13 0.11 18 

 
6.7.2 Total Pressure loss Coefficient  

 Similar to the back pressure coefficient, Cb, calculations, the experimental and numerical total 

pressure coefficients were calculated in the annulus at the measured section, shown in Tables 6-22 and 6-

23. The data showed the total pressure coefficient as a function of swirl strength and the difference 

between the experimental data and CFD numerical results. It was noticed that there was a considerable 

inconsistency between the experimental and CFD predictions using the RNG k-ε turbulence model. This 

discrepancy increased with the square shape of the annulus inner body end compared with the elliptical 

shape using both nozzle configuration systems. This increase was due to the larger size of the 

recirculation zone that started immediately downstream of the annulus inner body end caused by the 

square shape compared with the elliptical shape for similar swirl angle.  

The data also showed that the discrepancy increased with swirl number particularly with straight 

nozzle despite of the shape of the annulus inner body end. As swirl angle increased, the flow uniformity 

decreased at the converged and straight nozzle exits that, in turn, contributed to the pressure loss. The 

extreme high pressure loses occurred due to the recirculation zone at the downstream end of the annulus 
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inner body end that, in some cases, caused reverse flow at and around the nozzle configurations’ 

centreline. 

It was also observed that changing the straight nozzle with the converged nozzle considerably 

increased pressure loss due to the higher local pressure loss at the nozzle exit. In other words, for the 

same flow conditions, the pressure loss increased with decreasing exit area of the converged nozzle. It 

was worthwhile to note that the RNG k-ε turbulence model under-predicted the pressure loss coefficient 

compared to the measured data for all the configurations studied due to the assumption that the flow was 

isotropic. The under-prediction showed the argument that the measured and CFD prediction coefficients 

that were calculated at different sections contributed to the discrepancy range. However, the same 

measured change was predicted. 

 

Table 6-22: Measured and predicted total pressure loss coefficient result through the straight nozzle 

system, elliptical and square shapes, 0.62 standoff ratio (sstr2), cold flow conditions 

Elliptical Shape of the annulus inner body end Square Shape of the annulus inner body end 

Swirl 

Angle 

Measured 

Data 

CFD 

Results 

Difference 

% 

Swirl 

angle 

Measured 

Data 

CFD 

Results 

Difference 

% 

0o 0.13 0.11 15 0o 0.16 0.12 24 

10o 0.12 0.09 19 10o 0.14 0.12 14 

20o 0.09 0.09 6.0 20o 0.14 0.01 26 

30o 0.10 0.08 16 30o 0.13 0.11 18 

 
Table 6-23: Measured and predicted total pressure loss coefficient result through the converged nozzle 

system, elliptical and square shapes, 0.75 standoff ratio (sc2), cold flow conditions 

Elliptical Shape of the annulus inner body end Square Shape of the annulus inner body end 

Swirl 

Angle 

Measured 

Data 

CFD 

Results 

Difference 

% 

Swirl 

angle 

Measured 

Data 

CFD 

Results 

Difference 

% 

0o 0.08 0.058 23 0o 0.10 0.07 29 

10o 0.10 0.08 19 10o 0.11 0.09 22 

20o 0.10 0.094 8.0 20o 0.12 0.11 12 

30o 0.12 0.12 -1.0 30o 0.13 0.13 3.0 

 
6.7.3 Wall Pressure Coefficient Distribution 

The wall static pressure distribution is a variable that shows the flow development for nozzle 

system devices. The rate of change of the mean dynamic pressure through the device could be predicted 

through the change of the wall pressure per unit length as reported by Henry and Wilbur [53]. The static 
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pressure coefficient along the annulus, transition diffuser and straight and converged nozzles’ walls was 

also defined as the ratio of the wall static pressure to dynamic pressure.  

The trends from both the measured data and numerical predictions were almost the same, shown 

in the Figures 6-64 and 6-65. There were discrepancies between the experimental data and numerical 

predictions particularly downstream of the annulus inner body end and through the straight nozzle. It 

appeared that the CFD model did not accurately predict the turbulence losses associated with flow 

downstream of the annulus inner body end in the remainder of the straight nozzle, particularly with the 

square shape.  

The wall static pressure was measured assuming that the flow streamlines were parallel to the two 

nozzle configuration walls. However, the wall surface roughness, and irregularities in shape, can change 

the streamlines adjacent to the nozzle system walls. In general, the inconsistencies between the 

experimental data and numerical predictions were acceptable, mainly in the case of converged nozzle 

system, despite the shape of the annulus inner body end. Using straight nozzle system, with both the 

elliptical and square shapes of the annulus inner body end, the discrepancy range was 6%-18% and using 

converged nozzle system it was 3%-8%.  

 The diffuser wall static pressure increased with swirl number due to increasing flow momentum 

near the diffuser and straight nozzle walls, shown in Figures 6-64 and 6-65. Increasing the annulus wall 

static pressure reflected the decreasing of the mass flow rate with swirl strength. The static pressure 

increased downstream from the transition diffuser exit up to close to the straight nozzle exit, which 

indicated an incomplete pressure rise in the transition diffuser and the necessity of adding nozzle with 

constant diameter for complete pressure conversion.  

Introducing high swirl flow, 20o and 30o, meant that the need to add this straight nozzle at the 

transition diffuser exit was not as critical as with a low swirl angle, 10o. With 10o low swirl angle inlet 

flow conditions, and using both shapes of the annulus inner body end, the RNG k-ε turbulence model 

predicted a slight static pressure drop immediately downstream of the annulus inner body which is 

consistent with the results of Cerantola and Birk [64]. 
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Figure 6-64: Non-dimensionalized measured and predicted static pressure coefficient distribution along 

the annulus, transition diffuser and straight nozzle walls, different swirl numbers, straight nozzle 

system, elliptical shape of the annulus inner body end, 0.62 standoff ratio (sstr2), cold flow 

conditions 

 
Figure 6-65: Non-dimensionalized measured and predicted static pressure coefficient distribution along 

the annulus, transition diffuser and straight nozzle walls, different swirl numbers, straight nozzle 

system, square shape of the annulus inner body end, 0.62 standoff ratio (sstr2), cold flow 

 

 Figures 6-66 and 6-67 show a better agreement between the experimental data and numerical 

predictions with converged nozzle configuration system using the elliptical and square shapes of the 

annulus inner body end. The data showed a rapid rate of increase in static pressure immediately 

downstream of the annulus inner body end because of the initial rapid change in the area of the transition 

diffuser that, in turn, caused radial pressure gradients and pressure loss in that region. The static pressure 

increased gradually reaching the maximum at the converged nozzle inlet, and then dropped due to the 

acceleration of the flow in the converged nozzle. It was also found using the straight nozzle system that 

the static pressure increased in the annulus using the square shape of the annulus inner body end over 
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using the elliptical shape due to pressure losses in the larger recirculation zone immediately downstream 

of annulus inner body end.  

 
Figure 6-66: Non-dimensionalized measured and predicted static pressure coefficient distribution along 

the annulus, transition diffuser and nozzle walls, different swirl numbers, converged nozzle 

system, elliptical shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow 

 
Figure 6-67: Non-dimensionalized measured and predicted static pressure coefficient distribution along 

the annulus, transition diffuser and nozzle walls, different swirl numbers, converged nozzle 

system, square shape of the annulus inner body end, 0.75 standoff ratio (sc2), cold flow 
 

6.7.4 Radial Distribution of Axial Velocity at Converged and Straight Nozzle Exits 

 The non-dimensionalized axial velocity distributions at the converged and straight nozzle exits 

were reported to determine the impact of removing the elliptical part of the annulus inner body end, 

creating a square shape, and the effect of swirl strength on the flow uniformity at the converged and 

straight nozzle exits. The velocity distributions also indicated a typical total pressure-loss pattern at the 

converged and straight nozzle exits using the elliptical and square shapes of the annulus inner body end. 
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The total pressure losses increased as the flow uniformity decreased. Figures 6-68 and 6-69 show non-

dimensionalized axial velocity (w/Wne,m) profiles over the radius of the straight nozzle exit. The w is the 

local axial velocity at the converged and straight nozzle exits and Wne,m is the maximum local axial 

velocity at the converged and/or straight nozzle exits. In the current case, it was found that the maximum 

local axial velocity was found with the converged and/or straight nozzle with no swirl and using the 

square shape of the annulus inner body. It was noticed that a good agreement between the measured data 

and CFD predictions using the RNG k-ε turbulence model for all measured cases regardless of the swirl 

number and the shape of the annulus inner body end. Using straight nozzle system, with bthe elliptical 

and square shapes of the annulus inner body end, the range of the discrepancies between the measured 

data and numerical results for all cases was 3-6% and with converged nozzle system, it was 1-4%. 

 
Figure 6-68: Non-dimensionalized axial velocity profiles at the nozzle exit, straight nozzle system, 

straight nozzle, elliptical shape, 0.62 standoff ratio (sstr2), cold flow, Exp: experimental 

 
Figure 6-69: Non-dimensionalized axial velocity profiles at the nozzle exit, straight nozzle system, square 

shape of the annulus inner body end, 0.62 standoff ratio (sstr2), cold flow, Exp: experimental 
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 With the elliptical and square shapes of the annulus inner body end and for 30o swirl angle, 

shown in Figures 6-68 and 6-69, the RNG k-ε turbulence model appeared to have over-predicted the axial 

velocity at and around the center of the diffuser. Actually the 7-hole probe did not measure the flow at 

average diameters of 12 and 10 mm or less around the transition diffuser centreline respectively, shown in 

Figure 6-70. The use of the square shape of the annulus inner body end caused the velocity profiles to 

shift up, shown in Figure 6-69, compared to those obtained using the elliptically shaped of the inner body 

end, shown in Figure 6-68, a result of the increased size of the recirculation zone behind the annulus inner 

body. As shown in Figure 6-69, the square shape on the inner body end increased the axial velocity at and 

around the centreline at the nozzle exit at different swirl angles. However, it can be argued that in the 

larger recirculation zones created by the square shape of the inner body end there could be a significant 

decrease in static pressure below that present near the outer wall. Accordingly, the total pressure losses 

increased in these zones. 

Figures 6-71 and 6-72 show non-dimensionalized axial velocity (w/Wne,m) profiles at the nozzle 

exit using the converged nozzle with elliptical and square shapes of the annulus inner body end and under 

cold inlet flow conditions with different swirl angles. Using the elliptical and square shapes of the annulus 

inner body end, the converged nozzle increased the flow uniformity at the nozzle exit, shown in Figures 

6-71 and 6-72, over using the straight nozzle under different inlet flow swirl angles, shown in Figures 6-

68 and 6-69. With converged nozzle system, the use of the square shape of the annulus inner body end 

shifted the peak of the axial velocity profiles toward the nozzle walls compared to the velocity profiles 

obtained using the elliptical shape of the annulus inner body end, the same trend seen with straight nozzle 

system. Accordingly, in subsonic air-air ejector applications, using the square shape of the inner body end 

increased the kinetic energy of the primary flow at higher radii compared in the standoff, mixing tube and 

diffuser compared to the elliptical shape. The faster flow at higher radii enhanced the mixing process 

between the primary and secondary flows in the ejector parts that, in turn, resulted in an increased ejector 

pumping ratio and the other ejector performance criteria and decreased the static pressure along the 

mixing tube and diffuser, observed in chapter 5 (experimental results and discussions). 
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(b) Square shape of the annulus inner body 

end 

Figure 6-70: Non-dimensionalized measured axial contours at the converged nozzle exit, elliptical 

and square shapes, 30o swirl angle, 0.62 standoff ratio (sstr2), cold flow conditions 

 
Figure 6-71: Non-dimensionalized measured and predicted axial velocity profiles at the converged 

nozzle exit, elliptical shape, 0.75 standoff ratio (sc2), cold flow conditions 

 
Figure 6-72: Non-dimensionalized measured and predicted axial velocity profiles at the nozzle exit, 

converged nozzle system, different swirl angles, square shape of the annulus inner body 

end, 0.75 standoff ratio (sc2), cold flow conditions 
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 Using converged nozzle system, with the elliptical shape and a 30o swirl angle, the CFD 

simulation showed the axial velocity at the centreline at the nozzle exit was almost zero, shown in 

Figure 6-71, which in turn indicated the presence of core separation at and around the centreline. For 

the same shape and swirl angle, a similar trend was observed using straight nozzle system, which 

reflected the significant effects of the swirl strength on the flow uniformity particularly at and around 

the ejector centreline.  

