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Abstract 

An experimental and numerical study of air–air bent exhaust ejectors was carried 

out. The objective of the study was to determine the effect of a bend on the 

performance of exhaust ejectors. The ejectors consisted of nozzles, mixing tubes 

and in some cases entraining diffusers. As part of this study the effect of swirl in 

the primary flow and the temperature ratio of the primary to the secondary flow 

were also investigated. 

The study included testing of round and oblong sectioned ejectors with 

and without entraining diffusers. The experimental testing was performed on two 

different wind tunnels capable of blowing air at a maximum mass flow rate of 2.2 

kg/s at ambient and elevated temperatures. Flow measurements were made 

upstream of the nozzle, at the nozzle exit and at the exit of the ejector. Pumping, 

pressure rise and total efficiency of the ejector were studied with respect to the 

bend angle, swirl angle and the primary to secondary flow temperature ratio. A 

commercial CFD code was used to evaluate the effectiveness of commercial CFD 

using limited resources for designing of such devices. 

The pumping ratio and pressure rise decrease with the increase in the 

degree of bend. Swirl up to a certain angle has a useful effect on the performance 

of a bent ejector. The entraining diffuser enhances the performance of a bent 

ejector. The CFD models based on commercial solver were able to predict the 

flow structures and the variation of the performance parameters with the bend and 

swirl angle. However, generally the CFD models were not able to predict the exact 

values of the performance parameters. 
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A area  

AR area ratio, ration between the mixing tube to nozzle cross-sectional 
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c speed of sound 

D diameter  

F force  

fr friction factor  

G axial flux of momentum  

H height  

k coefficient of thermal conductivity, 

turbulence kinetic energy, 

ratio of specific heats 

L length 

Ma Mach number 

m mass flow rate  

Pe Peclet number, ratio between convective 

to diffusive transfer of flow quantity x

uPe

δ

ρ
Γ

=  

Po total pressure  

∆Po
* pressure loss coefficient  

Pr Prandtl number  

P, p static pressure  

Q volumetric flow rate used in Eq. (3.1)  

q dynamic pressure q u= 1
2

2ρ  
R gas constant, realizable (when mentioned with k- ε turbulence model) 

Re Reynolds number 

μ
ρUDRe =  

RNG renormalization group  

RSM Reynolds stress model  

r radius  



 

xxxiii 
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s standoff : distance between the exit plane of nozzle and inlet plane of 
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T temperature (K)  
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Greek Letters 
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method) 
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m

m=Φ  

Φ′ temperature adjusted pumping ratio 
p

s

T
T
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φ swirl angle  

θ bend angle  

η efficiency  

Π non-dimensional pressure rise  

ε 
turbulence dissipation rate, 

effective area ratio 
 

μ kinematic viscosity, kg/m-s  

μt turbulent viscosity  

τ wall shear stress  

ω specific dissipation rate  
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Subscripts 

ann annulus (appears with diameter)  
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h hydraulic (appears with diameter)  

i inner  

max maximum  

m mixing tube  

n nozzle  

o outer  

p primary  

s secondary  

w mixing tube wall  

x axial  

φ swirl  

1 section upstream of the primary nozzle at 3-hole or 7-hole probe 
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2 exit section of the nozzle and inlet section of the mixing tube 

3 exit section of mixing tube  

4 exit section of diffuser  
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Chapter 1 

Introduction 

This research project involved the experimental and computational study of a limited series of 

subsonic air-air ejector systems that find their applications on platforms such as helicopters or 

ships. Three basic systems were considered in this work, including: 

i. round ejector with bend in mixing tube 

ii. oblong ejector with bend in mixing tube 

iii. oblong ejector with entraining diffuser and bend in mixing tube 

In many applications the bends are required in the exhaust systems of the gas turbine 

engine to: 

• divert the hot flow from critical structural components 

• avoid engine or body parts in the way of the exhaust duct 

• hide the hot internal parts of the engine from the heat seeking missiles 

The above systems were considered because they present a challenge to designers when 

they are custom designed for a particular installation. The typical design cycle is to use 

commercial Reynolds averaged Navier Stokes (RANS) based CFD code for the design after 

which the devices are fabricated and tested in either hot or cold flow. The systems are then 

refined until acceptable performance is obtained. This cycle can sometimes be very short or it can 

be very long depending on how successful the CFD phase is. From here the device is mounted on 

an engine for testing before it is installed in the final application platform. 
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1.1 Definition 

The ejector or jet pump is a simple device used for pumping of a fluid by means of a high 

speed jet. The ejector essentially consists of a primary nozzle, a mixing tube or shroud and in 

some cases a solid or entraining diffuser. The high speed jet issues from a nozzle and entrains 

fluid from the annular space around the nozzle. The secondary fluid is pumped at the expense of 

the momentum of the primary fluid. 

Figure 1.1 shows a schematic diagram of the flow in an ejector. The high speed jet issues 

form the nozzle with velocity Up and enters the mixing tube. The jet entrains the secondary fluid 

from the area surrounding the nozzle. The secondary fluid enters the mixing tube with a velocity 

Us. The two streams travel in the mixing tube and mix together. The momentum from the primary 

stream is transferred to the secondary stream. The two streams are completely mixed at the end of 

the mixing tube in an ideal ejector. In some cases a diffuser is employed at the end of the mixing 

tube for maximum possible recovery of the kinetic energy of the flow. 

Present demand for more efficient power generation is driving the design modifications 

in gas turbine exhaust systems. An improvement in the exhaust system can lead to lower 

pressures at turbine outlet, which translates into higher output efficiency and lower heat rate for 

the gas turbine. The overall performance of a gas turbine can be significantly improved with the 

use of an efficient exhaust system. Better flow control and diffusion in the exhaust results in a 

lower backpressure at the turbine. This study was carried out to identify ways of improving 

performance on bent ejectors. It is believed that bent ejector performance can be improved by 

geometry modifications of the nozzle, the mixing tube and the diffuser. 

In some gas turbine applications, the engine, its enclosure and the exhaust ducting must 

be cooled to limit the temperatures. The limitation on temperature may be set by structural 

integrity, internal space ventilation, space saving, or suppression of infrared signature. In many 
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Figure 1.1: Schematic diagram of an ejector 

 

cases the cooling system must be fully passive, i.e., without any external driving source. So the 

ducts are usually cooled by ejectors with film or effusion cooled diffusers. 

In addition to that, the hot exhaust from the gas turbine may also hit the structural 

components e.g. tail boom of the aircraft, which causes structural integrity problems in the 

aircraft components. Mixing of the cold ambient air with the hot exhaust in an ejector reduces the 

concentration and the temperature of exhaust gases. The lower temperature of the exhaust reduces 

the probability of the aircraft being spotted by the heat seeking missiles and also saves the aircraft 

components from elevated temperatures of the exhaust. 

1.2 The Challenge 

In some cases the ejectors used by some aircrafts, ships, or land vehicles must turn through a 

bend. The performance of a bent ejector is reduced because of secondary flows caused by the 

bend. It may also cause flow separation and localized heating on some parts of the bends. This is 

especially true when the ejector includes a diffuser with film cooling. Entraining diffusers 

typically have poor pressure recovery and as a result the bend may further reduce the diffuser 

performance. The optimum performance point of an ejector is changed by the degree of bend. 

Up 

Us 
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The ejectors in the aircraft industry have small length to diameter (L/D) ratio because of 

the limitations on space and weight. These short ejectors are far from the optimum design. In 

addition to this the exhaust from the gas turbine has a swirl component in the flow. The degree of 

swirl angle of the exhaust flow depends upon the design and the operating speed of the turbine. In 

many cases the exhaust ducts of the gas turbine have non-circular cross-section. 

Due to the above mentioned reasons the ejectors in the aerospace industry have non 

optimum geometry. The departure from the optimum geometry causes non-uniform flows, flow 

separation and recirculation; and localized heating in the ejectors. For a simple ejector with an 

optimum geometry a one-dimensional analytical analysis can be used to approximately predict 

the ejector performance. Due to the complex flow patterns and losses associated with them; the 

one-dimensional approach of the ejector analysis can not be utilized to predict the performance of 

the ejectors used in the aerospace industry. 

The correction factors and the friction losses introduced in the one-dimensional analysis 

can help in predicting the performance in a straight ejector having circular cross-section. When 

the primary nozzle has non circular exit with a circular to oblong or annular to oblong transition 

the jet issuing from the nozzle will have complex structures and a trajectory, which is not parallel 

to the mixing tube axis. This will lead to higher friction losses in the ejector compared to the 

losses evaluated by either pipe flow or the flow on a flat plate. The swirling flow from a gas 

turbine will travel more distance than the non swirling flow; leading to higher frictional losses. 

The bends in the ejector geometry may cause the flow to separate at some places and 

cause recirculation. This localized separation and recirculation may not be evident in the velocity 

or pressure profile at the exit. The momentum and the pressure correction factors, introduced in 

the one-dimensional analysis, will underpredict the losses in the ejector in the case of flow 

separation. This is due to the fact that in case of flow separation the flow reattaches after it passes 

the bend and the non uniformity in the flow at the point of separation is not seen at the exit plane 

of the ejector, where all the flow measurements are taken. 
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The one-dimensional analysis is based on the assumption that the nozzle velocity profile 

and the cross-section of the ejector has no effect on the ejector performance, which is contrary to 

the fact that the nozzle cross-section has a profound effect on the entrainment and mixing of the 

jet as mentioned by Gutmark and Grinstein [1]. The pumping of the ejector is essentially a result 

of the entrainment property of the jets. Numerous studies are available in the literature based on 

the cross-section of the ejectors, see for example the work of Hu et al. [2]. 

Simple 1-D analytical approach is not sufficient and the complete experimental 

investigation is very expensive (in terms of time and money) for the industries involved in the 

manufacturing of exhaust ejectors. Therefore, the industries are inclined to use RANS based 

commercially available CFD codes in predicting the performance of a particular geometry of the 

ejector in a particular application. These industries have limited resources for the computational 

work as far as the time and the computational effort is concerned. 

Designers have struggled with the CFD design phase because of uncertainties in the 

ability of the CFD models to accurately predict device performance. Specific problems are related 

to the accurate prediction of performance parameters such as: 

• back pressure 

• pumping 

• balance of pumping between secondary and tertiary flows 

• velocity and temperature profiles at the device exit 

• effects of bends on mixing and pumping 

• prediction of wall temperatures 

• effects of inlet distortion and swirl on all of the above 

A major challenge is associated with accurate prediction of areas of separated flow and 

large scale vortices. These features need to be predicted to some reasonable level of accuracy 

with limited computing resources. 
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1.3 Scope of Work 

It has been made clear in section 1.2 that the performance of practical ejectors can not be 

precisely predicted by simple analytical methods. The use of experiments in measuring the 

performance is inevitable for the ejectors in aerospace industry. However, it is practically 

impossible to experimentally test every ejector before putting it to use. This leads to the necessity 

of finding the relationships between the ejector performance parameters and the ejector geometry. 

The effect of one of the geometry variables i.e. the degree of the bend, was studied in this 

work. During the study other geometry parameters were held constant to clearly identify the 

effect of bend on the performance. Detailed measurements were taken with the Pitot-static tube, 

3-hole and 7-hole probes at stations located upstream of the nozzle, at the nozzle exit and at the 

end of the ejector. Flow temperature and ejector wall temperature measurements were taken using 

the thermocouples and infrared thermal imaging camera respectively. The turbulence intensity 

measurements of the flow at the exit of the wind tunnel were made by a two component Laser 

Doppler Velocimeter (LDV). 

Detailed flow data was obtained before the nozzle, at the nozzle exit and at the mixing 

tube or diffuser exit. Limited surface temperatures were obtained under hot flow conditions using 

a thermal imaging system. This work focused on the time averaged properties of the flow 

including pressures, temperatures and velocities. Fluctuating components of these properties were 

not measured and evaluated and because of this it was not possible to conduct detailed studies of 

turbulence quantities. 

This study also considered the effectiveness of RANS based turbulence models in 

commercially available CFD codes with limited computational resources in the design process of 

such devices. Detailed study was performed considering the grid density, turbulence models, 

boundary conditions and convergence. 

The objectives of this work can be summarized as: 
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i. obtain detailed flow data for these types of ejectors under various inlet flow 

conditions 

ii. conduct RANS based CFD studies of the devices using modest computational 

resources 

iii. identify important flow features such as areas of separation and large scale vortices 

iv. evaluate the utility of the RANS based CFD for the design of these devices 

v. provide guidelines and recommendations for further work to improve the design of 

these devices 

1.4 Contributions 

Following are the contributions to the field: 

1. Providing detailed experimental data for subsonic air–air bent ejectors for designers in 

aerospace industry and the CFD community for validation of their CFD models of similar 

components including: 

a. the pressure and the velocity profiles 

b. mixing of two flows and the temperature distribution inside the flow 

c. the ejector wall temperature distribution 

2. Providing guidelines for designing of bent ejectors for aerospace use, considering: 

a. the degree of the bend in an ejector 

b. the effect of swirl in the primary flow in mitigating the losses due to the bend 

c. extrapolating the cold flow experimental data for estimating the performance 

during actual application (i.e. hot flow) 

d. the effect of cross-sectional area of the ejector on performance 

e. the use of entraining diffuser at the end of ejector 

3. Evaluation of utilizing a general purpose RANS based CFD code with limited resources 

for the design process of the exhaust ejectors 
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4. Providing a better understanding of flow structures inside the bent ejectors, on the basis 

of experimental observations and CFD model results, and how different flow structures 

affect the performance parameters. 
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Chapter 2 

Theory 

2.1 Ejector 

Ejectors are simple devices used for pumping of a secondary fluid by means of a primary jet. An 

ejector essentially consists of a driving nozzle, a mixing tube and a diffuser. The nozzle directs a 

high-speed jet into the mixing tube. The jet entrains secondary fluid, which enters the mixing tube 

through the annular region around the primary nozzle. The two streams mix in the mixing tube 

and the momentum is transferred from primary to the secondary fluid. The combined flow is 

decelerated in the diffuser to the discharge pressure and velocity. The suction stream is pumped 

through the mixing tube by means of the momentum of the driving jet. The value of the ejector 

lies in its simplicity and absence of moving parts. 

Ejectors have found their use in a variety of applications, some of which are: 

1. Engine space cooling 

2. Cooling of exhaust gases 

3. Infrared signature suppression 

4. Thrust augmentation 

5. Noise reduction 

6. Refrigeration 

7. Pumping of hazardous fluids etc. 
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This study is related to the first three applications mentioned above. Efficient cooling of 

the aircraft engine has always been difficult to obtain during climb, long range cruise or while on 

ground in most of the aircraft installations. Ejectors have been employed to provide additional 

cooling by reducing the engine compartment pressure for extra air intake. Exhaust gases of a gas 

turbine are at elevated temperatures, which raise the temperature of the exhaust duct surface. 

These hot components have an infrared signature which can be locked on by a heat seeking 

missile. 

The performance of an ejector can be measured by a number of dependent parameters 

e.g. pumping ratio, pressure rise and mixing etc. These parameters are described in Section 2.4 

and a detailed discussion of their effect is present in the literature review in Chapter 3. The 

independent variables, which affect the ejector performance, can be divided into two classes: 

i. Flow parameters 

ii. Geometry parameters 

2.2 Flow Parameters 

2.2.1 Reynolds number 

Reynolds number (Re) is the ratio of inertia force of a fluid stream to the viscous forces. 

Mathematically Re is defined as: 

μ
ρUD

=Re  (2.1) 

here U is the velocity, ρ is the density, μ is the dynamic viscosity and D is a characteristic length 

showing the size of the object in the flow. 

Re is very important parameter for entrainment and mixing of the jets. The lower Re jets 

(Laminar jets) have poor entrainment and mixing with respect to turbulent jets. The mixing of the 

jet increases with the Re up to a certain limit after which it becomes independent of the Reynolds 
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number. Ricou and Spalding [3] reported that the entrainment of jet becomes independent of Re 

after Re = 2.5 x 104 based on the nozzle diameter. Vyas and Kar [4] mentioned that the 

entrainment of the ejector becomes independent of Re after Re = 2 x 104. Further discussion of 

the effects of Reynolds number on the flows related to the current study is given in the literature 

review in Chapter 3. 

2.2.2 Mach Number 

Mach number is the ratio of flow velocity to the speed of sound in the same fluid. 

kRT
U

c
UMa ==  (2.2) 

where c is the speed of sound in the same medium, k is the ratio of specific heats, R is the gas 

constant and T is the temperature in absolute scale. Ma is the tendency of the flow to compress as 

it encounters a solid body. Total pressure (Po) of the flow is affected by the Ma. If the flow is 

compressible the flow properties evaluated by the incompressible flow theory will have error. 

The difference between the measured and evaluated (by the incompressible flow theory) 

total pressure increases with the Ma. At Ma = 0.3 the incompressible flow theory estimates 2% 

less total pressure than the measured value which will cause a 1% difference in the velocity. Flow 

with a Ma ≤ 0.3 is often considered incompressible in engineering practice. 

2.2.3 Swirl 

Exhaust of a gas turbine exhibits various degrees of swirl, depending upon the design and 

operating speed of the turbine. Swirling flows result from the presence of a tangential or swirl 

velocity component. Experimental studies show that swirl has large-scale effects on the flow 

field. Jet growth and decay, which are measures of mixing and pumping, are affected by the 

degree of swirl imparted to the flow as mentioned by Gupta et al. [5]. The degree of swirl is 

usually characterized by the swirl number, which is a non-dimensional number representing the 
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axial flux of swirl momentum divided by axial flux of axial momentum, times the equivalent 

nozzle radius, that is [5]: 

rG
G

S
x

ϕ=  (2.3) 

For flow in an annular pipe, with ri and ro as inner and outer radii, we can write the axial flux of 

axial momentum and axial flux of swirl momentum as: 

∫ +=
o

i

r

r
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Equations (2.4) and (2.5) do not include the turbulent components of the velocities. For axial plug 

flow with constant swirl angle across the radius, the swirl angle is related to the swirl number by 

the following approximate relationship [5]: 
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where φ is the swirl angle of the flow. 

From the above approximate relationship we see that the swirl number is not only a 

function of the swirler vanes angle but also depends on the inner and outer radii of the annulus. 

The swirl generated from an axial and tangential entry is commonly defined by the swirl number, 

whereas the swirl generated by swirler vanes is commonly defined by the vane angle φ. 

The low swirl number (S ≤ 0.4) increases the spreading rate of free or confined jets; 

entrainment and the jet velocity decay are enhanced with the low degree of swirl in the jet flow 

[5]. On the other hand the high swirl number jets form separation and recirculation regions after 

issuing from the nozzle. 
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2.2.4 Temperature Ratio 

The temperature of the primary flow and the ambient air has a significant effect on the 

performance of an ejector. Temperature ratio (T*) is commonly defined as the ratio between the 

secondary flow (or the ambient air) to the primary flow, as: 

p

s
T

TT =*  (2.7) 

where Tp and Ts are the temperature of the primary and the secondary flow respectively. In this 

study this temperature ratio will be calculated on the basis of absolute temperature scale. 

It is seen in the previous studies that the pumping ratio of an ejector increases with a 

decrease in the temperature ratio, as defined in Eq. (2.7). It is also expected that for the same 

mass flow rate, the ejector with the primary jet at higher temperature will have higher dynamic 

pressure and friction losses due to the viscous friction. Further discussion of the effects of the 

temperature ratio on the performance of an ejector is given in the literature review in Chapter 3. 

2.3 Geometry Parameters 

An introduction to a number of ejector geometry parameters is provided in this section. A detailed 

discussion of the effect of each parameter is provided in the literature review in Chapter 3. 

Nozzle Mixing tube

Lm

DmDn

s
 

Figure 2.1: Ejector geometry parameters 
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2.3.1 Area Ratio 

Figure 2.1 shows the different geometry parameters of an ejector. The size of the mixing tube 

with respect to the nozzle is given by area ratio Am/An or diameter ratio Dm/Dn. The area ratio 

controls the pumping of the ejector if other parameters are held constant. Studies are available, in 

the published literature, on the ejectors of area ratio as high as 1,100 see for example Kastner and 

Spooner [6] 

2.3.2 Ejector Length 

The length (Lm) of the ejector plays an important role in the mixing and pressure rise of the 

ejector. Depending upon the flow and other geometry parameters there is an optimum length of 

the ejector. Below the optimum length the two streams do not completely mix with each other 

and above this length the efficiency starts decreasing due to friction losses. The static pressure 

increases along the length of the mixing tube. The exit static pressure of the ejector is nearly 

atmospheric so the longer mixing tube will produce higher pressure rise provided the length does 

not exceed the optimum length. The length of the ejector is often non-dimensionalized by the 

mixing tube diameter or nozzle diameter in the literature. 

2.3.3 Standoff 

Standoff (s) is the axial distance between the exit of the nozzle and the inlet section of the mixing 

tube. A number of studies are available in the literature, which show a marked effect of standoff 

on the ejector performance. Standoff is normalized by the mixing tube diameter as s/Dm. 

An ejector with larger standoff will have a longer mixing length for the same length of 

the mixing tube. The mixing length of an ejector is the distance between the exit section of the 

nozzle and the exit of the ejector. The overall weight of the ejector can be reduced by increasing 

the standoff and decreasing the mixing tube length so that the mixing length remains constant. 
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However increasing the standoff increases the pressure at the exit of the nozzle and ultimately 

causes the nozzle to discharge at atmospheric pressure hence reducing the pressure rise of the 

ejector. 

2.4 Performance Parameters 

2.4.1 Entrainment and Pumping 

One of the fundamental properties of a jet is entrainment. As the jet moves in the downstream 

direction, it entrains fluid from its surrounding, the volume of the jet increases and its velocity 

decreases. This property of a jet is utilized in ejectors. In an ejector the suction fluid is drawn 

through an annular region surrounding the primary nozzle. 

Entrainment of secondary fluid is referred as “pumping of the ejector”. Many authors 

defined the pumping of an ejector by the mass flow ratio between secondary and primary fluids 

see for example Kastner and Spooner [6], Manganiello and Bogatsky [7] and Quinn [8]. 

p

s
m

m=Φ  (2.8) 

If the two streams are at different temperatures then the pumping ratio is corrected by the 

temperature ratio of the primary and the secondary flows, as used by Quinn [8], Mitchell and 

London [9] and Toulmay [10]: 

p

s

T
T

Φ=Φ′  (2.9) 

2.4.2 Back Pressure 

Back pressure is a critical performance parameter for this study. It is the pressure that the ejector 

will apply on the gas turbine in actual application. Back pressure is the static or total pressure 

measured at the inlet of the ejector. It is expected that the static pressure at the exit of the ejector 
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will be approximately 0 Pag and the dynamic pressure is lost to the surroundings. The total 

pressure at the diffuser inlet is equal to the dynamic pressure of fluid at the exit of the diffuser 

plus the losses inside the diffuser. 

If we approximate the diffuser exit pressure as atmospheric, then higher losses in the 

diffuser will lead to higher pressure at the inlet of the diffuser. If we consider the static pressure 

then the effect of pressure coefficient of the diffuser also becomes clear. The amount of dynamic 

pressure, which is not recovered to static pressure in the diffuser, also contributes to the losses. 