At larger radii, with 30o swirl angle, both Figures 6-71 and 6-72 showed greater flatness of 

velocity profiles at the straight and converged nozzle exits. Due to the centrifugal force of the swirl 

flow, the core separation at and around the nozzle system centreline would propagate downstream of 

the two nozzle exits. Therefore, in the case of air-air ejector application, the ejector performance is 

definitely adversely influenced by this core separation as was observed in the Chapter 5 (exponential 

results and discussions). 

 

6.7.5 Recirculation Zone behind the Annulus Inner Body End 

Figures 6-73 and 6-74, show CFD predictions using the RNG k-ε turbulence model that 

demonstrated the effects of the elliptical and square shapes of the annulus inner body end and swirl 

strength on the size of the recirculation zone downstream of the annulus inner body end. Due to the 

presence of the tangential velocity component in the swirling flows exiting the annulus, the speed of 

recovery of the recirculation zone behind the annulus inner body end was greatly affected by the swirl 

level. This tangential velocity of swirling flow decreased the formation of the Rankine vortex that 

was characterized by a forced vortex core surrounded by a free vortex in the annular region of the 

nozzle systems.  

The speed of recovery of the recirculation zone that started immediately downstream of the 

annulus inner body end was greatly affected by the swirl level. It was found that as the swirl angle 

increased, the recovery occurred at a higher axial distance downstream in the nozzle systems. The 
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tangential component in the swirl flow caused centrifugal forces that, in turn, forced the core flow 

toward the transition diffuser outer walls. 

Using the straight nozzle system, with the elliptical shape of the annulus inner body end, the 

size of the recirculation zone downstream of the annulus inner body increased with increasing swirl 

angle from 0o to 10o, then decreased with increasing the swirl angle to 20o and 30o, shown in Figure 6-

71. These results were consistent with the results reported by Mallett and Harp [57]. However, at 20o 

and 30o swirl angles, the center of the recirculation zone shifted up with swirl level. At 30o swirl 

angle, the shift of the center of the recirculation zone created a wake zone or core separation at and 

around the nozzle system centreline. The effects of this zone were reflected on the axial velocity 

distribution at the straight nozzle exit, shown in Figures 6-68 and 6-69.  

 The shifting of the recirculation zone and resulting creation of a core separation at and around 

the nozzle centreline explained the improving the flatness of the velocity profiles at the straight 

nozzle exit at high swirl angle and radii and the deterioration of the profiles at and around the 

centreline. The same trend was seen with the square shape of the annulus inner body end too. 

However for the same swirl angle, the size of the recirculation zone created with the square shape of 

the inner body end was larger compared to that was created by the elliptical shape over a range of 

swirl angles, shown in Figures 6-71 and 6-72. The sizes of the recirculation zones revealed the 

increasing total pressure loss with the square shape of the inner body end compared to the elliptical 

shape, shown in Tables 6-22 and 6-23.  

At 30o swirl angle with the square shape, shown in Figure 6-71, two small recirculation zones 

were created downstream of the annulus inner body end, which apparently had significant effects on 

the size of the core separation at and around the transition diffuser centreline, shown in Figure 6-69. 

Using converged nozzle system, with the elliptical and square shapes of the annulus inner body end, 

the same trend that was seen using straight nozzle system, shown in Figure 6-71, was found, shown in 

Figure 6-72. However, with using the square shape of the inner body end at 20o and 30o swirl angles, 

two and three small recirculation zones were created downstream of the annulus inner body end 
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respectively. It looked like that the converged nozzle decreased the effects of these undesirable 

recirculation zones. 

 
No swirl 

 
No swirl 

 
φ = 10o 

 
φ = 10o 

 
φ = 20o  

φ = 20o 

 
φ = 30o 

(a) Elliptical shape of the annulus inner body 

end 

 
φ = 30o 

  (b) Square shape of the annulus inner body 

end 

Figure 6-73: Flow separation downstream of the annulus' canter body, straight nozzle configuration 

system, elliptical and square shapes of the annulus inner body end, 0.62 standoff ratio (sstr2), 

cold flow conditions, φ: swirl angle 
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φ = 20o  
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φ = 30o 

(a) Elliptical shape of the annulus inner body 

end 

 
φ = 30o 

(b) Square shape of the annulus inner body 

end 

Figure 6-74: Flow separation downstream of the annulus' canter body, converged nozzle 

configuration system, different swirl angles, elliptical and square shapes of the annulus 

inner body end, 0.75 standoff ratio (sc2), cold flow conditions, φ: swirl angle 
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 Using converged nozzle system, the center of the recirculation zones shifted up with swirl 

level creating a core separation at and around the converged nozzle system centreline. The same 

behaviour was observed using straight nozzle system. Separation at and around the centreline moved 

the recirculation recovery to a higher axial distance downstream that, in turn, affected the axial 

velocity distribution at the nozzle exit, shown in Figures 6-71 and 6-72. The same trend was also 

observed with straight nozzle system. These results were also consistent with the details reported by 

Gupta et al. [6]. 

 

6.7.6   Remarks 

 The flow structures in the converged and straight nozzle systems were studied numerically 

and the CFD results were compared with the measured data. The effects of the swirl level and the 

shape of the annulus inner body end on the two nozzles systems performance represented the main 

goals. Achieving these goals was a demand to improve the understanding of the flow structure inside 

the two nozzle systems and to define why the square shape of the annulus inner body end increased 

the ejector pumping and increased the device back pressure over the use of the elliptical shape. It was 

seen that the ejector back pressure coefficient decreased with swirl level using both the straight and 

the converged nozzle systems.  

Using the straight nozzle, the total pressure loss coefficient slightly increased with swirl 

strength for elliptical and square shapes of the annulus inner body end. Energy loss in the 

recirculation zone that was generated immediately downstream of the annulus inner body end 

contributed to the pressure loss. It was found that the pressure loss coefficient significantly increased 

using the converged nozzle due to the pressure losses at the nozzle exit. Consequently, the converged 

nozzle increased the back pressure in the annulus compared to the straight nozzle under different inlet 

flow swirl angles. It was also seen that the square shape of the annulus inner body end increased the 

pressure loss over using the elliptical shape with both the converged and straight nozzles under 

different inlet flow swirl angles due to the size of the recirculation zone downstream of the annulus 
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inner body end. This conclusion resulted in the square shape of the annulus inner body end increased 

the back pressure in the annulus over using the elliptical shape regardless of the swirl angle was. This 

result explained why the square shape of the annulus inner body end increased the ejector back 

pressure compared to the elliptical shape under different inlet flow operating conditions. 

With both the straight and converged nozzles, the annulus, transition diffuser and straight and 

converged nozzles wall static pressure coefficient increased with swirl level using both the elliptical 

and square shapes of the annulus inner body end. Nonetheless, compared to the elliptical shape, the 

square shape of the annulus inner body end increased the pressure coefficient under different inlet 

flow swirl angles. The flow uniformity at the converged and straight nozzle exits decreased with swirl 

level using both elliptical and square shapes of the annulus inner body end. However, the square 

shape increased the flow uniformity particularly at and around the device centreline over using the 

elliptical shape.  

Using both the straight and converged nozzles with the elliptical shape of the annulus inner 

body end, the size of the recirculation zone downstream of the inner body end increased with 

increasing swirl angle from 0o to 10o and then decreased as the swirl angle was increased to 20o and 

30o. Nevertheless, at 20o and 30o swirl angles, the center of these recirculation zones shifted up with 

swirl strength creating a severe core separation at and around the transition diffuser centreline that, in 

turn, affected the flow uniformity at the converged and straight nozzle exits. The same trend was 

observed using the square shape of the inner body end with both the straight and converged nozzles. 

Nonetheless, the size of recirculation zone was larger with the square shape of the annulus inner body 

end compared to elliptical shape. Also, at 30o swirl angle, a severe core separation was created due to 

the formation of two small recirculation zones behind the annulus inner body that adversely affected 

the flow uniformity at the straight and converged nozzle exits. 
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Chapter 7 

Conclusions and Recommendations 

 Experimental and numerical investigations of annular swirling primary flow in a short 

subsonic air-air ejector system, such as those found in helicopters, fixed wing aircraft ships, gas 

turbine test cells and other applications, were carried out with different inlet flow conditions and 

geometric parameters. These investigations were carried out to quantify the impact of core separation 

on the ejector performance criteria and to use RANS-based CFD simulations to understand and 

predict the ejector performance parameters. 

 

7.1 Experimental Investigation 

 To study the core separation in air-air ejectors and accurately validate the CFD simulations, a 

multi-variable experimental study was conducted by mounting an air-air device with a four-ring 

entraining diffuser on a hot gas wind tunnel. With 0o, 10o, 20o and 30o swirl angle inlet flow 

conditions, the experiments were carried out at the 86 and 129 mm standoffs and using two nozzle 

systems (converged and straight nozzles, annulus with annulus inner body ended by an elliptical or a 

square shape). The results showed that: 

1. With swirl strength, the core separation negatively affected the flow uniformity at different 

sections downstream of the ejector device for the two nozzle systems and two standoffs. 

2. Compared to the elliptical shape, the square shape of the annulus inner body end slightly 

increased the flow axial velocity at and around the ejector centreline (improved the recovery 

of the core separation that started immediately downstream of the annulus inner body end), 

which enhanced the flow uniformity at different sections downstream of the ejector device. 

3. Contrary to the annulus inner body end with the elliptical shape, the square shape of the 

annulus inner body end slightly increased the ejector pressure recovery in the mixing tube. 

The ejector pressure recovery, particularly in the diffuser, improved with increasing swirl 

angle that resulted in decreasing the ejector back pressure. 
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4. The square shape of the annulus inner body end increased the ejector back pressure more than 

using the elliptical shape because the square shape increased the total pressure loss in the two 

nozzle systems. 

5. The ejector wall temperature increased with swirl strength using both nozzle systems due to 

increasing the core flow spreading angle towards the device walls. Wall cooling was 

observed at the first half of the mixing tube due to the entrained secondary flow with ambient 

temperature. The entrained cold tertiary flow through the diffuser gaps also cooled the device 

wall effectively. Compared to the elliptical shape, the square shape of the annulus inner body 

end increased the secondary pumping ratio resulting in a decrease in the wall temperature 

along the first half of the mixing tube over the use of the elliptical shape. 

6. The square shape of the annulus inner body end enhanced the flow uniformity at the nozzle 

exit over the use of the elliptical shape that enhanced the mixing process. Consequently, the 

square shape of the annulus inner body end improved the ejector pumping ratios resulting in a 

decrease in the flow temperature at the diffuser exit more than the elliptical shape did. The 

ejector pumping ratios were also improved significantly by increasing the temperature of the 

core flow. Higher temperature increased the momentum of the primary flow and Reynolds 

stresses in the shear layers which energized the turbulent mixing process between the two 

flows in the standoff, mixing tube and diffuser. Finally, for all cases tested, the maximum 

entrainment ratio was observed with 20o swirl angle inlet flow conditions. 

 The effects of the nozzle length on the core separation in the ejector were carried out in 

another series of tests. The length was investigated by moving the annulus inner body end with a 

square shape 0.04Dne, 0.41Dne, and 0.7Dne upstream and 0.01Dne downstream of the nozzle inlet for 

0o, 100, and 20o cold inlet flow swirl angles, where Dne is the converged nozzle exit diameter. The 

results showed that: 
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 The positions of the end of the annulus inner body of 0.41Dne, and 0.7Dne upstream of the 

nozzle inlet to some extent improved the recovery of the core separation behind the annulus 

inner body compared to the 0.04Dne upstream and 0.01Dne downstream positions. 

 Along the first 8 cm of the mixing tube, the wall static pressure dropped dramatically 

regardless of the position of the end of the annulus center body and the swirl angle due to a 

rapid momentum exchange within this zone. The position of the annulus inner body end 0.41 

Dne upstream of the nozzle inlet delivered the best (the minimum) back pressure coefficient 

over using the other three positions, regardless of the swirl angle and mass flow rate. 

 

7.2 CFD Simulation Study 

 A comprehensive CFD investigation was performed and the results were compared to the 

measured data in four main steps: 

(i) CFD independence studies were carried out to select proper locations of the radial and exit 

plenums and inlet boundary conditions and to find an adequate mesh. In these simulations, 

the flow parameters that were measured inside the annulus' passage were used as CFD inlet 

boundary conditions (AIBC). 

(ii) With applying the AIBC, a series of CFD simulations was performed to test the ability of the 

RANS-based turbulence models to predict the core separation in air-air ejectors and its effects 

on the device performance. 

(iii) The performance of the RANS-based models was also examined by implementing the 

measured flow parameters at the nozzle exit as CFD inlet boundary conditions (NEBC). 

(iv) The flow structure inside the two nozzle systems was also analyzed in another series of CFD 

simulations. 

 In the first step, the RNG k-ε turbulence model was used. It was found that to accurately 

simulate the core separation in short air-air ejectors, the suitable radial and exit plenum locations 

should be at least four mixing tube and ten diffuser exit radii respectively. Flow parameters were 
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measured at four annulus’ passage height (4h) upstream of the end of the annulus inner body. 

Numerical studies showed that when these parameters were imposed at 30h upstream of the annulus 

inner body end, the simulation results agreed better with experiment data than when they were 

imposed at 4h and 50h upstream. Fine mesh should be used, keeping the aspect cell ratio in the main 

domain (annulus, nozzle, standoff, mixing tube and diffuser) less than 4.0. Small size cells near the 

system walls, fulfilling the y+ conditions, should be implemented to use enhanced wall function 

treatment and the SST k-ω turbulence model. 

In the second step, the performance of the standard, RNG and realizable k-ε, SST k-ω 

turbulence models (two-equation models) was examined by studying the core separation in air-air 

ejectors. For comparison, one case that was already simulated using the two-equation turbulence 

models was also simulated using the RSM. It was found that: 

(a) Under low swirl angle (<20o) cold and hot inlet flow conditions, the RNG k-ε turbulence 

model was superior to the other two-equation turbulence models. The RNG k-ε model 

predicted satisfactorily the core separation and the ejector pressure recovery, pumping ratio 

and back pressure. The RNG k-ε model responded well to small changes in the annulus inner 

body end and inlet flow conditions using both the 86 and 129 mm standoffs and the two 

nozzle systems. The RSM model’s results showed a slightly better agreement with the 

experimental data to predict the pressure recovery compared to the RNG k-ε model. However, 

the required convergence time using RSM model was found to be almost 15 times that of the 

RNG k-ε model. 

(b) Under high swirl angle (>20o) cold and hot inlet flow conditions, the RNG k-ε model also 

performed better than the other two-equation models compared with the measured data. 

However, the four models under-predicted the swirl velocity at different sections downstream 

of the ejector system, which in turn degraded the mixing process between the primary and 

secondary flows in the device. This degradation caused under-prediction of the system 

pressure recovery, back pressure and tertiary pumping ratio. These results suggested applying 
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the NEBC to better understand the capabilities of these models in predicting the core 

separation in such devices. 

In the third step, the performance of the two equation turbulence models were examined with 

the NEBC. The results showed that: 

(d) Under low and high swirl angles (<20o) and cold and hot inlet flow conditions, applying the 

NEBC enhanced the performance of the two equation models over implementing the AIBC. 

The RNG k-ε turbulence model was also superior over the standard, realizable and SST 

models in predicting the core separation and its effects on the ejector performance 

parameters. The RNG k-ε model satisfactorily predicted the separation area at the mixing tube 

inlet and flow axial velocity and total pressure profiles at different sections downstream of 

the ejector. The model also satisfactorily predicted the ejector pressure recovery and pumping 

ratios. However, the model over-predicted the flow temperature profiles at the diffuser exit 

and slightly under-predicted the flow swirl and radial velocity and static pressure 

distributions at different sections downstream of the ejector device. 

(e) Under high swirl angle (>20o) cold and hot inlet flow conditions, the two equation turbulence 

models over-predicted the flow temperature distributions at the diffuser exit. The four models 

under-predicted the size of the flow separation area at the mixing tube inlet and the ejector 

back pressure and pressure recovery. These imprecise predictions may have occurred due to 

the following factors: 

- These turbulence models were not able to predict accurately the spreading angle of the 

core flow towards the ejector walls particularly for high swirl angle inlet flow 

conditions. 

- These two-equation turbulence models were not able to predict accurately the Reynolds 

shear stress in the shear layers that degraded the mixing process between the primary 

and secondary flow in the standoff, mixing tube and diffuser. 
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In the fourth step, another series of CFD simulations was conducted in order to determine 

why the square shape of the annulus inner body end improved the ejector total pumping ratio and 

increased the ejector back pressure compared to the elliptical shape. Another goal of these CFD 

simulations was to determine why the converged nozzle increased the ejector back pressure over 

using the straight nozzle. These goals were achieved by analyzing the flow field in the two nozzle 

systems. It was found that: 

1. The flow uniformity at the converged and straight nozzle exit sections decreased with swirl 

strength due to the centrifugal force using both the elliptical and square shapes of the annulus 

inner body end. However, compared to the elliptical shape, the square shape of the annulus 

inner body end improved the flow uniformity at the two nozzle exits as removing the 

elliptical part created an available space directly downstream of the annulus inner body end 

allowing the flow to use it. 

2. Using the converged and straight nozzles, the square shape of the annulus inner body end 

shifted the peak of the axial velocity profiles toward the nozzle walls at the two nozzle exits 

compared to the velocity profiles obtained using the elliptical shape. Consequently, using the 

square shape increased the kinetic energy of the primary flow at higher radii downstream in 

the ejector device compared to the elliptical shape. The faster flow at higher radii enhanced 

the mixing process between the primary and secondary flow in the ejector parts resulting in 

an improved ejector pumping ratio and the other ejector performance parameters. 

3. Using the converged nozzle, the pressure loss dramatically increased at the nozzle exit 

compared with the straight nozzle. This increase of the pressure loss increased the system 

back pressure over using the straight nozzle.  

4. Compared to the elliptical shape, the square shape of the annulus inner body end increased 

the pressure loss using the converged and straight nozzles due to the size of the core 

separation zone downstream of the annulus inner body end. This increase of the pressure loss 

resulted in increasing the ejector back pressure over using the elliptical shape.  
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 Finally, in order to accurately study the core separation in short air-air ejectors, proper 

domains must be carefully identified. With cold and hot inlet flow conditions with low swirl angles, 

the RNG k-ε model was found to be a satisfactory physical model to study the core separation in such 

devices particularly with the NEBC. With cold and hot inlet flow conditions with high swirl angles  

(≥ 20o), the RNG k-ε model was not able to accurately predict the flow properties at different sections 

downstream of the ejector system, under-predicting the system back pressure and pressure recovery 

and the size of the separation area at the mixing tube inlet. 

 

7.3 Recommendations 

 In order to accurately measure and predict the core separation in air-air ejector devices and its 

effects on the ejector performance criteria, the following recommendations are made: 

1) The turbulence intensity at the nozzle exit should be measured accurately under different inlet 

flow conditions and geometric parameters using a suitable technique such as Laser Doppler 

Velocimetry, 

2) Due to the limited capability of the RANS-based turbulence models in predicting the flow 

temperature at the ejector exit, implementation of the thermal correction models that have been 

developed to account for the effect of temperature variation in high temperature jet flows [83] 

and [84] is suggested. 

3) The RANS-based turbulence models under-predicted the ejector pressure recovery and back 

pressure and over-predicted  flow temperature at the ejector exit section for high swirl angle 

inlet flow conditions. Therefore, implementation of large eddy simulation (LES) to study core 

separation in such devices under high swirl angle inlet conditions is recommended. The use of 

super computers to implement the LES effectively must be considered. 

4) To better understand the flow properties at the mixing tube and diffuser inlet areas, detailed 

flow measurements in these two areas should be carried out using 7-hole probes or other 

suitable techniques such as flow visualization methods. 
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Appendix A 

X-Y Traverse Description and Calibration 

 The X-Y traversing rigs were designed, manufactured and programmed to position the 7-hole 

probes at specific points according to the traverse requirements. The 7-hole probe's X- and Y- 

positions were controlled using VEXPA 12V stepper motors, shown in Figure A-1, with step sizes of 

0.127 and 0.0314 mm in the x- and y-directions respectively. Arrick A200SMS stepper motor 

controllers and a LabView program were used to control the two motors. The torque of the motor that 

controls the Y-position was increased using a pulley reducer.   

 Before starting the tests, the X-Y traverses were carefully calibrated to ensure that each 

angular step was producing the required linear motion. The calibration was established by moving the 

stepper motors 1000 steps and measuring the linear distance traveled using a digital electronic vernier 

caliper. Five separate measurements were conducted and calibration constants were then calculated 

by dividing the total linear distance traveled by the number of steps.  The previous procedures were 

carried out for both stepper motors and repeated three times to minimize the uncertainty. 

 
Figure A-1: Arrick robotics X-Y traverse system, two step motors 
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Appendix B 

The 7-hole Probe Calibration 

 The primary flow entering the air-air ejectors that found in helicopters is usually a turbulent 

annular duct flow with a swirl component. In order to accurately measure the flow field in such 

devices, the flow velocity should be measured in three-directions. So, the 7-hole probe is mainly used 

to measure the flow parameters such as velocity and pressure in such devices.  

In the current study, the ejector annulus inlet flow properties were measured using two 7-hole 

probes at 6.5h upstream of the converged and straight rounded nozzle inlets.  These two probes were 

mounted on opposite sides of the annulus at 0o (right side) and 180o (left side). The flow properties 

were measured at different mass flow rates, flow temperatures and swirl angles at the two nozzle 

system exits, at one section inside the mixing tube and at diffuser exit. These measurements were 

conducted using 7-hole probes. In total six probes were used in the current study. These probes were 

calibrated frequently to minimize the measurement uncertainty.  