Figure 2.2 shows the schematic diagram of an ejector with the stations 0–4 and centreline static 

pressure variation along the length. 
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Figure 2.2: Schematic diagram of an ejector with centre-line static pressure variation, 
predicted by the CFD 
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2.4.3 Pressure Rise 

The pressure rise is the increase in the static pressure of the secondary stream from the inlet 

section of the mixing tube to the end of the ejector. The pressure rise is normalized by the 

dynamic pressure of the primary stream at the inlet of the nozzle in the current study. This non 

dimensional pressure rise is denoted by Π. Equation (2.10) defines the non-dimensional pressure 

rise in mathematical term. 

1

23

q
pp s−

=Π  (2.10) 

where p2s is the pressure of the secondary stream at the mixing tube inlet and q1 is the dynamic 

pressure at section 1 (upstream of the nozzle inlet). Pressure rise and back pressure are inter-

related terms. A higher pressure rise across the ejector leads to a lower pressure at the exit of the 

nozzle and lower back pressure. 

2.4.4 Mixing of Momentum and Temperature 

Mixing of momentum and temperature is an important performance parameter of an ejector. In an 

ideal ejector the momentum and the temperature of the two streams are completely mixed at the 

exit section. Due to the incomplete mixing of the two streams the flow at the exit of the mixing 

tube has higher kinetic energy. The kinetic energy which is not recovered from the flow is lost 

into the environment. 

Mixing of momentum can be expressed quantitatively and qualitatively. Quantitatively it 

can be expressed by the kinetic energy flux factor or by effective area ratio. Kinetic energy flux 

factor is the excess kinetic energy in a flow with respect to a plug profile flow. Mathematically it 

can be written as: 
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where, U is the velocity, ρ is the density and m is the mass flow rate. The value of α is always 

equal or greater than 1 with α is equal to 1 for plug flow. 

The effective area ratio is mathematically defined as: 

A
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ε  (2.12) 

The value of ε is equal to 1 for a plug flow and less than 1 for non-uniform flows. The kinetic 

energy flux factor and the effective area ratio are primarily measures of flow non-uniformities but 

they can be used to quantify mixing due to the fact that a completely mixed flow will have less 

non-uniformity at the exit of the ejector. 

It is worth mentioning that totally different velocity profiles may have the same value of 

α or ε. Due to this reason the mixing will also be represented by plotting contours of velocity and 

temperature at the mixing tube exit and centreline velocity and temperature profiles, at the exit 

section, as found in many references like Mitchell and London [9] and Schlichting [11]. The 

mixing of the temperature and the momentum will also be compared with each on the centreline 

profiles. 

2.4.5 Ejector Efficiency 

The efficiency of an ejector, as defined by Mitchell and London [9], is the ratio of the increase in 

the secondary stream flow work to the primary jet kinetic energy. 
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Here P2 can be replaced with Po (see Figure 2.2) if the pressure of the secondary stream in the 

engine compartment is considered. The above definition is similar to the efficiency of pumps, in 

which the increase in the fluid flow work is compared with the mechanical power supplied to the 

pump. It should be noted here that the driving force i.e. the kinetic energy of the primary fluid in 

Equation (2.13) is not completely consumed in driving the secondary fluid. Some of the kinetic 

energy of the primary flow is recovered as the pressure head in the mixing tube and the diffuser. 

Eq. (2.13) is modified to account for the portion of recovered kinetic energy of the primary 

stream as: 
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which simplifies to: 
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where Φ is given in Eq. (2.8) and  

p

s

s

p
T

TT == ρ
ρ*  (2.16) 

and q1 is the dynamic pressure at the inlet of the ejector, i.e. section1 of Figure 2.2. 

2

2
11

1
ppUq ρ

=  (2.17) 

It should also be noted that the efficiency of the ejector in Equation (2.13) does not 

consider the losses in the nozzle, which is an essential part of the ejector. Total efficiency of the 

ejector will consider the nozzle losses and the recovered kinetic energy in the mixing tube and the 

diffuser. 
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2.5 One-Dimensional Analysis of an Ejector 

As a first step a simple method can be used to estimate the performance parameters based on a set 

of assumptions, which are: 

• flow is considered steady-state 

• flow is considered adiabatic through out the ejector: reversible adiabatic acceleration 

from section 0 to 2 and irreversible adiabatic mixing from section 2 to 3 

• uniform velocities and temperatures are considered at section 2 and 3: although the 

primary and secondary velocities at section 2 are not the same but they are 

considered uniform in their respective streams 

• the pressure at section 2 is considered uniform 

• complete mixing is achieved at the end of the mixing tube 

Continuity, momentum, energy and the state equations are solved for the control volume between 

section 2 and section 3. From the continuity equation we can write: 

322 mmm sp =+  (2.18) 

where subscripts 2p and 2s are for the primary and secondary mass flow rates at section 2 and 

subscript 3 is for the section. From the momentum equation we can write: 

3333222222 APUmAPUmUm sspp +=++  (2.19) 

where U denotes the uniform velocity at a section and P is the uniform pressure at a section. 

Equation (2.19) is valid for an ideal ejector with no losses and completely mixed flow at section 

3. If the ejector consists of only a nozzle and a mixing tube then the pressure P3 can be 

approximated to the atmospheric pressure, Pa. This study deals with the constant area mixing 

tube, therefore: 

mAAA == 32  (2.20) 

This leads to: 
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Equation (2.21) gives the pressure rise of the secondary fluid from station 2 to station 3 of the 

ejector with secondary fluid mass flow rate equal to ms. 

2.6 Reynolds Average Navier-Stokes Equations (RANS) 

The turbulent flows involve random variation of velocity and other flow properties. Typical 

instantaneous velocity at a point in a flow from the wind tunnel obtained with the Laser Doppler 

measurement technique is shown in Figure 2.3. The differential form of the time dependent 

continuity and the Navier-Stokes equations, with constant density and viscosity, are given as: 

0=udiv  (2.22) 
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In a steady state case the first term of Eq. (2.23) will vanish. The velocities and pressures 

in (2.22) and (2.23a-c) are time dependent. Let us decompose these time dependant variables into 

the sum of a steady mean component and a time varying fluctuating components as: 

uuu ′+=  ; uuu ′+=  ; vvv ′+=  ; www ′+=  ; ppp ′+=  

where u and p are the velocity and pressure respectively; and u, v and w are the x, y, and z-

components of the velocity vector. The time averaged velocity is defined as: 
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Figure 2.3:  Instantaneous point velocity from the wind-tunnel with flow at ambient 
temperature 

the average value of the fluctuating component is equal to zero  0)(1

0

=
Δ

= ∫
Δ

′′
t

dtt
t

uu  

For many engineering applications complete numerical simulation of the time dependant 

Navier-Stokes equations are too computationally expensive. For these applications an acceptable 

result can be obtained with the time averaged properties of the flow (e.g. velocity, pressure and 

temperature). The time average of Eq. (2.22) – (2.23a-c) will give, 

0=udiv  (2.24) 
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If we compare Eq. (2.25) with Eq. (2.23) we see that the first two terms on the left hand 

side and both the terms on the right hand side are similar. We have introduced one extra term 

(third term on the left hand side of Eq. (2.25 ) in the process of time averaging of the time 

u  

ú(t)
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dependent Navier–Stokes equations. By bringing the extra term to the right hand side of the 

equations will yield: 
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Equations (2.26a-c) are called the Reynolds Averaged Navier–Stokes (RANS) equations. 

The last terms in the above equations are introduced due to the time averaging process These 

terms result from the following normal and shear stresses [12]. 

2uxx ′−= ρτ , 2vyy ′−= ρτ , 2wzz ′−= ρτ  (2.27a) 

yxxy vu τρτ =′′−= ,  zxxz wu τρτ =′′−= ,  zyyz wv τρτ =′′−=  (2.27b) 

 

2.7 Closure of RANS Equations 

The time dependant continuity and Navier-Stokes equations (2.22) and (2.23a-c) are a set of four 

equations with four unknowns i.e. u, v, w and p. In the process of making the equations easy to 

solve by numerical techniques we introduced six additional unknowns in the RANS equations. In 

the RANS equations all the information of the instantaneous values of the variables u, v, w and p 

is lost but the solution of the equations became computationally easier except that some extra 

equations are required to close the problem and make the number of equations equal to the 

number of unknowns. 
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A way of attaining this closure is based on the assumption that the action of the Reynolds 

stresses on the mean flow is analogous to the action of viscous stresses. According to the 

Newton’s law of viscosity the viscous stresses are proportional to the rate of deformation of the 

fluid element, for example for τxy we can write: 
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v

y
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and similar expressions can be written for τxz and τyz. In a similar way Boussinesq proposed a 

relationship for the turbulent stresses with the mean rates of deformation as: 
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Here μt is the turbulent or eddy viscosity with units of Pa–sec. In the turbulent flow it is 

experimentally observed that the turbulence decays in the absence of the shear in isothermal 

incompressible flows [12]. Also the turbulent stresses increase with an increase in the mean rate 

of deformation. 

Among the RANS based turbulence models the k-ε and k-ω models along with the zero 

and one-equation models assume that the turbulent viscosity is an isotropic quantity. This means 

that the ratio between the Reynolds stress and the mean rate of deformation is same in all 

directions, which is not always true. The Reynolds stress model (RSM), on the other hand, solves 

for all the six Reynolds stresses. This makes the RSM the most comprehensive among the RANS 

based models, available in the Fluent ver. 6, with the expense of solving six extra equations. 

2.8 Turbulence Models 

Different turbulence models are proposed to achieve closure of the RANS equations. 

Unfortunately, none of the proposed turbulence models is universally acceptable for all types of 

flow. Different turbulence models have their own advantages and limitations depending upon the 
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assumptions undertaken during their formulations. The Fluent provides the following turbulence 

models for numerical simulations: 

• Spalart-Allmaras (SA) model 

• k-ε models 

− Standard k-ε model 

− Renormalization-group (RNG) k-ε model 

− Realizable k-ε model 

• k-ω models 

− Standard k-ω model 

− Shear stress transport k-ω model 

• v2-f model is also available in the Fluent but the license available to the author did not 

provide this model option 

• Reynolds stress model (RSM) 

• Detached eddy simulation (DES) model 

• Large eddy simulation (LES) model 

This study is focused only on the RANS based turbulence models available in the Fluent solver, 

therefore the DES and LES models will not be discussed in this section. A brief introduction to 

the RANS based turbulence models is provided below. 

2.8.1 Spalart-Allmaras Model 

This is a one-equation model, developed for aerospace applications. It is developed for low 

Reynolds numbers; hence, it requires a finer mesh in the viscous effected boundary layer. In the 

Fluent the wall functions are implemented if the mesh is not fine enough to properly resolve the 

viscous boundary layer. This model has the ability to be less sensitive to numerical error as 

compared to the k-ε and k-ω models. This model, however, is relatively new and not thoroughly 
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investigated with respect to complex engineering flows [13]. Being a one equation model it is 

expected to have poor ability to accommodate changes in the length scale e.g. the case of the jet 

flow before and after issuing from the nozzle. 

2.8.2 k-ε model 

This is a two-equation model solving turbulence kinetic energy and turbulence dissipation rate. 

This model is based on the Boussinesq hypothesis. It is the most widely used and validated model 

[12]. It has shown success in thin shear layer and re-circulating flows without adjusting model 

constants [12]. It is a simple and robust model widely used in most industrial simulations. 

Despite its success in confined flows it has shown poor agreement for unconfined flows 

and adverse pressure gradients. It is reported not to be able to predict the spreading rate of 

axisymmetric jets [14]. This model does not incorporate the effects of streamline curvature on the 

turbulence, and therefore usually performs poorly in the flow with bends and swirl. The 

secondary flows in non-circular ducts are also not properly predicted in this model due to 

isotropic consideration of the normal shear stresses. 