 A seven-hole (7-hole) probe is capable of measuring local flow field pressure and velocity 

magnitude and direction by measuring pressure differentials between at least four of the probe's 7-

pressure ports. Using the 7-hole probe to measure an arbitrary flow, the probe's seven port pressures 

are measured concurrently. With the known relative positions of the probe's seven ports, non-

dimensionalized pressure coefficients that characterize the flow direction, which are called directional 

coefficients, can be obtained based on the difference in the measured pressure across diametrically 

opposite ports.  

The non-dimensionalized directional coefficients are, in turn, correlated to a correction factor 

that is applied to the pressure magnitude coefficients and then the exact flow magnitude and pressure 

can be determined [87]. Establishing a correlation between the directional pressure coefficients and 

the flow angles and total and dynamic pressure coefficients is the main goal of the 7-hole probe 

calibration. To achieve this, the 7-hole probes were calibrated based on the method of Gerner et al. 
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[95] that modified and described by Crawford [87]. The 7-hole probe was placed in a known axial 

flow at a calibrated wind tunnel exit section and a rotary traverse is used to position the probe tip at 

known pitch and yaw angles to that flow as shown in Figure B-1. Based on the probe diameter, the 

Reynolds number at the tunnel exit range was 1.85x105. It was reported that with Reynolds number 

over 2.0x104, the 7-hole probe calibration sensitivity with respect to the Reynolds number and 

turbulence intensity is not a main concern [87].  

 The 7-hole probe configuration numbers are shown in Figure B-2 (a). Depending on the 

pressure among the probe ports, the 7-hole probe calibration regions are divided into seven sub-

domains and two calibration angle regimes: low and high angle regimes. The low angle regime is the 

regime in which the center hole has the highest pressure and the flow is fully attached to the probe 

surface. Angles below 30o are considered as low flow angles [87]. The high angle flow regime is the 

regime in which the peripheral holes have the highest pressure and the flow is separated at the probe 

downstream side [87].  

The flow angles at the 7-hole probe tip and mathematical relationship between these angles 

and velocity components in three-directions are shown in Figure B-2 (b). The pitch angle, αT, is 

defined as the angle between the probe axial axis (Z) and the velocity vector projection in Y-Z plan. 

The yaw angle, βT, is defined as the angle between the probe axial axis (Z) and velocity vector 

projection in X-Z plane. The cone angle, θ, is defined as the angle between the probe axial axis (Z) 

and the velocity vector. The roll angle, γ, is also defined as Angle between the negative Y-axis and 

the velocity vector projection in the X-Y plane. The pitch and yaw angles are considered as low flow 

angles. The cone and roll angle are considered as high flow angles. 

 At low flow angles, the pitch and yaw angle coefficients will be calculated from the probe 7-

port pressures. At high flow angles, the cone and roll angle coefficients will be determined only from 

the pressures that will be obtained from the four probe ports in the attached flow region. The local 

total and dynamic pressures are calculated from the two pressure coefficients that are function of the 

angular coefficients. 
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Figure B-1: Seven-hole probe calibration set-up, the small tunnel exit, rotary traverse 

 

 

 

 

 

 
u = V*sin (β) u = V sin θ*sin γ 

v = V*sin α*cos β v = V*sin θ*cos γ 

w = V*cos α*cos β w = V*cos θ 

αT = arctan v/w βT = arctan u/w 
 

 
 

Angles that measured between the projections of 

the velocity vectors are called tangent angles and 

have subscript T. 

 

Figure B-2: Schematic diagram of a 7-hole probe numbers and flow angle definitions at the probe tip 

[95] 

 

The flow angles of the 7-hole probes are defined in Table B.1.  

 

Table B-1: Flow angle definition for the 7-hole probe [20] 

Angle Term Definitions 

α Pitch angle between w and Y-Z projection of the velocity vector 

β yaw angle between velocity vector and Y-Z projection of the velocity 

θ Cone angle between w and the velocity vector 

γ Roll angle between -v and the X-Y projection of the velocity vector 



 261 

B.1 Low Angle Coefficients 

At low flow angle, the flow pitch and yaw angular coefficients, CαT and CβT, are defined in 

the following forms [95]:              
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The average pressure 72P was defined as:    
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The total and dynamic pressure coefficients, Ct, Cq, are defined in the following forms respectively: 
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where Pt is the actual total pressure and Pq is the actual dynamic pressure. 

 
B.2 High Angle Coefficients 

The high flow angle coefficients, cone (Cθ) and roll (Cγ), in region n (the port n had the 

highest pressure) are defined in the following forms [95]: 
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Pn+ is the pressure of the next adjacent hole and Pn- was the pressure of the previous adjacent hole. 

The total and dynamic pressure coefficients are defined in the following forms:  
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B.3 Calibration Constants 

 Based on the highest hole pressure, the calibrated data points are assigned to the proper 

regions and the corresponding coefficients are calculated. The flow parameters that are functions of 
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the angular pressure coefficients are calculated using a fourth order polynomial expansion [20]. 

During the calibration, the known angles and the measured port pressures are used to create fourth 

order pressure coefficient polynomials for the flow angles, total pressure and dynamic pressure. For 

the low flow angles, the fourth order polynomial equation is defined as [20]:     
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where Ai represents one of the flow parameters: αT, βT, Ct, and Cq, and K are the polynomial 

coefficients. For high flow angles: 
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where Ai represents one of the flow parameters: θ, γ, Ct and Cq. A matrix contained m data points had 

obtained for low and high angle regions separately as follows: 
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The left hand side matrix elements, Ai, are calculated using the known flow conditions of the 

wind tunnel. The Ci elements in the left hand side of the matrix are calculated from the probe port 

pressures. The matrix is solved using a FORTRAN program to calculate the calibration constants; Kn. 

These calibration constants are used to determine the flow directionality and total, dynamic and static 

pressure of arbitrary flow fields. In the current research, approximately 1810 calibration points are 

used with an angular increment of 5o and the maximum roll angle of 52o. Five degree angle 

increments will be specified as they are recommended by previous investigations [56]. 
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Appendix C 

Pressure Transducer Calibration 

 Prior to the tests, the differential pressure transducers were calibrated using a standing water 

manometer. The transducers were also calibrated when there were significant changes in ambient 

temperature and humidity. The pressure transducers were arranged in boxes of eight transducers, each 

box with a 25 pin connector to attach the unit to the data acquisition system.  

In order to calibrate the eight transducers simultaneously, the water manometer was manually 

pressurized with known pressure reading and attached to a bank of eight tubes. The transducer's 

voltage response was recorded for approximately eight incremental steps through its pressure range. 

For each pressure transducer box, a calibration curve was established by correlating the transducer's 

voltage outputs to known pressures. The calibration curves were used by the Lab View software 

during the tests to calculate pressure. 

 

 



 264 

Appendix D 

Inlet Mass Flow Rate Measurements 

 The primary mass flow entering the air-air ejectors was measure in the annulus. The ejector 

annulus inlet flow properties were measured using two 7-hole probes at 6.5h upstream of the 

converged and straight rounded nozzle inlets as shown in Figure D-1. These two probes were 

mounted on opposite sides of the annulus at 0o (right side) and 180o (left side). The 7-hole probes 

were used to obtain the velocity components and the static and dynamic pressures of the flow field. 

The flow properties data were taken by traversing the two 7-hole probes a 5 mm step increment as 

shown in Figure D-2. With different inlet flow conditions and using the converged and straight 

nozzles with both shapes of the annulus inner body end, the mass flow rates in the annulus' passage 

were calculated using three methods: power law, axial velocity interpolation and transverse methods. 

 
Figure D-1: X-Y traverse at the nozzle exit, mass flow rate verification measurements 
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Figure D-2: Annulus traversing, mass flow rate measurements 
 

D.1 Power Law Method 

 With no swirl, between the first point and the annulus’ inner wall (Area 1), as shown in 

Figure D-2, the velocity was estimated using the power law function [20] in the following form: 

n

c R

r

w

w
1

1 







                (D.1) 

 

where w is the local axial velocity at the radius (r). wc is the axial velocity the annulus' passage 

centreline at radius (R). The local and centreline axial velocity are the measured data in the annulus's 

passage at the measured section. The exponent n was estimated using the seven measured axial 

velocity. Then the mass flow rates were calculated by integrating the following equations: 
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D.2 Curve Fitting Interpolation Method 

 Using the measured flow velocity data that were measured at the measured section in the 

annulus passage, the velocity in three-directions in area 1 and 2, as shown in Figure D-2, were 
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calculated using the curve fitting interpolations. Using the measured and calculated axial velocity, the 

mass flow rates were calculating from the following formula: 
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r

r
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where ρ, w, and are r are flow density and axial velocity and annulus radius respectively. K-type 

thermocouples were used to measure flow temperatures that were mounted near the tip of the 7-hole 

probes that were used in the annulus and nozzle exit. Know the flow temperature, the flow density 

was obtained. The calculated mass flow rate using the current method (curve fitting method) were 

compared with the obtained mass flow rate using method one. The difference between the two 

methods was within 3%. 

 

D.3 Traverse Method 

 The flow properties at the two nozzle system exits were measured by moving the 7-hole 

probes with thermocouples equidistant vertically and horizontally on traversing grids using X-Y 

traverses, as shown in Figure D-1. The converged and straight nozzle system exit traverses were 

spaced at a 5 mm increment. The mass flow rates were calculated by integrating the data obtained 

from the nozzle traverse with the 7-hole probes. For verification purpose, for each case, the obtained 

mass flow rate in the annulus was compared with obtained mass flow rate at the nozzle exit. Table D-

1 shows the results of the obtained mass flow rates at the two section. It was found that the difference 

between the measured mass flow rates at the two sections (in the annulus and the nozzle exit) was 

within 4.5%.   

Table D-1: Measured mass flow rate in the annulus and at the nozzle exits, MFR, Diff%: mass flow 

rate and the difference between the measure mass flow rate in the annulus and nozzle exit 

respectively 

 

Swirl Angle 

Converged Nozzle Straight Nozzle 

Annulus 

MFR 

Nozzle Exit 

MFR 

Difference 

% 

Annulus 

MFR 

Nozzle 

Exit MFR 

Difference 

% 

0o 2.10 2.19 4.0 2.30 2.35 2.0 

10o 2.00 2.08 4.0 2.12 2.21 4.0 

20o 1.92 1.99 3.5 2.05 2.13 4.0 

30o 1.85 1.92 4.0 2.01 2.10 4.0 
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Appendix E 

Diffuser Gap Inlet Velocity Measurements 

 The diffuser gap inlet average velocities were measured using three methods: 

(a) A hot wire anemometer as shown in Figure E-1 (a) and (c), 

(b) A 7-hole probe as shown in Figure E-1 (b), and  

(c) Pressure taps and pressure tubes as shown in Figure E-1 (c). 

A picture of the hot wire anemometer (HWVA) is shown in Figure E-1 (b). The HWVA was 

placed at four circumferential locations (0o, 90o, 180o, and 270o) at the diffuser gaps’ inlets. In each 

measurement, the anemometer reading time was set to 10 seconds and at least five samples were 

collected to average the anemometer reading. Using the hot wire anemometer reading the measured 

average total inlet velocity was calculated at each diffuser gat inlet.  

 The 7-hole probe was placed inside the diffuser gaps. Inside the diffuser gap one, the probe 

was placed 1 cm upstream of the mixing tube exit, as shown in Figure E-1 (b). Inside the gap two, the 

probe was located at 1 cm upstream of the diffuser gap one exit plane. The same way, the probe was 

placed in gap three and four. Stainless steel 2.7 mm diameter tubes were bent 90o and placed inside 

each gap to measure the total pressure, which were called gap total pressure tube.  

In each gap, four gap total pressure tubes were uniformly placed in the circumferential direction at 0o, 

90o, 180o and 270o. The 90o pressure taps were placed inside the Ring 1 gap at 1 cm upstream of the 

end of the mixing tube at four circumferential locations. At the same place, the 90o pressure taps were 

inserted inside the gaps of Rings 2, 3 and 4. For each gap, the total pressure was calculated 

The diffuser ring wall static pressures were measured by placing 2.7 mm diameter stainless 

steel tubes on the diffuser wall at the same section with gap total pressure tubes, which were called 

gap static pressure taps. The wall static pressure was assumed constant through the diffuser gaps and 

was used as flow static pressure.  The average dynamic pressure will be calculated thought the 

average total and static pressure using the gap total and static pressure taps. For each diffuser gap, the 
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average inlet velocity was calculated from the averaged measured data using the three methods. Using 

equation D-4, the mass flow rates through the diffuser gaps were calculated. 

 
(a) Diffuser gap inlet velocity measurements using the HWVA and a 7-hole probe 

 
(b) Diffuser gap inlet velocity measurements hot wire anemometer (HWVA) picture [20] 
 

 
(c) Diffuser gap inlet velocity measurements, stainless steel 2.7 mm diameter pressure tubes 

 

Figure E-1: Diffuser gap inlet flow velocity measurement technique 
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Appendix F 

Pressure Sampling Sensitivity Study 

 During the experiments, the measured data was obtained based on the assumption that the 

average flow conditions in the ejector device were at steady state. However, due to the turbulent flow 

fluctuation characteristic, several instantaneous readings had to be taken and then averaged to obtain a 

reasonable mean value of the flow parameters. The pressure measurements were averaged over time 

to obtain the pressure datum. Using a 7-hole probe that was placed at different locations at the nozzle 

and diffuser exits with different mass flow rates, pressure samples were recorded using between 100 

and 5100 readings.  

Figure F-1 shows a sample of the data that was recorded at one point at the diffuser exit. The 

pressure fluctuation decreased as the number of samples increased. It was found that over 2000 

samples, the average pressure and velocity datum were almost the same. Consequently it was found 

that 2200 pressure samples were adequate to obtain a stable cumulative time average in the rest of the 

measurements particularly in collecting data of both nozzle and diffuser exits traversed sections. 

However, 5000 samples were used to measure the ejector walls' static pressure and temperature and 

inlet flow parameters. Based on an observation that used the same wind tunnel facility before, the 

measurements were recorded [20], a 1.875 second time delay was also used to ensure that the data 

were not affected by changing the instrument positions. The accuracy of the pressure readings was 

further improved by re-zeroing each transducer preceding the start of each traverse as well as re-

zeroing the transducers measuring wall pressures.   
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Figure F-1: Pressure data fluctuation at various numbers of samples, converged nozzle, elliptical 

shape of the annulus inner body end, cold flow conditions with 10o swirl angle 
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Appendix G 

Data Averaging Methods 

 Calculating the average value of a set of data in non-uniform flows requires the proper choice 

of averaging method. For data averaging, it is required that each variable is given a weighting factor 

that represents the significance of the variable [96]. In fluid dynamics, two commonly used weighting 

methods are area and mass weighted averages. The area and mass weighted average formulations for 

an arbitrary variable, X, are simplified in the following forms [96]: 
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X AW
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                        (G.1) 
 

where A is the area, ρ, density, and w is the velocity component in axial direction.  

Choosing between the area- or mass-weighted average methods depends on the weighting 

factor that is representative of its significance. The area-weighted average was considered to average 

the flow pressure [21]. For averaging flow temperature and non-isothermal velocity profiles, the 

mass-weighted average was used because the flow temperature and velocity profiles depend on the 

flow density and mass flow rate [21]. 

 At the nozzle and/or diffuser exits and during the collecting data using the 7-hole probe, there 

were different sources of uncertainty including wall irregularity, apparatus and probe misalignment 

and probe positioning uncertainty that dependent on the used method to set up the apparatus. These 

misalignments and positioning uncertainties could lead to a uniform uncertainty across all the 

measured data at the nozzle and diffuser exit sections. In order to obtain the average parameters at the 

nozzle and diffuser exit, the X-Y traverse data was grouped into 2mm increments across the nozzle 

and diffuser radii. All flow parameters within each increment were averaged. The misalignment 

uncertainty were calculated as the standard deviation of each average parameter within each 

increment. The standard deviation in each interval at n points at the nozzle and/or the diffuser exits 

was calculated using following formula [96]: 
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where STD, Xi, and n are the standard deviation, variable value at each point “i” and  number of 

measured points in each interval respectively.  

As an example, with the 0.5 standoff ratio (sc1), Figure G-1 (c) and (d) show another two 

cases (case-a and case-b) of the non-dimensionalized axial velocity at the diffuser exit using 10o and 

20o swirl flow angles respectively. Case-a was considered among the good alignment cases. Figure 

G-1 (c) and (d) also show the non-dimensionalized average axial velocities found using the 2 mm 

increment method along the diffuser exit radius for both cases. The axial velocity was non-

dimensionalized by dividing the local velocity with the maximum axial velocity found at the nozzle 

exit (Wne,m). 

The uncertainty bars for each increment that were calculated using the standard deviation 

method were also plotted for both cases. For case-a 31% of the measured axial velocities had standard 

deviations that lay between ± (0-5)% of the respective average velocity, 30% had standard deviations 

that lay within ± (5-10)%, 24% had standard deviations between ± (10-15)% and the remaining 15% 

had standard deviations between ± (15- 20)%. For case-b 40% of the measured axial velocities had 

standard deviations that lay between ± (0-5)% of the respective average velocity, 26% had standard 

deviations that lay within ± (5-10)%, 15% had standard deviations between ± (10-15)%, and the 

remaining 19% had standard deviations between ± (15- 25)%. Using the 0.75 standoff ratio (sc2), the 

rest of the velocity contours, average axial velocities are shown in Appendix E. 

 Figure G-2 (a) and (b) also show two cases (case-c and case-d) of the non-dimensionalized 

axial velocity at the diffuser exit using the converged nozzle with the elliptical and square shapes of 

the annulus inner body end, 10o and 30o swirl angles respectively and the 0.75 standoff ratio (sc2). 

Case-c was considered among the good alignment cases. Case-d represented the noticeable 
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misalignment cases. The non-dimensionalized average axial velocities found using the 2 mm 

increment method along the diffuser exit radius for both cases are shown in Figure G-2 (c) and (d).  

 
(a) Square, axial velocity contours, φ = 10o 

 
Elliptical, axial velocity contours, φ = 20o 
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(c) Square shape, average axial velocities and 

uncertainty bars, φ = 10o 
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(d) Elliptical shape, average axial velocities 

and uncertainty bars, φ = 20o 

Figure G-1: Non-dimensionalized measured axial velocity contours and average values profiles with 

uncertainty bars at the diffuser exit, converged nozzle, elliptical and square shapes of the 

annulus inner body end, 0.5 standoff ratio (sc1), cold flow conditions, Rde: diffuser exit 

radius 

 
The axial velocity at the diffuser exit was non-dimensionalized by dividing the local velocity 

with the maximum axial velocity found at the nozzle exit (Wne,m). For each increment, the uncertainty 

bars were calculated using the standard deviation method. These uncertainty bars were also plotted 

for both cases as shown in Figure G-2 (c) and (d). For case-c 83% of the measured axial velocities 

had standard deviations that lay between ± (0-5)% of the respective average velocity. The rest of the 

measured axial velocities had standard deviations that lay within ± (5-10)% of them. For case-d 40% 

of the measured axial velocities had standard deviations that lay between ± (0-5)% of the respective 
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average velocity, 34% had standard deviations that lay within ± (5-10)%, 19% had standard 

deviations between ± (10-15)% and the remaining 7% had standard deviations between ± (15- 25)%. 

 
 

(a) Velocity contours, φ = 10o, Square shape 

 
 

(b) Velocity contours, φ = 30o, Elliptical shape 
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(d) Average axial velocities and uncertainty  

bars, φ = 10o 
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(d) Average Axial velocities and uncertainty 

bars, φ = 30o 

 

Figure G-2: Non-dimensionalized measured axial velocity contours and average value profiles with 

uncertainty bars at the diffuser exit, converged nozzle, elliptical and square shapes, 0.75 

standoff ratio (sc2), cold flow conditions, Rde: diffuser exit radius 
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Appendix H 

Experimental Uncertainty Analysis 

 Following the methods described by Chen [20] and Maqsood [49], the measurement 

uncertainties in the current work was calculated. Experimental and analytical techniques are used to 

calculate the uncertainties due to measuring systems. In the experimental techniques, the fixed and 

variable measuring uncertainties in the measured systems are calculated based on an end-to-end 

calibration approach. The fixed uncertainty was calculated using a known constant input such as 

velocity to record the readings of the measuring system. The instruments' reading variations were 

used to calculate the variable uncertainties.  

The 7-hole calibration data were used to calculate the uncertainty of the measured flow 

velocity and pressure in the annulus, at the nozzle and diffuser exit planes, diffuser gaps’ inlet 

velocities and a centreline section inside the mixing tube. The calibration data uncertainty was used to 

calculate the bias uncertainty. The precision uncertainties were calculated by performing back-up 

experiments. Moffat’s approach [89] has become widely accepted in calculating total uncertainty both 

the bias and precision uncertainties were used to calculate the overall uncertainty uncertainties.  

 The total uncertainties of the measurements can be divided into two segments: systematic 

(bias) and precision uncertainties [49]. Systematic or bias uncertainties take place in the same way 

every time that the measurement is carried out. This systematic uncertainty can be evaluated using 

three methods: comparison with a more accurate instrument, using the manufacturer’s specifications 

of the instrument, from the instrument’s calibration data. The precision uncertainties were calculated 

by using auxiliary measurements. The bias and precision uncertainties were combined following 

Moffat technique [89]. 

 

H.1 Seven-hole Probe Measuring Uncertainties 

Based on the Gallington method as described in Crawford [87], the 7-hole probes were 

calibrated using a small cold flow wind tunnel, which is located in the Queen’s University Gas 
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Turbine Laboratory, at both pitch and yaw angles of up to ± 52o. The bias uncertainties of the velocity 

magnitude and direction and static, dynamic and total pressure that were obtained using the 7-hole 

probe were estimated using the probe calibration data. The summary of the bias (systematic) 

uncertainty of the 7-hole probe is presented in Table H-1. 

Table H-1: Bias measurement uncertainty of the 7-hole  

Instrument Variable Measurement Uncertainty 

 

 

Seven Hole Probe 

Velocity angle  

Axial velocity 

Velocity magnitude 

Static pressure 

Dynamic pressure 

Total pressure 

0.6o 

1.5% of the average value 

1.45% of the average value 

94 Pa 

96 Pa 

48 Pa 

 

Following Chen’s methodology [20], the 7-hole probe’s precisions uncertainty was estimated by 

carrying out two types of data were obtained by carrying out two measuring methods: 

 Method one: using the converged nozzle with the elliptical shape of the annulus inner body 

end and cold flow conditions with 0o swirl angle, the flow velocity and pressure were 

measured using the 7-hole probe at one points at the nozzle ext. These measurements were 

repeated ten times.  