2.8.3 RNG k-ε Model 

Because of the many shortcomings of the standard k-ε model, some improvements have been 

suggested for it. One of them is the RNG k-ε model which is based on a theory called 

renormalization group (RNG) theory. It introduces the following improvements in standard k-ε 

model [13]: 

• contains an additional term to improve performance in rapidly strained flows 

• takes account of swirl in the flow and therefore improves performance in the 

swirling flows 

• turbulent Prandtl number is evaluated by using an analytical formula while k-ε 

model uses user-specified constant value 
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• provides a differential formula for turbulent viscosity, which helps in better 

predictions for low Reynolds number effects 

The RNG k-ε model proved to be very difficult to converge in the present study. 

2.8.4 Realizable k-ε (R k-ε) Model 

This model is an improvement in k-ε model in which the Reynolds stresses are evaluated in such 

a way that they are in agreement with the physics of the turbulent flows. The equation for the 

dissipation rate, ε, is derived from the mean-square vorticity fluctuation. The anomaly of the 

prediction of spreading rate of axisymmetric and a planner jet is removed in this model. It is 

reported to provide improvements over k-ε model in swirling flows and adverse pressure 

gradients. 

Most of the numerical simulation of the current study is based on the R k-ε model due to 

the reasons discussed in Chapter 5 and 6. This model is based on the RANS approach using 

Boussinesq’s hypothesis for turbulent viscosity, which were explained in Sections 2.6 and 2.7 

above. This model shares most of its formulation with the standard k-ε model except of the two 

terms, which are explained below. 

The normal Reynolds stresses are related to the eddy viscosity through the equation: 

x
Uku t ∂
∂

−= ν2
3
22  (2.30) 

and the eddy viscosity is calculated as: 

ε
ν μ

2kCt =  (2.31) 

The normal Reynolds stresses are always positive by definition but if the strain is large 

enough such that: 
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then the normal Reynolds stresses become negative leading to non-realizability. Secondly, the 

Schwarz inequality for the shear stresses ( 222
jiji uuuu ′′≤′′  ) can be violated if the mean strain 

rate is large [14]. Shih et al. [14] provided an alternative approach by making the Cμ a variable, a 

parameter treated as a constant (Cμ = 0.99) in the standard k-ε model. In the k-ε model the value 

of Cμ is set equal to 0.09. However the fact is that the value of Cμ changes in different flows e.g. 

its value is equal to 0.09 in the inertial sublayer of a flat boundary layer and equal to 0.5 in a 

homogeneous boundary layer flow [14]. They proposed the relationship for Cμ: 

ε

μ *
1

kUAA
C

so +
=  

(2.33) 

where U* and As are functions of mean strain rate and rotation rate and the Ao is a 

constant. 

Another difference of the R k-ε model from the standard k-ε and RNG k-ε models is the 

transport equation for dissipation ε, which is given as: 
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The source terms are omitted from Eq. (2.34) for the sake of simplicity. In the 

denominator of the last term (destruction term) (υ ε)1/2 is negligible compared to k but it was kept 

in the equation to avoid a possible singularity if k vanishes somewhere in the flow [14]. There is a 

possibility of a singularity in the standard k-ε model. Due to this transport equation of the R k-ε 

model the round jet anomaly has been solved in the model [14]. 

This model was tested in a variety of flows and was found superior to the standard k-ε 

model in the round and planer jets, boundary layers with and without pressure gradients rotating 

homogeneous shear flows and backward facing step separated flows [14]. 
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2.8.5 k-ω Model 

This is also a two-equation model, which solves transport equations for turbulence kinetic energy 

and specific dissipation rate, ω where: 

k
εω =  (2.35) 

ω is also called the turbulence frequency and its units are s-1. This model also uses the Boussinesq 

approximation to compute the Reynolds stresses. The eddy viscosity is computed as: 

ω
ρμ k

t =  (2.36) 

A problem appears in the free stream when k and ω tend to reach 0, which leads the eddy 

viscosity to be indeterminate or infinity. This requires a small value of ω to be assumed in that 

region. 

2.8.6 SST k-ω Model 

This model also falls in the two-equation models category. The SST k-ω model is a hybrid model 

making use of the k-ε model in the free stream region and the k-ω model in the near wall region. 

This is achieved by transforming the ε equation into the ω equation and adding both the models 

after multiplying them with a blending function. This approach makes the model applicable for a 

broader range of flow types. Similar to its parent models, the shear stresses are computed by the 

Boussinesq hypothesis and this model also assumes μt as an isotropic scalar quantity, which is not 

always true. 

2.8.7 Reynolds Stress Model 

This model, instead of assuming isotropic eddy viscosity, solves the transport equations for 

Reynolds stresses and an equation for turbulence dissipation. This leads to the solving of extra 

transport equations, which makes this model more computationally expensive. This model has 
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greater ability for solving swirling flows and flows with streamline curvatures with more 

accuracy than the 1-equation or 2-equation models. 

This model is expected to describe all mean flow quantities and the Reynolds stresses 

without adjusting the model constants for a specific case. Along with the higher computational 

expense this model also suffers from the convergence issues rising from the coupling of the mean 

velocity and turbulent stress fields [13]. 

A general transport equation for the Reynolds stresses is given as: 
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 (2.37) 

The terms in Equation (2.37) are defined as: 

Time 
derivative + Convection = Turbulent 

diffusion + Molecular 
diffusion + Stress 

production 
         

 + Buoyancy 
production + Pressure 

strain + Dissipation + Rotation 
term 

         
 + Source term 

 

Equation (2.37) is solved for the six Reynolds stresses plus a transport equation for the 

turbulence dissipation (ε), making the total number of equations equal to 7 for the modelling of 

turbulence. The convection, molecular diffusion, stress production and rotation terms in Eq. 

(2.37) do not need modelling whereas the turbulent diffusion, buoyancy, pressure strain and 

dissipation terms are modelled [13]. In Fluent the turbulent diffusion term is modelled using the 

scalar turbulent diffusivity based on μt, where the turbulent viscosity computed similar to the k-ε 

method as given in Equation (2.31). 
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All the RANS based turbulence models with the exception of RSM assume the 

turbulence viscosity, μt as an isotropic scalar quantity. As we shall see in the literature review that 

the turbulence properties in the jets and the flows with streamline curvatures are not isotropic. 

This makes the RSM more favourable model in the current study if the computational effort is not 

considered. 

Large eddy simulation and Detached eddy simulation approaches are also available in 

Fluent ver. 6. The current study was based on the evaluation of RANS based models therefore 

these approaches are not discussed here. 
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Chapter 3 

Literature Review 

In the following sections a review of the literature related to ejectors is provided with particular 

reference to the straight and bent exhaust ejectors. A review of the literature related to the flow 

through bends and elbows, swirling flows, jets, numerical techniques and turbulence models is 

also provided in this chapter. 

3.1 Ejectors 

Many studies are available in the literature on the straight ejectors. The literature review was 

restricted to the theory, optimum geometry and the experimental work on air-air exhaust ejectors. 

The literature review on ejectors is divided into sub sections of optimum geometry, theoretical 

studies, and experimental work. 

3.1.1 Optimum Ejector Geometry 

Vyas and Kar [4] conducted an investigation into the effects of various geometry 

parameters on the performance of an ejector. They tested a constant area mixing tube having a 

diameter equal to 38 mm with nozzles of different exit diameters. The mixing tube to nozzle area 

ratio was varied by changing the nozzles of diameters from 2 to 6 mm. They also changed the 

Reynolds number of the primary flow keeping other parameters constant and measured the 

entrainment. They varied the standoff to study its effect on the entrainment ratio. 
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They found that the entrainment ratio decreased with increasing s/d and it increased with 

diameter ratio of mixing tube to nozzle according to: 

7.1022.0 +=
n

m

p

s

D
D

Q
Q

 (3.1) 

where Q is the volumetric flow rate and D is the diameter. They also concluded that 

entrainment ratio becomes independent of Reynolds number for Reynolds numbers higher than 

2x104 based on nozzle exit diameter. Their conclusion included that the mixing tube length 

should be greater than 44 times the nozzle diameter (Dn) for proper mixing of an ejector of area 

ratio equal to 361, which makes the L/Dm = 2.3 for optimum performance. However, Kastner and 

Spooner [6] performed experiments on air to air ejectors and concluded that the L/Dm ratio should 

be between 7 to 8 for ejectors having area ratio equal to 2.25. They also recommended that the 

nozzle should be about 1.5Dm upstream of the mixing tube for ejectors of area ratios up to 75. 

Mitchell and London [9] performed experiments on straight ejectors with different flow and 

geometry parameters. They found that the maximum performance occurs when the standoff is 

1.35Dn for an ejector of AR = 1.835 and L/Dm = 8. Watanabe [15] found that the maximum 

performance is obtained when s/Dn is 2.56 and the optimum L/Dm was between 6 and 8.5. 

Similar studies performed on liquid to liquid ejectors propose different optimum 

geometries, which do not agree with the above mentioned studies (see for example a review paper 

by Bonnington and King [16] ). It is concluded from the literature review that the optimum 

geometries suggested by the previous studies can not be generalized for all applications. For 

example the experimental results of entrainment ratio of Mitchell and London [9] do not support 

Equation (3.1) proposed by Vyas and Kar [4]. It is suggested here, that these diverse and 

sometime contradicting optimum geometries formulations are because of the variation in the 

individual experimental setups flow conditions and the effect of other geometry parameters which 

were not considered. 
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3.1.2 Theoretical Analysis 

Many theoretical analyses have been performed on ejectors. The author has limited himself to the 

literature directly related to the subsonic air to air exhaust ejectors used for cooling of engine or 

exhaust gases. Among them are the one-dimensional analysis of Manganiello and Bogatsky [7], 

Mitchell and London [9], and Toulmay [10]. They applied continuity, momentum and energy 

equations across the mixing tube and the diffuser to solve for the two main performance 

parameters, i.e. pressure rise and the pumping ratio of the ejector. 

A set of assumptions are implied in the analysis, the most important being that the 

momentum completely transfers from the primary fluid to the secondary fluid. Due to this 

assumption this model is called the perfect mixer model. A momentum correction factor is added 

later in the final equations to compensate for incomplete transfer of the momentum from the 

primary to the secondary stream. Mitchell and London [9] also added a pressure correction factor 

to consider non uniform pressure at the ejector exit plane. Toulmay [10] also suggested a 

momentum integration method which is based on the self-similarity of the velocity profile for 

axisymmetric jets. 

Studies are also available on two-dimensional analytical models of ejectors (see for 

example a review paper by Da-Wen Sun and Eames [17] ). Contrary to the one-dimensional 

models, assumed velocity profiles are considered for the primary, secondary and the mixed 

streams. In these studies there is (i) a large reliance on the experimentally determined constants 

and (ii) a selection of arbitrary velocity profile. However it was found that the variations in the 

arbitrary velocity profiles have little effect on the results [17]. Although more accurate, the two-

dimensional methods are also more complicated than the one-dimensional methods and require 

more knowledge of the flow where they also depend heavily on the experimental constants. 

With the advent of computational fluid dynamics and continuous improvement in 

computing power, commercial CFD codes are finding more use in the design process of ejectors. 
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However the accuracy of these codes depends on a number of parameters and varies from 

application to application. Experimental data are required for the validation of numerical results. 

3.1.3 Experimental Investigation 

Experimental investigation of air-air exhaust ejectors can be divided into two areas: (i) studies 

considering only velocities and pressure distributions and (ii) studies considering heat transfer 

between the two streams along with the velocity and pressure distribution. 

Manganiello and Bogatsky [7] performed an experimental investigation of rectangular 

exhaust gas ejectors applicable for engine cooling. They conducted experiments on a single 

cylinder of an aircraft engine operating on an exhaust-gas mass flow rate of 8 lb/min at 1500 °F. 

Reynolds number on the basis of hydraulic diameter of the nozzle was from 1.6x104 to 1.8x104. 

They found that for the same pressure rise the pumping ratio increases with the area ratio and for 

a constant pumping ratio the pressure rise increases with the length of ejector. 

They also showed that the optimum length of an ejector increases with increasing area 

ratio. In Figure 3.1 with AR = 7.7 (curve a), the optimum length of the ejector has been achieved 

at L/Dh equal to about 7; but the optimum length was not achieved when the area ratio of the 

ejector is 9.6 and higher (curves b, c, d). This figure also shows that for a constant pumping ratio 

the pressure rise increases with the increase of length until the optimum length is achieved. 

Manganiello and Bogatsky [7] also performed a few tests with bent ejectors, in which one 

mixing tube had a 15° bend and another mixing tube had 15° reverse bend. The sketch of their 

bent ejector can be seen in Figure 3.2. They plotted the pressure rise (∆p) against the mass flow 

ratio (Ma/Me). Figure 3.3 shows that the performance of the reverse bend ejector is higher than 

the straight and single bend ejectors in the lower pumping ratio region but it is a little smaller in 

higher pumping area regions. 
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Figure 3.1:  Pressure rise as a function of. length (L/Dh) of the ejector, data taken from [7] 

Therefore, they concluded that “the slight bends in the mixing section have little, if any 

unfavourable effects upon performance of an ejector”. 

The author of the current study suggests some reasons for the results of Manganiello and 

Bogatsky [7] with respect to the bent ejectors. 

• It should be noted that a slight bend in a higher area ratio ejector (which is 11.5, in 

their case) hardly deflects the primary flow as can be seen in Figure 3.2. The jet 

issuing from the primary nozzle will go nearly straight (except for a nominal 

deflection) in case of the reverse bent ejector. 

• Their straight mixing tube is 30 in long while single bend mixing tube is 36 in long 

and the reverse bend mixing tube is 42 in long. From Figure 3.1 we know that the 

pressure rise (and hence performance) of an ejector increases with the ejector - 
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Figure 3.2:  Schematic diagram of bent ejectors of Manganiello and Bogatsky [7] 
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Figure 3.3:  Performance curves of straight and bent ejectors- data from [7], numbers in the 
legend show length of the section in inches 

length, so a longer ejector inherently will have higher pressure rise than a shorter ejector. 

Mitchell and London [9] also investigated the effect of ejector length on the momentum 

and pressure correction factors. As expected they found that the ejector length significantly 

affects the momentum and pressure correction factors. One of their interesting observations was 

the difference between the spread of momentum and temperature. They found that the 

temperature spreads faster than the momentum for an ejector with AR = 1.835 and Φ′ = 0.085. A  
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Figure 3.4:  Diffusion of momentum and temperature, L/Dm= 8, X/Dm = 2, Φ′ = 0.085, 
AR = 1.835, data from [9] 

similar observations was also made by Landis and Shapiro [18]. Figure 3.4 shows the spread of 

momentum and temperature of the experiments of Mitchell and London [9]. Further discussion on 

the spread of temperature and momentum is provided in Section 3.2.3. 

Toulmay [10] also performed experiments on an actual helicopter engine with cold and 

hot primary flow. Toulmay established similarity rules for temperature ratio (T*) and nozzle 

shape factors (K) so that performance of any ejector can be obtained from testing an equivalent 

axisymmetric cold ejector. Toulmay also concluded that the elbows in the mixing tubes adversely 

affect the pumping ratio of an ejector. 

Ho et al. [19] found that the performance of a circular ejector was better than the 

rectangular ejector. They explained that the axis switching phenomenon is the main cause of 

higher entrainment in rectangular free jets. However they said that in an ejector the axis switching 

of the jet is restricted due to which the performance of rectangular ejector is poor than the circular 

ejector. 

McLachlan et al. [20] performed experiments on rectangular ejectors with X/D (X= axial 

length and D is the short length of the rectangular nozzle) of up to 92 and compared their results 

with free jets. They found that the presence of ejector shroud decreases the spreading of the jet. 



 

 39 

McLachlan et al. [20] also performed tests with primary jet heated up to 85° C. They 

found no significant effect of temperature on the ejector performance, over the temperature range 

tested. Quinn [8] performed experiments on varying length ejectors with hot and cold primary 

flow. Quinn reported that increasing the primary flow temperature decreased ejector performance 

due to higher velocity of the heated jet and thus higher friction losses of hot flows. Quinn found 

that the performance maximized around L/Dm = 9. In shorter ejectors, however, the increase in the 

primary flow temperature increased the ejector performance because of the larger viscosity of the 

primary stream. 

3.1.3.1 Flow Control Systems 

A large amount of data is available on improving the pumping ratio of an ejector by nozzle 

shaping or incorporating vortex generators in ejectors for engine cooling or thrust augmentation. 

Hu et al. [2] conducted experimental research on the aerodynamic performance of 2-D lobed 

exhaust ejector systems. They found that the rectangular lobbed nozzles can improve the pumping 

ability of a short ejector by 200% to 300% over a circular ejector. 

Skebe et al. [21] also concluded that the pumping of a short ejector can be increased up to 

200% over a cylindrical ejector by lobbed nozzles for ejector lengths of 0.5 to 1.5 diameters. 

Skebe et al. concluded that addition of large scale streamwise vortices at the nozzle exit increases 

centreline velocity decay, mass entrainment and shear layer spreading within a simple circular 

ejector. Vermeulen [22], using CFD studies and model test, established that pulsing an ejector 

significantly increases the pumping effectiveness relative to an un-pulsed ejector. 

3.2 Jets 

The pumping in an ejector is primarily caused by the entrainment of the jet issuing from the 

primary nozzle. The entrainment of a turbulent jet is much higher than a laminar jet, which is due 

to the diffusive property of turbulent flows. Figure 3.5 shows the difference between the 



 

 40 

entrainments of round turbulent and laminar jets [23]. Turbulent jets are used in the ejector 

because of their enhanced entrainment properties, and this literature review is restricted to this 

type of flow. 

Landis and Shapiro [18] experimentally studied the turbulent mixing of coaxial jets. They 

studied the shape of velocity and temperature profiles of the mixed stream inside a mixing tube. 

They concluded that the velocity and temperature profiles are similar and can be approximated as 

a cosine curve in the developed region. 
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Figure 3.5:  Difference between the entrainments of turbulent and laminar jets, Normalized 
flow rate as a function of. axial distance, x, normalized by the nozzle diameter (2ro) – data 
from Blevins [23] 

They also concluded that the jet spread depends on the velocity and density ratio. They 

found that the temperature spreads faster than the velocity. They attributed this faster spread of 

temperature to the heat flux through the nozzle walls. However in other studies (for example see 

[9] and [11] pp 704) it is observed that the temperature spreads faster than the momentum 

approximately according to the following correlation [11] 

2
1

maxmax
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

U
U

T
T

 
(3.2) 



 

 41 

3.2.1 Circular vs. Non-Circular Jets 

A substantial amount of work is available in the published literature on the flow 

structures of jets emerging from circular and non-circular nozzles. Studies were done on elliptic 

nozzles by Hussain and Husain [24] and rectangular, triangular and star shaped nozzles by 

Gutmark et al. [25], Toyoda and Husain [26] and Quinn [27]. They explained that the cross-

section of an asymmetric jet changes, keeping the shape similar to the nozzle exit, with axes 

continuously rotated depending on the geometry of the jet. This phenomenon of rotating the axes 

is called axis switching and it is the main reason behind the enhanced entrainment of asymmetric 

jets. 

Figure 3.6, taken from Gutmark and Grinstein [1], shows the velocity contours of an 

elliptic jet along the axial distance, explaining the axis switching phenomenon. This phenomenon 

is caused by the faster growth rate of the shear layer in one axis compared to the other, which 

results in a crossover point at some axial distance where two axes of the jet are equal. This 

phenomenon is the reason behind the higher growth rate of non circular jets. The location of first 

axis switching moves downstream with the increased mean jet velocity and upstream with the 

temperature ratio of the jet and the surroundings [1]. 

Gutmark and Grinstein [1] reported enhanced mixing with the asymmetric nozzles in 

supersonic and subsonic jets. They reported that the entrainment was 50% larger than the 

axisymmetric jets in the near field i.e. between the axial distances of 2De to 4De. In the far field 

the entrainment rate of non-circular jets asymptotically approached that of circular jets due to the 

tendency of jets to develop into axisymmetric structure. 
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Figure 3.6:  Velocity contours along the elliptic jet axis exhibiting axis switching, from [1] 
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Figure 3.7:  Far field measurements results of asymmetric jets [1] 

3.2.1.1 Turbulence Parameters 

Kasab et al. [28] performed LDA measurements on an axisymmetric turbulent jet having 

Re = 104 based on the nozzle exit diameter. They reported on the basis of their results and 

previous studies that the potential core carries very little turbulence. Hu et al. [29] also reported 

very low turbulence intensity in the core region of the jet and a high turbulence intensity in the 

mixing layer between the jet and the ambient flow. 

To check for isotropic behaviour Kasab et al. [28] plotted 22 / uv ′′ along the axial 

distance downstream of a jet. Keeping in mind that for isotropic turbulence 222 wuv ′=′=′ , their 

results showed that a remarkable variation in 22 / uv ′′  existed for x /D ≤ 8. In the far field the 

value of 22 / uv ′′  approached 0.6 and started increasing slightly with the axial distance 

suggesting that the jet was approaching certain isotropy in the far field. In their study the value of 
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22 / uv ′′  remained below unity up to x /D nearly equal to 45. This shows the axial length of the 

jet up to which the anisotropic turbulence prevails. 

In the study of the triangular jets Quinn [30] found that the contours of spanwise and 

lateral turbulence intensities are similar in shape to the streamwise turbulence intensity contours. 

However, the streamwise turbulence intensities have higher values than the spanwise and lateral 

intensities. This showed the anisotropy of the Reynolds normal stresses. The measured Reynolds 

shear stresses were higher in a triangular jet compared to a round jet. This was the underlying 

reason of higher entrainment of the triangular jet. 

3.2.2 Jets with Swirling Flows 

The effect of swirl on the time averaged velocity field and the turbulence properties has been 

extensively studied. Swirl has a significant effect on the entrainment and growth of a jet and the 

velocity decay. With the high degree of swirl (S ≥ 0.6) a central recirculation zone is formed 

which is associated with high rates of shear and values of turbulence intensities. Figure 3.8 (taken 

from [5]) shows a recirculation region downstream of an annular nozzle with flow having swirl 

number equal to 1.57. 

Park and Shin [31] performed entrainment measurements on swirling jets. They attributed 

the enhanced entrainment of the swirling jet to the so called large scale periodic motions referred 

to as precessing vortex core (PVC), which is associated with highly swirling jets with swirl 

number greater than 0.6. This was due to the large scale eddy motions formed due to the PVC. 

They compared the entrainment ratios of jets having S = 1.87 and Re = 20500 and showed that 

the jet with the PVC has higher entrainment than the jet whose PVC was suppressed. 

They also performed entrainment measurements with different swirl numbers for jets 

having same Reynolds number. They showed that the entrainment ratio increased rapidly with an 

increase of swirl number above S = 0.6. This was due to the presence of large scale motions 
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caused by the PVC. Figure 3.9 (taken from [31]) shows the effect of swirl number, S on the 

entrainment ratio of jets with the same Reynolds number. 