 Method two: the same experimental configuration that was used in method one, the 

measurements were taken at the point four times. After the transverse was moved about 15 

cm and moved back to the same point, the measurements were taken four times.  

The variation due to the travers movement were considered by achieving the above two 

approaches. The 7-hole probe measurement uncertainty was estimated as shown in Table H-2 

 

Table H-2: Precision uncertainty estimations of the measurements of the 7-hole probe 

 Axial 

Velocity 

[m/s] 

Absolute 

Velocity 

[m/s] 

Static Pressure 

[Pa] 

Dynamic 

Pressure [Pa] 

Total 

Pressure 

[Pa] 

σ 1.5 1.8 117 181 190 

95% Confidence 

Interval (CI) 

0.3 0.3 17 24 26 

% based on CI 0.3% 0.3% 0.7% 0.4% 0.4% 
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H.2 Wall Static Taps’ Measuring Uncertainties 

 In order to measure the pressure recovery in the mixing tube and diffuser, the static pressures 

were measure on their walls using 2.7 mm diameter stainless steel taps (pressure taps). The annulus, 

transition diffuser and the two nozzle wall static pressure were also measured using these taps. On 

these walls, 2.7 mm diameter holes were drilled and the pressure taps were inserted into these holes. 

The gaps around the hole were closed using silver solder welding.  

In order to prevent any flow separation caused by these taps, all of them were ground flush to 

tube and diffuser inner walls. On the mixing tube walls, the pressure taps were mounted uniformly in 

the circumferential direction at 0o (right side), 90o (counter clockwise), 180o (left side), and 270o 

(bottom side) and the pressure taps were inserted into these holes. The pressure taps on the right side 

of the mixing tube were used to calculate the wall tap precision uncertainty. Using the converged 

nozzle with the elliptical shape of the annulus inner body end and cold flow conditions with 0 swirl 

angle, the static gauge pressure on the mixing tube right side was measured. These measurements 

were repeated ten times. The standard deviation and 95% CI precision uncertainty of the pressure taps 

were 32 and 3.1 respectively. 

 

H.3 Thermocouples’ Measuring Uncertainties 

 In the current study, K-type thermocouples were used to measure the flow temperature in the 

annulus passage, inlet flow temperature, and at the nozzle and diffuser exits. The bias uncertainty of 

these thermocouples was taken from the manufacturer’s specifications. The two method described in 

subsection, H-1, were implemented in the annulus and at the nozzle and diffuser exits. The converged 

nozzle with the elliptical shape of the annulus inner body end and cold flow conditions with 0o degree 

swirl were used. From the measured data, the precision uncertainties were calculated as shown in 

Table H-3. 
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Table H-3: Bias and precision uncertainties of the K-type thermocouples 

Location Bias Precision Uncertainty 

2σ 95%CI 

Measured Section in the annulus passage  2.3o 8.5 1.3o 

Nozzle exit 2.0o 3.8 1.0o 

Diffuser exit 2.1o 4.5 1.0o 

 
Using the bias and precision uncertainties, thee overall uncertainty in the measurements was 

estimated using the root-sum-square (RSS) combining the bias and precision uncertainties as shown 

in Table H-4. 

 

Table H-4: Overall uncertainties of the measured values 

Instrument Variable/Location Total Uncertainty 

 

 

 

7-hole probe 

Velocity angle 

Axial velocity 

Velocity magnitude 

Static pressure 

Dynamic pressure 

Total Pressure 

0.6o 

1.5% 

1.4% 

96 Pa 

98 Pa 

56 Pa 

Pressure taps Ejector wall pressure 9 Pa 

 

 

K-type thermocouple 

Measure section in the annulus 

passage 

Nozzle exit 

Diffuser exit 

3.5o 

 

2.5o 

1.0o 

 

The uncertainties in individual measurements propagate into the calculated results. Following 

the Kline and McClintock [97] technique, the uncertainties in the calculated performance parameters 

were obtained. In Kline and McClintock method, the uncertainty of a computed result was estimated 

by combination of the effects of each of the measured variable as shown in the following Equation:  
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If the quantity R is function of other variable as anin the following form: ............321

nnn XXXR  , then 

R
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 In the current study, the uncertainties in the flow parameters were calculated using Equation 

(H.1) and shown in Table H-5. These uncertainties were calculated using axial (zero swirl) cold and 

hot inlet flow conditions. The converged nozzle using the annulus inner body with elliptical shape 

was used. A 0.5 standoff ratio (sc1) was also used. 

 

Table H-5: The uncertainties of the calculated results 

Parameter Flow Conditions Uncertainty in percentage 

Inlet (primary) mass flow rate Cold inlet flow 2% 

Hot inlet flow 2% 

Secondary mass flow rate Cold inlet flow 6% 

Hot inlet flow 8% 

Tertiary mass flow rate Cold inlet flow 2% 

Hot inlet flow 2% 

Total pumping ratio Cold inlet flow 2.5% 

Hot inlet flow 2.5% 

Tertiary pumping ratio Cold inlet flow 3% 

Hot inlet flow 3 % 

Secondary pumping ratio Cold inlet flow 8% 

Hot inlet flow 9% 

Wall pressure Cold inlet flow 4% 

Hot inlet flow 5% 
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Appendix I 

Two-Equation Turbulence Models Transport Equations 

 The transport equations for the two-equation turbulence models (standard, renormalization 

group (RNG) and realizable k-ɛ and shear stress (SST) k-ω) are presented. 

 

I.1 Standard, Renormalization Group and Realizable k-ε turbulence models 

For the standard, RNG and realizable k-ε turbulence models, the turbulent kinetic energy, k, is 

obtained from the following transport equations: 

Standard k-ε model [74]:      

    SYGG
x

k

x
ku

x
k

t
Mbk

jk

t

j

i

i















































 )(               (I.1) 

 

RNG k-ε model [75]:          
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Realizable k-ε model [76]:   
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For the standard, RNG and realizable k-ε turbulence models, the turbulent kinetic energy rate 

of dissipation, ε, is obtained from the following transport equations: 

Standard k-ε model [74]:    
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RNG k-ε model [75]: 
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Realizable k-ε model [76]:            
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where Gk, and Gb represent the production of the turbulent kinetic energy due to the mean velocity 

gradients and due to buoyancy respectively. YM is the contribution of the fluctuating dilatation in 

compressible turbulence to the overall dissipation rate. The values the constants C1ɛ, C2ɛ and C3ɛ are 

different from model to model. σk and σε are the turbulent Pr for k and ε respectively. Sk and Sɛ are 

user-defined source terms.  

 As shown in the above equations I-4 to I-6, the three models have similar transport equations 

for both k and ε. However, there are major differences between the three models in calculating the 

turbulent viscosity, µt, and the Prandtl numbers that ruling the turbulent diffusion of both k, ε, and the 

constants. To minimize the computational cost using the two-equation turbulence models, the 

Reynolds stresses in the Reynolds-Averaged approach were modeled using the Boussinesq hypothesis 

[81]. In this hypothesis, it was assumed that the turbulent shear stress, known as Reynolds stress, [81] 

was related to the mean rate of deformation using the following relation: 
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where 
''

jiuu is Reynolds stresses, δij is the Kronecher delta function as  
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µt is the turbulent viscosity and k is the turbulent kinetic energy per unit mass that is defined as 

follows:  

       2'2'2'

2

1
vuwk                                           (I.9) 

 

where 
2'w , 

2'u and 
2'v  are the variances of velocity fluctuations in x, y, and z directions. It was 

assumed that the turbulent viscosity, µt, was an isotropic quantity. This assumption represents a 

drawback of implementing the two-equation turbulence models to simulate a complex flow in air-air 

ejectors.  
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I.2 Shear Stress k-ω Turbulence Model 

The developed SST k-ω transport equations have the following forms:  
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where 
kG  and 

G are the production of turbulent kinetic energy, k, and the turbulence frequency, ω 

respectively. The Γk and Γω are the effective diffusivity of k and ω respectively. Yk and Yω ar the 

dissipation of k and ω respectively. Sk and Sω are user-defined source terms. 



 283 

Appendix J 

Data Confirmation 

 The experimental data was verified using the conservation of mass, momentum and energy. 

The conservation of mass, momentum and energy were satisfied for the control volume shown in 

Figure J-1. The conservation equation has the following form: 
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The conservation of momentum equation has the following form:          
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The conservation of energy equation has the following form: 
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Figure J -1 Air-air ejector control volumes with zero standoff 

 

 The experimental total mass flow rate was calculated from the data gathered from the 

traverses at the diffuser exit. Using the averaged measured velocity through the diffuser gaps, the 

diffuser gap mass flow rates were calculated individually. The primary mass flow rate was calculated 

from the traverses at the nozzle exit. Using the converged nozzle and hot inlet flow conditions, the 

mass, momentum and energy balance calculations were performed for swirl angles of 0o, 10o, 20o and 
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30o and compared with measured data. The Engineering Equation Solver was used to calculate the 

mass, momentum and energy balance using the same inlet measured conditions. The difference 

between the calculated mass, momentum and energy balance compared with the measured data was 

within 3% as shown in Table J -1.  

 

Table J -1: Comparison between the conservation of mass, momentum and energy and the measured 

data, using converged nozzle with elliptical shape of the annulus inner body end, cold flow 

 

Swirl Angle 

Difference Percentage (%) 

Mass Momentum Energy 

0o 3.0 2.5 4.0 

10o 4.0 5.0 4.5 

20o 4.0 4.5 5.0 

30o 6.0 4.5 4.5 
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Appendix K 

Measured Data, Results and Discussion using Converged Nozzle 

 In the current subsections, a converged nozzle with 2.0 area ratio was used with two shapes 

of the annulus inner body end: elliptical and square, were used. Cold and hot inlet flow conditions 

with 10o and 20o swirl angles were tested. The tests were carried out by mounting the air-air ejector 

system that consisted of converged nozzle with the elliptical and square shapes of the annulus inner 

body end, the 0.5 standoff ratio (sc1), a short mixing tube and a four ring entraining diffuser, as shown 

in Figure K-1 on the hot gas wind tunnel.  

 
Figure K-1: Schematic diagram of the air-air subsonic ejector, 0.5 standoff ratio (sc1), converged 

nozzle with elliptical and square shapes of the annulus inner body end 

 

K.1 Cold Inlet Flow Conditions 

 With cold inlet flow conditions, the flow temperature range at the measured section inside the 

annulus was from 295 to 315 K, while in hot inlet flow conditions it was from 470 to 520 K. At the 

nozzle and diffuser exit traversed sections, 2200 pressure samples were taken to obtain a stable 

cumulative time average. The measurements were carried out using the 0.5 standoff ratio (sc1).  

 

K.1.1 Diffuser Gap Inlet Velocity 

 With cold inlet flow conditions with 10o and 20o swirl angles and converged nozzle with the 

elliptical and square shapes of the annulus inner body end, the diffuser gaps' inlet flow velocities were 

measured as shown in Table K-1. Using the converged nozzle with both shapes of the annulus inner 
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body end, the diffuser gaps' inlet velocities were non-dimensionalized by dividing the local average 

inlet velocity with the maximum average inlet average velocity that was found using hot flow, the 

square shape of the annulus inner body end and diffuser gap one. As shown in Table K-1, the flow 

velocities in each gap increased by increasing the swirl angle that increased the tertiary mass flow 

rate. It was also observed that the square shape of the annulus inner body increased the diffuser gap 

velocities compared to the elliptical shape for the two swirl angles particularly through diffuser gap 

number 3 and 4 (gap3 and gap4).  

Table K-1: Non-dimensionalized measured diffuser gap velocities, converged nozzle with elliptical 

and square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), cold flow 

conditions with 10o and 20o swirl angles 

 

Swirl Angle 

 

Elliptical shape of the annulus inner 

body end 

Square shape of the annulus inner 

body end 

Gap1 Gap2 Gap3 Gap4 Gap1 Gap2 Gap3 Gap4 

 V1/Vm V2/Vm V3/Vm V4/Vm V1/Vm V2/Vm V3/Vm V4/Vm 

10o 0.83 0.59 0.41 0.25 0.83 0.59 0.42 0.29 

20o 0.81 0.62 0.44 0.30 0.81 0.62 0.47 0.31 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum 

local diffuser gap inlet velocity 

 
K.1.2 Flow Structure at Different Sections Downstream of the Ejector System 

 The flow properties were measured at the nozzle and diffuser exit sections using 7-hole 

probes that traversed using a programmable control unit in equal increments vertically and 

horizontally in the plane perpendicular to the exit flow direction. At the nozzle exit traverse was 

spaced at a 5 mm increment whereas the diffuser exit traverse was spaced at an 8 mm increment. At 

10o, 20o, and 30o swirl angles, the velocity contours for cold inlet flow conditions were measured at 

the nozzle are shown in Figures K-2 and K-3.  

 The data showed a low velocity core separation area that created at and around the ejector 

centreline downstream of the annulus inner body at the nozzle using both shapes of the annulus inner 

body end. This low velocity area increased with swirl strength. With 20o and 30o swirl angle and 

using the elliptical shape of the annulus inner body end, the 7-hole probe did not measured the flow at 

diameters of 12 and 24 mm or less around the ejector centreline respectively. However, at 10o and 20o 
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swirl angle, the square shape of the annulus inner body end increased the axial velocity at that low 

velocity area. Nevertheless, with 20o swirl angle and the square shape, the probe did not detect the 

flow at diameters of 18 or less around the ejector centreline.  

 It was also found that with 30o swirl angle, the effects of the elliptical and square shapes of 

the annulus inner body end on the flow uniformity at the nozzle exit were almost the same. These 

results implied that the square shape has a positive impact on the core separation using low swirl 

strength but did not have significant effects with medium, high or strong swirl strength. These results 

are consistent with results obtained by using the straight nozzle.  
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(a) Elliptical shape, φ = 10o 
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(b) Square shape, φ = 10o 
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(c) Elliptical shape, φ = 20o 
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(b) Square shape, φ = 20o 

 Figure K-2: Non-dimensionalized measured axial velocity contours at the nozzle exit, converged 

nozzle, elliptical and square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), 

cold flow conditions  
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(a) Elliptical shape, φ = 30o 
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(b) Square shape, φ = 30o 

Figure K-3: Non-dimensionalized measured axial velocity contours at the nozzle exit, converged 

nozzle, elliptical and square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), 

cold flow conditions  

 

 Using the converged nozzle with the elliptical and square shapes of the annulus inner body 

end, the non-dimensionalized axial velocity profiles at the vertical centreline of the diffuser exit at 10o 

and 20o swirl angle cold inlet flow conditions are shown in Figure K-4. It was observed that as the 

swirl angle increased the size of the core separation increased due to the effects of the centrifugal 

force of the swirl flow. At the 20o swirl angle using the elliptical and square shapes of the annulus 

inner body end, the size of the core separation was larger.  

 At 10o swirl angle, the axial velocity at the ejector centreline increased 12% with the square 

shape compared with the elliptical shape. This improvement flattened the velocity profiles and 

consequently decreased the core separation. However, with 20o swirl angle, the axial velocity profiles 

at the vertical centreline of the diffuser exit using the both shapes of the annulus inner body end are 

almost identical.  
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Figure K-4: Non-dimensionalized measured axial velocity profiles at diffuser exit, converged nozzle, 

elliptical and square shapes, 0.5 standoff ratio (sc1), cold flow conditions , Ell, Sq: elliptical 

and square respectively 

 

K.1.3 Ejector System Pressure Recovery 

 Non-dimensionalized measured ejector pressure recovery using the converged nozzle with 

the elliptical and square shapes of the annulus inner body end and cold inlet flow conditions with 10o 

and 20o swirl angles are shown in Figure K-5. It was noticed that as the swirl angle increased the wall 

static pressure increased due to the effects of the centrifugal force caused by the swirl.  

The presence of the centrifugal force enhanced the mixing process between the primary and 

secondary flows in the standoff, mixing tube and diffuser, resulted in the mixed flow spreading 

quickly in the radial direction. This quick spread caused the flow to almost attach the exit part of the 

diffuser, resulting in the wall static pressure at the diffuser exit almost reaching zero gauge static 

pressure.  

As shown in Figure K-5, the square shape of the annulus inner body end relatively decreased 

the wall static pressure along the mixing tube and diffuser over using the elliptical shape. These 

results were consistent with the data showed in Table K-2, as the square shape enhanced the diffuser 

gap velocities over the use of the elliptical shape.  
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Figure K-5: Non-dimensionalized measured ejector pressure recovery, converged nozzle, elliptical 

and square shapes, 0.5 standoff ratio (sc1), cold flow conditions with 10o and 20o swirl 

angles, Ell, Sq: elliptical and square respectively 

 

K.1.4 Ejector System Performance Criteria 

 Using cold inlet flow conditions with 10o and 20o swirl angles and the converged nozzle with 

both shapes of the annulus inner body end, results for the ejector pumping ratios and back pressure 

coefficient are shown in Table K-2. It was observed that the ejector pumping ratios increased with 

swirl strength. Compared to the elliptical shape, the square shape on the annulus inner body end 

enhanced the total, secondary and tertiary pumping ratios.  

 As shown in Table K-2, the converged nozzle with 2.01 area ratio enhanced the ejector 

pumping ratio over using the straight nozzle with 1.35 area ratio. At 10o swirl angle using the 

elliptical and square shapes of the annulus inner body end, the converged nozzle enhanced the ejector 

total pumping ratio by 16.3 and 15.12% over the use of the straight nozzle respectively. With 20o 

swirl angle and using the both shapes of the annulus inner body end, the converged nozzle increased 

the ejector total pumping ratio by 15.34 and 18.14% compared to the straight nozzle respectively. 

These results indicated that the higher area ratio can significantly enhance the ejector pumping ability.  

 These results were consistent with results reported by Chen and Birk [50]. However, it was 

reported [31] that the maximum ejector efficiency was achieved at area ratio of 2.14 and standoff 

ratio of 1.57. In an experimental investigation [50], it was reported that the ejector pumping ratio 



 291 

increased with area ratio due to the larger area that increased the secondary flow. Using the converged 

nozzle with both shapes of the annulus inner body end, as shown in Table K-2, the back pressure 

coefficient decreased with swirl strength. However, compared to the elliptical shape, the square shape 

of the annulus inner body end increased the coefficient for both the 10o and the 20o swirl angles. It 

was also observed that the converged nozzle increased the back pressure coefficient compared with 

the straight nozzle, as shown in Tables K-2 and 5-5, due to the higher local pressure loss at the 

converged nozzle exit. 

Table K-2: Measured ejector pumping ratios, Ф, and back pressure coefficients, Cb, converged nozzle 

with elliptical and square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), cold 

flow conditions with 10o and 20o swirl angles 

 

Swirl Angle 

Elliptical shape of the annulus inner 

body end 

Square shape of the annulus inner 

body end 

Фt Ф2nd Ф3rd Cb Фt Ф2nd Ф3rd Cb 

10o 1.78 0.42 0.36 0.10 2.05 0.60 0.45 0.16 

20o 1.89 0.50 0.39 0.08 2.15 0.64 0.51 0.09 

 
K.2 Hot Inlet Flow Conditions 

 Experiments using the converged nozzle with the elliptical and square shapes of the annulus 

inner body, the 0.5 standoff ratio (sc1) and hot inlet flow conditions with inlet temperature range of 

510 K were carried out for two swirl angles 10o and 20o angles. The flow properties at different 

downstream section were investigated. The ejector performance parameters were also studied. 

 

K.2.1 Diffuser Gap Inlet Velocities  

 Table K-3 shows the non-dimensionalized measured axial diffuser gaps inlet velocity using 

the converged nozzle with both shapes of the annulus inner body end and hot inlet flow condition 

with 10o and 20o swirl angles. As expected, the converged with both shapes of the annulus inner body 

end enhanced the gap velocity over using the straight nozzle using both cold and hot inlet flow 

conditions. This gap velocity enhancement reflected on the diffuser tertiary pumping ratio as the 

converged nozzle enhanced the ratio over the use of the straight nozzle.  
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 As shown in Tables K-1 and K-3, compared to the cold flow, the hot flow increased the 

diffuser gap inlet velocities because as the flow temperature increased, the flow kinetic energy at high 

radii increased. Increased flow kinetic energy at high radii enhanced the mixing process between the 

primary and tertiary flows in the diffuser device that increased the diffuser gap inlet velocities. As 

shown in Table K-3, the square shape of the annulus inner body end enhanced the diffuser gap inlet 

velocities over using the elliptical shape, particularly through gaps three and four. The same 

observation was obtained using cold inlet flow conditions. It was also found that the diffuser gap inlet 

velocities increased by increasing the swirl angle that increased the tertiary flow in the diffuser 

device. 

 

Table K-3: Non-dimensionalized measured diffuser gap velocities, converged nozzle with elliptical 

and square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow 

conditions with 10o and 20o swirl angles 

 

Swirl Angle 

Elliptical shape of the annulus inner 

body end 

Square shape of the annulus inner 

body end 

Gap1 Gap2 Gap3 Gap4 Gap1 Gap2 Gap3 Gap4 

 V1/Vm V2/Vm V3/Vm V4/Vm V1/Vm V2/Vm V3/Vm V4/Vm 

10o 0.89 0.64 0.49 0.36 0.89 0.64 0.51 0.34 

20o 1.00 0.77 0.58 0.42 0.99 0.77 0.57 0.43 

V1, V2, V3, V4: diffuser gap inlet velocity in gap1, gap2, gap3 and gap4 respectively, Vm: maximum 

local diffuser gap inlet velocity 

 
K.2.2 Flow Structure at Different Sections Downstream of the Ejector System 

 Using the hot inlet flow conditions with 10o swirl angle and converged nozzle with the 

elliptical and square shaped of the annulus inner body ends, the measured axial velocity contour at the 

diffuser exit are shown in Figure K-6. Using the converged nozzle with both shapes of the annulus 

inner body end, Figure K-6 shows the non-dimensionalized measured centreline axial velocity 

profiles at the diffuser exit for hot flow with 10o and 20o swirl angles. The data showed that the size 

of the core separation increased with swirl strength.  