3.2.2.1 Turbulence parameters 

The turbulence parameters like turbulence kinetic energy and dissipation rate are greatly affected 

by the degree of the swirl in a jet. The axial component of turbulence viscosity increases with the 

degree of swirl and in the swirling jets the turbulent viscosity is not isotropic [5]. 

Sislian and Cusworth [32] measured the mean velocity and turbulence intensities in a free 

swirling jet using Laser Doppler Velocimetry (LDV). They reported that near the jet exit (z /D = 

0.125) the normal Reynolds stresses and the turbulence kinetic energy showed peak values at the 

shear layer between the jet flow and the surrounding fluid and another peak was observed in the 

recirculation region located close to the zero velocity stream line (the edge of the recirculation 

zone ) for a swirling jet flow with S = 0.79. These peaks were produced due to the high gradients 

of the mean velocity. 

Similar peaks were also observed in the radial distribution of the Reynolds shear stresses 

although their values were much smaller than the normal stresses. The location of these peak 

values moved radially outward in the downstream sections. 

Sislian and Cusworth [32] found that the three normal stresses clearly showed anisotropic 

behaviour indicative of the need to consider three normal stresses in the turbulence modeling of 

such flows. However, the maximum position of the Reynolds shear stresses coincide with the 

position of the maximum strain in the mean flow showing their dependence on the strain of the 

mean flow, which suggests the use of eddy viscosity type turbulence model for such flows. 
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Figure 3.8:  Recirculation in the highly swirling flow downstream of a nozzle – data from 
Chigier and Beer [33], figure taken from [5] 
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Figure 3.9:  Variations of entrainment rates with axial distance z /D, for free swirling jets, 
data from [31] 
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3.2.3 Spreading of Temperature and Momentum of Jets 

The spreading rates of momentum and temperature of a jet are important considerations in the 

current study. The higher spreading of momentum leads to higher pumping. The higher spread in 

the temperature one one hand causes overall reduction of the exhaust temperature but also causes 

the increased temperature of the mixing tube walls which is highly undesirable with respect to the 

infrared signature. Previous studies have shown that the spread of temperature may not be equal 

to the spread of momentum in a turbulent jet as seen in Figure 3.5. The difference in the 

spreading rate of momentum and temperature is controlled by the turbulent Prandtl number of the 

flow, which is defined as: 

H

m
T ε

ε
=Pr  (3.3) 

where, εm is the eddy diffusivity for momentum and εH is the eddy diffusivity for heat, by analogy 

to Boussinesq’s suggestion of eddy diffusivity for momentum. 

y
uvu M ∂
∂

=′′− ε               and (3.4) 

y
TTv H ∂
∂

=′′− ε  (3.5) 

In the special case when the molecular Prandtl number and turbulent Prandtl number are 

equal to one the temperature and the velocity profiles are identical. In many practical cases of 

interest the turbulent Prandtl number is not equal to one. The molecular Prandtl number is a 

physical property of the fluid whereas the turbulent Prandtl number is the property of the flow 

field more than the fluid [34]. In general PrT is a function of [35]: 

• the Reynolds number 

• the molecular Prandtl number, and 

• the coordinate normal to the wall 
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Experimental studies showed that the turbulent Prandtl number depends mainly on the 

molecular Prandtl number and the Reynolds number whereas the influence of wall distance is 

negligible. Jischa and Rieke [35] proposed a correlation for PrT of the form: 

Pr
Pr BCT +=  (3.6) 

where they suggested the value of the constant C = 0.85. They mentioned that the parameter B is 

a function of Re but they proposed following values for B on the basis of experimental 

observations. 

B = 0.012 to 0.05, for Re = 2 x 104 

B = 0.005 to 0.015, for Re = 105 

This leads to a value of PrT equal to 0.86 for Pr = 0.7 (for air) in flow with Re = 105 

Chua and Antonia [36] reported the values of PrT in a circular jet of air. They stated that 

the PrT does not remain constant across the jet cross-section. However, the values of PrT remained 

fairly constant with an average value of 0.81 in the range of 0.1 ≤ η ≤ 1, where η = r/ Ru and Ru is 

the half velocity radius of the jet. In their study of PrT in the shear layers, Chambers et al. [37] 

reported a value of PrT = 0.4 for the turbulent shear layer of the flow they were studying. 

The above discussion explains that in the turbulent flow the spread of momentum and 

temperature differ in many practical cases and this difference depends on the turbulent Prandtl 

number of the flow. 

3.3 Exhaust Ducting and Bends 

The Performance of basic exhaust ducting has been extensively studied in order to quantify the 

geometry effect, flow properties and losses in the gas turbine exhaust systems with and without 

bends. The effects of different inlet conditions have been studied and quite a bit of literature is 

available. 
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Humphrey et al. [38] performed experimental investigation of turbulent flow in a square 

sectioned bent duct. They explained that the main effect of bend on the flow is to induce cross-

stream motion which forms counter rotating vortices. The driving force for this secondary motion 

is the imbalance between the centrifugal force and the radial pressure gradient. This displaces the 

slowly moving fluid along the side walls from outer to the inner curvature wall. Due to the 

continuity, the fluid is displaced from the inner wall to the outer wall along the bend symmetry 

plane. The strength of this secondary motion is weak in the beginning of the bend but it 

strengthens as the fluid goes downstream in the bend. Due to the cross-stream motion the high 

speed flow accumulated near the outer wall and low speed flow near the inner wall. 

Ohadi et al. [39] investigated the pressure drop characteristics for turbulent flow in a 

straight circular tube situated downstream of a bend. They found that the substantial 

circumferential pressure variation, which exists in a bend, dissipates immediately when the flow 

passes through a bend to a downstream position straight tube. 

Sudo et al. [40] experimentally investigated turbulent flow in a circular-sectioned 90° 

bend. The bend had long upstream and downstream pipes. They observed that the primary flow 

starts distorting and secondary (cross-stream) flow starts developing near the inlet region of the 

bend. Secondary flow develops a pair of vortices when it reaches 30° of bend. The velocity 

profile of the primary flow was greatly distorted between 75° to 90° of bend. The distribution of 

the primary flow velocity gradually becomes smooth downstream of the bend. They reported that 

the influence of the bend on the flow remains even up to 10 diameters downstream. 

Sudo et al. [41] performed similar investigations on a square-sectioned 90° bend. They 

found the flow to be influenced by the bend one diameter before the bend. A weak cross-stream 

was observed at z/d = -1. Between 0-30° of the bend the fluid is accelerated near the inner wall 

and decelerated near the outer wall. The flow deflects to the outer wall and it has greatest 

secondary flow near the end of the bend, which attenuates gradually with streamwise distance. 
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The outline of the flow variations was found to be similar to that of a flow through circular cross-

section bend. 

Some literature is also available on exhaust diffusers with bends. Ackeret, J. [42]; [43] 

and Sprenger, H. [44], performed a large number of experimental investigations on curved and 

straight diffusers in their individual studies. One of the results of these researches is that the 

efficiency of diffuser is greatly affected by the thickness of turbulent boundary layer at the inlet 

of the diffuser. Figure 3.10 (extracted from the works of Ackeret and Sprenger) shows the effect 

of inlet turbulent boundary layer on the efficiency of the straight and curved diffusers [11]. This 

figure also shows that the diffuser efficiency decreases with the degree of bend and it is 

independent of the Reynolds number above Re = 2.5x105. 

 

Figure 3.10:  Diffuser efficiency as a function of inlet boundary layer [42], [43] and [44], 
taken from [11] 
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Yaras [45] performed experiments on a curved diffuser and concluded that the general 

flow structures in a bent diffuser with a strong curvature are similar to the structures in a constant 

area bend. However, the vortices reach their peak strength earlier than the constant area bend of 

same curvature. Little effect of the bend is left on the flow at 90° plane, in case of a diffusing 

bend. 

3.4 Circular to Rectangular Transition Ducts 

The nozzle used for oblong ejectors had a circular to oblong transition. It was considered 

necessary to see the effect of this transition on the flow at the exit. Reichert et al. [46] 

investigated the flow through a circular to rectangular transition duct with and without inlet swirl. 

The duct cross-section changed from circular to rectangular over the region 1.0 ≤ x/D ≤ 2.5. The 

duct cross-section remained constant from 2.5 ≤ x/D ≤ 3.93 with the exit aspect ratio equal to 3. 

In the non swirling case the walls of the transition duct cause the flow to converge in the minor 

axis and diverge in the major axis. Reichert et al. [46] observed a saddle shape static pressure 

distribution near the initial region of the duct with the minor axis walls having high pressure and 

the major axis walls having low pressure. 

Further downstream in the rectangular section the pressure distribution was reversed 

because of the streamline curvature of the duct which forced the flow back to the direction 

parallel to the axial direction. Planes 1 and 2 of Figure 3.11 (b) show the transverse motion of the 

fluid due to the duct walls. The duct cross-section does not change from Plane 3 up to the exit 

(Plane 4) during which the transverse motion of the fluid vanishes and two counter rotating 

vortices are formed on both sides of the duct because of the pressure distribution. Further 

investigation by oil film visualization revealed two smaller counter rotating vortices along the 

side walls of the rectangular exit. They observed two symmetry planes perpendicular to each 

other in the transition duct, which acted as stream surfaces; hence no flow crossed these planes. 
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Figure 3.11:  (a) Axial contours and (b) 
transverse velocity without inlet swirl in a 
transition duct [46] 

Figure 3.12:  (a) Axial contours and (b) 
transverse velocity with inlet swirl in a 
transition duct [46] 

 

In a flow with inlet swirl they observed that the surface static pressure distribution 

differed only slightly from the non swirling case but the velocity profiles were significantly 

different. The flow with inlet swirl had only one plane of rotational symmetry but this plane was 

not a stream surface hence allowed the crossing of flow. Figure 3.12 shows the contours and 

transverse flows at four planes along the axial length of the transition duct with inlet swirl. 

The duct geometry driven convergence in the minor axis and divergence in the major axis 

was aided by the swirl in top left and bottom right quadrants and opposed by the swirl in the top 

right and bottom left quadrants when viewed looking downstream, as shown in Figure 3.13. The 

black arrows show the swirl driven flow direction and gray arrows show the geometry driven 

flow direction. Both the arrows oppose each other in the top right and bottom left corners and 

support each other in the top left and bottom right corners. 

The regions of highest and lowest static pressures were moved with the skewed flow to 

the top right and bottom left corners. These highest pressures drove the boundary layer flow in  
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Figure 3.13:  Sketch showing swirl driven and geometry driven flows in a transition duct 
[46] 

those regions in two directions-some against the swirl direction and some along the swirl. The oil 

film visualization showed four counter rotating vortices on the four corners along with the main 

counter clock wise rotation in the rectangular section. These vortices are believed to exist due to 

viscous interaction of the main vortex. 

3.5 Entraining Diffusers 

A very limited data on the entraining diffusers is available in the published literature. Andrews 

[47] studied different types of entraining diffusers with the same diameter ratio and different 

divergence angle. In his study the diffusers having smaller divergence angle had larger lengths. 

Andrews pointed out that the entrainment through the diffuser increased with the diffuser 

porosity. For all of his tested diffusers the entrainment increased with the decrease in the 

divergence angle i.e. in longer diffusers. Nine different diffusers tested by Andrews are shown in 

Figure 3.14. Andrews also showed that at low porosity ringed diffusers produced more pumping 

with respect to porous diffusers. 
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Figure 3.14:  Different diffusers tested by Andrews [47] 

3.6 Turbulence Models 

As discussed in chapter 2, the time averaging of the Navier-Stokes equations generates new 

equations with more unknowns. Turbulent models are required to relate these unknowns (called 

Reynolds stresses) to the known quantities. So far none of the turbulence models have proven 

universally applicable for all types of flow conditions and geometries. This leads to the 

requirement of a thorough deliberation on the selection of the turbulence model for a particular 

flow type. 

Along with the prediction accuracy computational expense also plays a major role in the 

selection of a turbulence method for a particular application. The industries involved in the 

numerical computation of fluid flow for design purposes have limited resources in terms of 

computational effort and time. As this study was intended to see how well the performance of 

bent ejectors be predicted by using modest tools of commercial CFD, therefore the selection 
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method of the turbulence model was based on the computational effort along with the accuracy of 

predictions. In the present study the numerical simulations were performed with Fluent, therefore, 

only a review of the RANS based models available in the Fluent is provided in the following 

paragraphs. 

Nallasamy [48] provided a review of the k-ε turbulence model and its modifications for 

various types of flows including diffuser flows, flows with curvature and swirl and non – circular 

duct flows. Nallasamy concluded that k-ε model provides an efficient method for engineering 

flow calculation. The performance of k-ε model becomes poor in recirculating flows, flows with 

streamline curvature and swirling flows. Nallasamy also mentioned that false diffusion is also a 

source of error in the numerical results. He recommended use of higher order discretisation 

schemes to reduce the effect of false diffusion. 

In the review of flow through diffusers Nallasamy referred to Habib and Whitelaw [49] 

who considered flow through 20 and 40° half angle diffusers with a diameter ratio of 2. They 

found that the location of maximum turbulent kinetic energy was correctly predicted but its value 

was underpredicted by about 30% by the k-ε model. They ascribed this underprediction to the 

incorrect representation of the source terms in the transport equation of ε and partly to the extra 

strain terms in the calculation of the Reynolds stress terms and the rate dissipation. Mean axial 

and radial velocities were well predicted. 

Rhode et al. [50] considered swirling flow through wide angled diffusers, with 45, 70 and 

90° expansion angles and a diameter ratio of 2. In comparison with their experimental data, they 

found that the k-ε model showed good agreement of the mean velocity profiles and the flow 

patterns. They, however, did not compare the turbulence quantities of the k-ε predictions with the 

experiments. 

For confined coaxial jets with swirl the k-ε model was not very successful in predicting 

the axial and tangential velocity profiles. Dixon et al. [51] predicted the flow for swirled coaxial 

jets by employing the k-ε turbulence model. They found that the model underpredicted the 
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amount of central recirculation region by about 20%. Ramos [52] however stated that the k-ε 

model can predict the recirculation zone for co-swirled and counter-swirled conditions if 

appropriate inlet conditions are applied. 

Habib and Whitelaw [53] stated that the k-ε model connects the turbulence dissipation 

rate and production to the mean flow field. The response of the k-ε model to the mean velocity 

field is too fast. This was considered to be the reason for generally good predictions of k-ε model 

for sudden expansion and poor predictions of the reattachment length in the backward facing step 

flow [48]. 

For flow over a backward facing step, Nallasamy reviewed the predictions of the k-ε, k-ω 

and Reynolds stress models and explained that the underprediction of reattachment length by all 

of these  models is due to the fact that all of these models overpredict the shear stress in the 

separated shear layer. This relates to a higher computed turbulent viscosity than the actual value. 

The higher turbulent viscosity results in a shorter reattachment length. 

Wilcox [54] compared different low Reynolds number variants of k-ε turbulence models 

and two variants of k-ω turbulence models in boundary layers with pressure gradients ranging 

from favourable to strongly adverse. On the basis of measured and predicted skin friction 

coefficient, Wilcox pointed out that the k-ε model is very inaccurate in its description of the 

defect layer, while the k-ω model was within acceptable engineering accuracy for all of the tested 

flows. Wilcox blamed the inconsistent structure of the defect layer predicted by the k-ε models 

for poor prediction of separation in adverse pressure gradients. Wilcox also noted that the wall 

functions play only a minor role in improving the k-ε solutions. 

Menter [55] compared k-ε, RNG k-ε, SA, RNG-k-ω and SST k-ω turbulence models in 

different flows. It may be noted that Menter solved RNG and k-ε models by using a two-layer 

approach, in which the inner sublayer was modeled by the k-ω model. For free shear layer flows 
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Menter claimed that the SST k-ω model performed as well as the k-ε model when compared on 

the basis of spreading rates. 

Menter reported that the k-ε and RNG k-ε cannot predict the separation and  

RNG k-ε does not improve the predictions over the k-ε model for the self–similar boundary layer 

flow and the adverse pressure gradient flow. The SA model was better than the k-ε and RNG k-ε 

models in predicting the separation. However, the SST k-ω model was the best in predicting 

separation in adverse pressure gradients. Menter suggested that the k-ε and RNG k-ε models do 

not predict enough retardation. Menter, however, did not explain the reason for the poor results of 

k-ε and RNG k-ε models with respect to the 2-layer approach. Figure 3.15 show the predictions 

of skin friction for adverse pressure gradient (Driver’s cylinder). 

For the flow over the backward facing step the RNG k-ε and k-ε models showed best 

results for the wall shear stress and the velocity distribution. Note that the k-ε and RNG k-ε 

models were solved with 2-layer approach. The SST k-ω model gave similar results but predicted 

a lower Cf in the recovery region. The SA model was the worst in terms of predicting of Cf with 

too much backflow in the recirculation region and a lower prediction of Cf in the recovery region. 

 

 
Figure 3.15:  Prediction of wall skin friction, Cf, for Driver’s cylinder (adverse pressure 
gradient with different turbulence models [55] 
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Celic and Hirschel [56] compared different eddy-viscosity turbulence models. Among 

them were k-ω, SST k-ω and Spalart-Allmaras (SA) models. They studied the models for 

different flow conditions. The findings from their study are summarized in Table 3.1 for the 

above three models only. These results show that the SST k-ω model performs overall better than 

the SA and k-ω models. For detail on Driver-Johnston cylinder and Airfoil-A tests refer to [56]. 

Although they did not specify the reasons behind the under or overpredictions of the 

models for particular cases, they mentioned that the models which employed a transport equation 

for eddy viscosity performed better than the models using an algebraic model. Moreover, with the 

exception of k-ω, the models which limit the eddy viscosity in the boundary layers by applying 

the assumption of constant maximum value of Reynolds shear stress and kinetic energy 

performed better in the separated airfoil test case. This leads to the conclusion that the failure in 

accurately predicting the separated flow was due to the overprediction of shear stress near the 

walls. In the airfoil case they also doubted the accuracy of experimental results and the 

experimental flow may not be steady and two dimensional as assumed for the numerical 

computations. 

Yaras and Grosvenor [57] tested different turbulence models for flat plate boundary layer 

(FPBL), axisymmetric separating flow in an annular diffuser (Driver–Johnston’s cylinder case 

C.S0) and highly swirling flows. They studied k-ω, SST k-ω and SA models among others and 

compared the results with experiments. They found that all the models performed satisfactorily in 

the prediction of the development of the BL but none of the above three models could predict the 

trend of the turbulence kinetic energy as shown in Figure 3.16 for the SST k-ω model.  

Figure 3.16 presents the normalized turbulence kinetic energy as a function of the normalized 

wall distance. 
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Table 3.1:  Summary of Celic and Hirschel results, [56] 

 Deviation from experimental data 
Case Parameter 

SA k-ω SST k-ω 

Flat plate BL with 

0 pressure 

gradient 

u+ 

 

Cf 

Good 
agreement 

 
3.3% 

Under- 
prediction 

 
7.5% 

Good 
agreement 

 
5.8% 

Driver-Johnston 

cylinder with no 

separation  

Cp 

Cf 

u(y)+ 

4% 

6% 

4% 

4% 

2% 

2% 

6% 

4% 

2% 

Driver-Johnston 

Cylinder with 

separation 

Cp 

Cf 

Separation zone 

8% 

8% 

6% 

6% 

8% 

4% 

6% 

6% 

2% 

Airfoil-A 

Cp 

Cf 

Separation zone 

12% 

6% 

more than 12% 

10% 

10% 

more than 12% 

8% 

4% 

12% 

 
 
 
 

 
Figure 3.16:  Prediction of turbulence kinetic energy profile by SST k-ω model for flat plate 
BL case – solutions obtained by two grid densities, [57] 
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Figure 3.17:  Radial distribution of tangential velocity profile in a confined swirling flow, 
showing comparison between predictions and measurements, [57] 

All of the models were successful in predicting the velocity field, surface pressure and 

skin friction with the SST k-ω model being the best in case of Driver – Johnston’s cylinder. 

However, all the models predictions were rather poor in the strongly swirling flows. They did not 

compare the axial velocity profiles but the comparison of tangential velocity showed very poor 

predictions. They observed that all the models over–estimated radial diffusive transport. The SST 

k-ω model performance was the worst in the strongly swirling flows as seen in the radial 

distribution of tangential velocity profile, Figure 3.17. They however, did not elaborate on the 

reasons of overestimation of radial diffusive transport by the turbulence models. 

Spall et al. [58] compared the k-ε, k-ω, SST-k-ω, Spalart-Allmaras (SA) and ν2-f 

turbulence models with experimental data for flow over a Glauert-Goldschmied body. They 

found that all the five models overpredicted the re-attachment length determined by experiments 

and there was significant difference in the predictions among all the turbulence models. 

Khodadadi and Vlachos [59] performed numerical simulations for confined turbulent 

swirling flow with the standard k-ε model using different model constants and compared the 
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results with experimental data. They tested two swirl cases i.e. S = 0.5 and S = 1.445 for flow in a 

pipe. They reported that the prediction of axial velocity was generally good. The trends and 

decaying of the tangential velocity were effectively predicted however the predictions tended to 

produce solid body rotation which was an indication of too much radial transport. 

They also compared the turbulence kinetic energy in both of the swirl cases. Good 

predictions for the S = 0.5 case were obtained. However for the high swirl case (S = 1.445) the 

agreement of the predictions with the experimental measurements was poor. From their 

observations and previous studies they concluded that the assumption of isotropic eddy viscosity 

was the reason of poor prediction when the flow was non isotropic in the highly swirling case. 

Changing the standard model constants made no improvement. 

Yang and Ma [60] compared linear and non-linear eddy-viscosity turbulence models with 

experimental results in a confined swirling annular jet with a non-swirling inner jet discharging 

into a sudden-expansion larger pipe. The Reynolds number of the flow based on overall mass 

flow rate and the diameter of the jet was equal to 80,300 with a swirl number equal to 0.41. 

Figure 3.18 shows the schematic diagram of their test geometry. 

The low Re k-ε model, k-ω and SST k-ω models were the linear models they tested. They 

found that the k-ε model gives the best predictions for the centreline velocity and the central- 

 
Figure 3.18:  Schematic diagram of confined swirling jets, [60] 
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Figure 3.19:  Centreline axial velocity distribution, EXP-experiment, LS-low Re k-ε, W-k-ω 
and SST-SST k-ω; [60] 

recirculation region. The k-ω and SST k-ω models show secondary recirculation annular bubbles, 

which were not observed in the experimental measurements. Also the recirculation regions 

predicted by the k-ω and SST k-ω models started a little too early (in terms of space) and 

remained too long as can be seen in Figure 3.19. 

The predictions of the turbulence models became poor in the downstream locations and 

all of the models (including linear and non-linear) predictions are away from the experimental 

data. Yang and Ma pointed out following reasons for the poor predictions of their numerical 

computations. 

• Sensitivity of the k-ω and SST k-ω models to the inlet conditions lead to the poor 

predictions of these models 

• False diffusion, which tend to accelerate the decay of the jet in all of the models 

• Application of constant turbulent Prandtl number in the turbulence models lead to 

the poor prediction of the spread of passive scalar quantities 

• Unsteady large scale motions, which were not considered in the RANS models may 

also have a role in the prediction of the results. 
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Lai and Nasr [61] compared three turbulence models with LDA experiments in prediction 

of two parallel plane jets. The schematic diagram of their test model is shown in Figure 3.20. 