 However, it was found that the square shape of the annulus inner body end decreased the 

effects of the core separation on the flow uniformity at the diffuser exit over the use of the elliptical 

shape. A shown in Figure K-7, at 10o swirl angle, the square shape enhanced the axial velocity at the 
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diffuser exit by 11.65% compared to the elliptical shape. Nevertheless, at 20o swirl angle, using both 

the elliptical and square shapes of the annulus inner body end, the velocity profiles at the diffuser exit 

were almost the same. These results were also found using cold inlet flow conditions using the 

converged nozzle. These results showed that the square shape has positive effects on the core 

separation in air-air ejector devices for low swirl strengths. 
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(a) Elliptical shape, φ = 10o swirl angle 
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(b) Square shape, φ = 10o swirl angle 

Figure K-6: Non-dimensionalized measured axial velocity contours at the diffuser exit, converged 

nozzle, elliptical and square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), 

hot flow conditions 

 
Figure K-7 Non-dimensionalized measured axial velocity profiles at diffuser exit, converged nozzle, 

elliptical and square shapes, 0.5 standoff ratio (sc1), hot flow conditions, Ell, Sq: elliptical 

and square respectively 

 

 Using the converged nozzle with both shapes of the annulus inner body end, it was also found 

that using hot inlet flow conditions, the size of the core separation at the diffuser exit was decreased, 
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as shown in Figure K-7, compared to under cold inlet flow conditions, as shown in Figure K-4.  This 

elimination of the effects of the core separation on the flow uniformity at the diffuser exit under hot 

inlet flow conditions might due to the increase in flow kinetic energy caused by high inlet flow 

temperature that enhanced the mixing process between the primary and secondary flows downstream 

in the standoff, mixing tube and diffuser.  

 The centreline measured flow temperature profiles at the diffuser exit are shown in Figure   

K-8 for the converged nozzle with both shapes of the annulus inner body end and hot flow with 10o 

and 20o swirl angles. The data showed that as the swirl angle increased, the core flow temperature at 

and around the ejector centreline decreased. The swirl strength improved the mixing process between 

the core and secondary and tertiary flows that decreased the core flow temperature at the diffuser exit. 

 Using the square and elliptical shapes of the annulus inner body end, with 20o swirl angle, the 

flow temperature at and around the ejector centreline, which is called peak static temperature, at the 

diffuser exit decreased by 5% and 6% over applying the 10o swirl angle respectively. Increased the 

swirl angle inlet flow conditions enhanced the mixing processes in standoff, mixing tube and diffuser 

results in increasing the pumping. Decreasing the peak flow temperature would improve the IR 

signature of the gas turbine engine. It was found that the shape of the annulus inner body end had less 

effects in reducing the core flow temperature particularly at 20o swirl angle. At 10o swirl angle, the 

square shape decreased the flow peak temperature at the diffuser exit by about 2% over using the 

elliptical shape. These results were consistent with improving the ejector pumping ratios with swirl 

strength and with using the square shape of the annulus inner body end.  
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Figure K-8: Non-dimensionalized measured centreline measured temperature profiles at the diffuser 

exit, converged nozzle, elliptical and square shapes of the annulus inner body end, hot flow 

conditions, Ell, Sq: elliptical and square respectively 

 

K.2.3 Ejector System Pressure Recovery 

 The non-dimensionalized measured static gauge pressure distribution along the mixing tube 

and diffuser are shown in Figure K-9 for the converged nozzle with the elliptical and square shapes of 

the annulus inner body end. It was found that the pressure distributions for the hot flow cases were 

similar to those of cold flow cases. The data showed that the static gauge pressure continuously rose 

along the mixing tube. With 20o swirl angle, it was found that the pressure noticeably dropped near 

and at the mixing tube exit. These results were found using the cold inlet flow conditions with the 

converged nozzle.  

 The same trend was seen in the previous section using the straight nozzle with both shapes of 

the annulus inner body end and for cold and hot inlet flow conditions as shown in Figure K-9. 

However, the pressure drop at the mixing tube exit was noticeable with straight nozzle over the use of 

the converged nozzle. It was found that the entraining diffuser clearly recovered the flow pressure as 

the pressure at the diffuser exit almost reached the atmospheric pressure. It was also found that the 

wall gauge static pressure increased as the swirl angle increased. Finally, it was found that, compared 

to the elliptical, the square shape of the annulus inner body end decreased the mixing tube and 

diffuser wall static pressure shape with the two swirl angles.  
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Figure K-9: Non-dimensionalized measured ejector pressure recovery, converged nozzle, elliptical 

and square shapes of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow 

conditions with 10o and 20o swirl angles, Ell, Sq: elliptical and square respectively 

 
 

K.2.4 Ejector System Performance Criteria 

 At 10o and 20o swirl angles and the elliptical and square shapes of the annulus inner body 

end, it was found that the hot inlet flow conditions enhanced the ejector pumping ratios compared to 

the cold flow state as shown in Tables K-2 and K-4. As the flow temperature increased, the kinetic 

energy of the flow at high radii increased in the standoff, mixing tube and diffuser increased that 

increased the mixing process between the primary and the tertiary flows in the ejector downstream. 

This mixing process improvement enhanced the entrained secondary and tertiary mass flow rates that 

increased the ejector pumping ratios. It was also found that the square shape enhanced the ejector 

pumping ratios over using the elliptical shape with the two swirl angles.  

 This enhancement was due to increasing flow kinetic energy at high radii with the square 

shape over the use of the elliptical shape, enhancing the mixing process between the primary and 

secondary flows in the mixing tube and diffuser. These results were consistent with the diffuser gap 

inlet flow velocity, as shown in Tables K-1 and K-3, the pressure distribution along the mixing tube 

and diffuser walls as shown in Figure K-5 and K-8. The square shape of the annulus inner body end 

decreased the gauge static pressure along the mixing tube and diffuser wall using both cold and hot 

inlet flow conditions compared to the elliptical shape. Lower pressure particularly at the mixing tube 

inlet and through the diffuser enhanced the secondary and tertiary mass flow rates that increased the 
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secondary and tertiary pumping ratios. These results were consistent with conclusions of using cold 

flow with converged nozzle. Using the straight nozzle with both shapes of the annulus inner body end 

for cold and hot inlet flow condition, it was observed the same conclusions. That is, for the same 

ejector, lower inlet pressure caused higher secondary pumping (higher velocity) and vice versa. 

 

Table K-4: Measured ejector pumping ratios, Ф, converged nozzle with elliptical shape of the annulus 

inner body end, 0.5 standoff ratio (sc1), hot inlet flow conditions with 10o and 20o swirl 

angles 

 

Swirl Angle 

Elliptical shape of the annulus inner 

body end 

square shape of the annulus inner 

body end 

Фt Ф2nd Ф3rd Фt Ф2nd Ф3rd 

10o 2.02 0.41 0.61 2.23 0.47 0.60 

20o 2.21 0.51 0.69 2.30 0.61 0.56 

  

The temperature and velocity reductions and the ejector back pressure coefficient using the 

converged nozzle with both shapes of the annulus inner body end and hot inlet flow conditions with 

10o and 20o swirl angles are shown in Table K-5. The higher the temperature and velocity reduction 

parameters, the better ejector performance was achieved. Temperature and velocity reduction 

parameters decreased with swirl strength that did not reflect the improving of the ejector pumping 

ratio with swirl strength. As shown in Figure K-7 and K-8, it was found that the diffuser exit flow 

velocity and temperature uniformity was increased with swirl strength. Temperature and velocity 

reduction parameters decreased with the swirl strength because the core flow spread up words the 

ejector walls faster with swirl due to the centrifugal force.  

 

Table K-5: Measured ejector temperature and velocity reductions and back pressure coefficient, Cb, 

converged nozzle with elliptical shape of the annulus inner body end, 0.5 standoff ratio 

(sc1), hot flow conditions with 10o and 20o swirl angles 

 

Swirl Angle 

Elliptical shape of the annulus inner 

body end 

Square shape of the annulus inner body 

end 

Flow Temperature 

uniformity factor, ft 

Flow velocity 

uniformity 

factor, fke 

Flow Temperature 

uniformity factor, ft 

Flow velocity 

uniformity 

factor, fke 

10o 0.56 0.13 0.58 0.14 

20o 0.62 0.08 0.63 0.11 
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K.2.5 Ejector SystemWall Temperature Distribution 

 Figure K-10 shows a thermal image of wall temperature along the mixing tube and diffuser 

using the converged nozzle with the elliptical shape of the annulus inner body end and hot inlet flow 

conditions with 20o swirl angle. The positive effects of the secondary flow cooled the first half of the 

mixing tube walls were seen before the wall temperature increased gradually downstream of the tube 

due the rapid spread of the core flow toward the tube walls. Due to the tertiary flow entrained through 

the diffuser gaps, the device walls were cooled effectively. However, the image showed that the wall 

temperature of the diffuser ring 4 increased significantly due to the strong spread of the core flow 

toward the diffuser wall.  

 
Figure K-10: Wall temperature contour along the mixing tube and diffuser, converged nozzle, 

elliptical shape of the annulus inner body end, 0.5 standoff ratio (sc1), hot flow conditions 

with 20o swirl angle 

 

Using the converged nozzle with the two shapes of the annulus inner body end, thermal 

profiles of the non-dimensionalized measured mixing tube and diffuser wall temperature distributions 

are shown in Figure K-11 with the 10o and the 20o swirl angle hot flow inlet conditions. As shown in 

Figure K-11, the wall temperature of the mixing tube gradually increased downstream, due to the 

mixing between the primary and secondary flows. The wall temperature of the first half of the mixing 

tube markedly decreased due to the entrained flow with ambient temperature that mixed with the core 

flow. The data showed that the diffuser wall temperature dropped significantly, due to the entrained 

flow with ambient temperature thought diffuser gaps that also mixed with the core flow.  At 10o swirl 
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angle and using the square shape of the annulus inner body end, it was found that the last 0.02Dmt of 

the mixing tube, the wall temperature decreased due the cooling effect of the entrained cold flow 

through the diffuser gap number one. With the same swirl angle, the last 0.02Dmt of the mixing tube 

wall decreased using the elliptical shape too with less degree.  

With 20o swirl angle, the wall  temperature of  this last 0.02Dmt of the mixing tube wall was 

almost constant due to the strong spread of the core flow that almost reach the mixing tube walls. 

Under the 10o and the 20o swirl angle hot inlet flow conditions, it was also found that the square shape 

of the annulus' cent body end decreased the mixing tube and diffuser wall temperature over using the 

elliptical shape. However, with 20o swirl angle, the square shape noticeably decreased the mixing 

tube wall temperature within Lmt/Dmt ≤ 1.30 where Lmt/Dmt = 2.0. Nevertheless, with 20o swirl angle 

and 1.30 ≤ Lmt/Dmt ≤ 2.0, the mixing tube wall temperature using both shapes of the annulus inner 

body end were almost identical. It was also found that with 10o swirl angle, the square shape had 

strong positive effects on wall temperature over the 20o swirl angle. Using the both shapes of the 

annulus inner body end, these results were consistent with the ejector pumping ratios, as shown in 

Table K-4, non-dimensionalized measured ejector pressure recovery, as shown in Figure K-9 and 

diffuser gap inlet velocities as shown in Table K-3.  

 
Figure K-11: Non-dimensionalized measured mixing tube and diffuser wall temperature distributions, 

converged nozzle, elliptical and square shapes, 0.5 standoff ratio (sc1), hot flow conditions 

with 10o and 20o swirl angles , Ell, Sq: elliptical and square respectively 



 300 

Appendix L 

Material Property Independence Study 

 Defining the material properties is also an essential to predict a realistic ejector performance. 

In the ANSYS Fluent 14 software, it allows to define material properties that are considered among the 

software strengths. Using the same experimental facilities, it was assumed that the hot flow properties 

are similar to pure air as the uncertainty was found within 3.3% [20].  

The viscosity, thermal conductivity and specific heat at constant pressure will be defined as 

polynomials function of temperature as following [49]: 
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