They compared k-ε, RNG k-ε and RSM while running their simulations using Fluent  

ver. 4.3.1. They found that the flow patterns e.g. recirculation flow, merging of the two jets and 

the combined flow have been well predicted by all turbulence models. However, the position and 

the magnitudes were not predicted by all of the three models. The non-dimensional merging 

length was overpredicted by 8, 18 and 9 % by k-ε, RNG k-ε models and the RSM respectively. 

The maximum streamwise velocity along the axial centreline was predicted with deviations of 7, 

4.5 and 3 % by the k-ε, RNG k-ε and RS models respectively. 

The negative and positive static pressure zones on both sides of the merging points of the 

jets have also been identified by all the turbulence models. The static pressure distribution along 

the axial length was best predicted by the RSM, however the minimum pressure value was 

underpredicted by 12% and maximum value was underpredicted by 31%. 

Lai and Nasr [61] also compared the computed turbulence quantities by the models with 

the experimental measurements. Experimental measurements showed different centreline 

distribution of the streamwise and lateral turbulence intensities showing the anisotropy in the 

turbulence. RS model also showed the similar anisotropy in the turbulence intensities with lower 

values than the measurements.  

They also performed a sensitivity study of the models on the basis of discretisation 

schemes, which revealed that the RS model was the most sensitive to the discretisation scheme. 

They reported that the standard k-ε model is no worse than the RNG k-ε or RS models for 

predicting complex shear flows. Lai and Nasr did not comment on the reasons for the difference 

between the measurements and the numerical solutions.  
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Figure 3.20:  Schematic diagram of the flow field of two parallel plane jets – [61] 

Shih et al. [14] proposed a new k-ε eddy viscosity model in 1995 with a modification for 

realizability constraint (their model is referred to as the realizable k-ε model by some). Detail of 

the realizable k-ε model was provided earlier in Chapter 2. They tested their model against 

different types of flows, which included the planer and round jets and flows with and without 

adverse pressure gradients. They reported that the realizable k-ε model performed better than 

standard k-ε model in almost all the cases tested. 

They also showed that the spreading rate anomaly of the round and planer jet was 

removed in their proposed model. Figure 3.21 shows the comparison of the standard and R k-ε 

models solutions for a round jet. The distribution of the mean velocity agreed well with the 

experimental measurements while the Standard k-ε model predicts higher spreading of the jet. 

Shabbir et al. [62] computed flow in a NASA 37 rotor with the realizable k-ε model and 

found improved performance results and less sensitivity to the inlet turbulence parameters. Moore 

and Moore [63] stated that flows in high turning regions, as are found in the turbine passages, 

deceleration on the leading edge of a turbine blade and  
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Figure 3.21:  Self similar mean velocity profile for a round jet :comparison between 
standard k-ε and R k-ε turbulence models with measurements, [14] 

acceleration such as the entrance regions of the tip gap can benefit from incorporating the 

realizability in the turbulence model. 

Luo and Lakshminarayana [64] studied different turbulence models for the turbulent 

flows in a strongly curved 180° turnaround duct. They compared their results with experimental 

measurements. They reported that the RSM needed 250% more CPU time then standard k-ε 

model and realizable non-linear k-ε model needed about 30% more CPU time. They found that 

the RSM was very successful in predicting the turbulence damping but still underpredicted with 

respect to the experimental results. The realizable k-ε model predictions for convex curvature 

effects and the downstream separation were significantly better than the standard k-ε model. The 

mean velocity profiles predicted by all the models were in excellent agreement with the 

experimental data before during and after the bend. 

The standard k-e model predicted the highest level of turbulence near the inner wall due 

to which the size of separation bubble was smaller in the standard k-ε model predictions. The 

RSM predicted the lowest level of turbulence near the inner wall and hence showed the largest 
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size of separation bubble. The predicted extent of separation was inversely proportional to the 

predicted level of turbulence near the convex wall upstream of the separation [64]. 

Downstream of the reattachment region the RSM was the slowest to recover which is a 

major deficiency of the Reynolds stress model [64]. In the region after the bend the RSM 

predictions were inferior to those with the standard k-ε model on the inner wall, which was due to 

the larger separation bubble with respect to the k-ε model and slow recovery of RSM as 

mentioned above. 

Mokhtarzadeh-Dehghan and Piradeepan [65] compared the prediction of turbulence 

models for a wake in a square-sectioned curved duct. Figure 3.22 shows the schematic diagram of 

their test rig for the prediction of turbulent curved wake. They studied standard, RNG and 

realizable k-ε models along with the RSM using Fluent ver. 5 for their numerical simulations. 

All the models predicted the pressure coefficient distribution on the wall fairly well on 

the outer (concave wall) except that the experiments had a larger pressure drop due to additional 

losses not accounted for in the numerical computations. On the inner wall, however, all the 

turbulence models predicted the wall pressures close to the experiment measurements just before 

the end of the bend (section 4 of Figure 3.22). The models showed higher pressures close to 

Station 4 than the experimental measurements, as shown in Figure 3.23, marking a possible 

difference in the measured and predicted size of the separation region. There was little difference 

in the predictions of different models in this region. 

The turbulence models predicted greater velocity defect in the wake region compared to 

the experimental measurements with the largest discrepancy produced by the RSM, while the 

realizable k-ε model predicted profiles closest to the experiments. The turbulence kinetic energy 

predictions of the RSM were closest to the experimental measurements and among the k-ε models 

the RNG k-ε model was the best in prediction of turbulence kinetic energy. Overall the RNG and 

realizable k-ε models performed better than the Standard k-ε model. 
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Rusly et al. [66] performed CFD analysis on an ejector intended for a refrigeration 

system using the R k-ε model in the Fluent solver. The flow in the ejector was supersonic in the 

initial region with a shock near the end of the mixing tube or in the beginning of the diffuser. 

They compared their results with experimental data for 13 ejectors and flow configurations. 

Among the 13 cases, the difference between experimental and CFD model predicted entrainment 

ratios varied from 0.05% to 10% with an average error of 3.3%. 

 

Figure 3.22:  Schematic diagram of test rig for wake in a curved channel [65] 

 

Figure 3.23:  Pressure coefficients on the concave and convex walls of the test duct of [65]  x, 
+ experiment,  – RSM,  
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Thies and Tam [67] proposed modified constants for the k-ε model with Pope [68] and 

Sarkar [69] correction terms. They argued that the standard k-ε model was developed in the early 

seventies when there was a general belief that the nature and characteristics of turbulence were 

universally the same in different types of flows. They further mentioned that early applications of 

the k-ε model were for turbulent boundary layers and plane shear layers for which the model 

constants were selected and adjusted on the basis of those flows. 

They suggested a new set of k-ε model constants specifically for axisymmetric and non-

axisymmetric jet flows. They compared the k-ε solution on the basis of their suggested constants 

with experimental data on jets in the Mach number range of 0.4 to 2.2 and the jet reservoir to 

ambient temperature ratio ranging from 1 to 4. They found good agreement in the calculated and 

the measured results on the basis of velocity profiles, centreline velocity decay, Mach number and 

jet half width for circular, rectangular and elliptic jets. 

Abdol-Hamid et al. [70] pointed out that the original two-equation turbulence models 

were formulated for room temperature. They suggested a temperature gradient correction eddy 

viscosity modification to the Chien k-ε model. Their correction included considerations for the 

high Mach number flow. They compared the predictions of their model with the supersonic and 

subsonic flow. In relationship to this study only their subsonic flow comparison will be discussed. 

For subsonic flow they compared the prediction of their model to the experimental data 

and the standard eddy diffusivity (SED) based k-ε turbulence model for flow through a chevron 

nozzle with pylon interaction. They restricted their comparison to the experimental measurements 

of only two data points of centreline stagnation temperature. They found that their model 

performed better than the SED based k-ε model in predicting the temperature flow field and the 

centreline stagnation temperature. Their predictions were within 1% for one point and within 4% 

of the other data point they compared for the centreline stagnation temperature. 
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Georgiadis et al. [71] compared Theis-Tam [67], Abdol-Hamid [70], and variable 

diffusion model of Engblom et. al.[72] with the standard k-ε model of Chien [73] and the SST k-

ω model of Menter [55]. The comparison was made for ambient and hot jet flows, with the nozzle 

exit to ambient temperature ratio of 1.76 for the hot jet. 

For the ambient temperature case the jet issued with Ma = 0.5 from a 2-in diameter 

convergent nozzle. Their predictions for the centreline velocity decay are presented in Figure 

3.24. They found that the SST k-ω model produced the longest potential core due to inhibited 

initial turbulent growth rate. The decay rate was faster after the potential core in SST k-ω 

predictions than the experimental data and the predictions of other models. Among all of the 

models the jet potential core length was best predicted by the Tam-Thies model, whereas the 

variable diffusion model also gave better predictions of the potential core length.  

It was suggested that the improved agreement of Tam-Thies and variable diffusion 

models were achieved by much higher turbulent diffusion relative to other models. However, 

beyond the potential core the decay rate of the Tam-Thies model was the lowest due to the 

vortex-stretching correction. 

 
 

Figure 3.24:  Comparison of centreline velocity decay of different modified turbulence 
models for round jet Ma = 0.5 at ambient temperature (PAB T.C represents Abdol-Hamid 
et al. model based in 3D solver PAB3D developed by NASA) – data from [71] 
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Figure 3.25:  Comparison of centreline turbulence kinetic energy profile of different 
modified turbulence models for round jet Ma = 0.5 at ambient temperature (PAB T.C 
represents Abdol-Hamid et al. model based in 3D solver PAB3D developed by NASA) – 
data from [71] 

In the comparison of the turbulence kinetic energy, the SST k-ω model showed the 

slowest propagation of turbulence to the jet centreline as shown in Figure 3.25. It should be noted 

here that although the SST k-ω model uses a transformed k-ε model in the free shear layer e.g. jet 

mixing region, the final equations and the closure coefficients are adjusted in the SST k-ω model 

to provide optimum results in the near wall regions. These coefficients are not identical to those 

of the k-ε model leading to different predictions in the jet mixing regions. 

In the high temperature case, where the temperature ratio of the nozzle exit to ambient 

temperature was equal to 1.76, the temperature corrected model of Abdol-Hamid et. al provided 

the best results for the centreline velocity decay and the jet core length. The core length 

prediction of Tam–Ties model was better than that of the SST k-ω model however the velocity 

decay of SST-k-ω was better than the Tam–Ties model as shown in Figure 3.26.  

Similar to the unheated case the SST k-ω model showed the smallest peak and slowest 

propagation of turbulence to the jet centreline with respect to the experimental data as shown in 

Figure 3.27. The variable diffusion model showed the best trend in the centreline kinetic energy.  
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Figure 3.26:  Comparison of centreline velocity decay of different modified turbulence 
models for round jet Ma = 0.5 at temperature ratio = 1.76 (PAB T.C represents Abdol-
Hamid et al. model based in 3D solver PAB3D developed by NASA) – data from [71] 

 
Figure 3.27:  Comparison of centreline turbulence kinetic energy profile of different 
modified turbulence models for round jet Ma = 0.5 at temperature ratio = 1.76 (PAB T.C 
represents Abdol-Hamid et al. model based in 3D solver PAB3D developed by NASA) – 
data from [71] 

It may be noted that although the temperature corrected model of Abdol-Hamid et al. 

gave better predictions of the mean velocity, it showed smaller peak region of the turbulence 

kinetic energy and which dissipates more quickly than the experimental data and other turbulence 
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models. This is because of the rapid mixing of this model due to a modification in the eddy 

viscosity expression and not due to the turbulent kinetic energy equation [71]. 

A qualitative comparison of the prediction performance of various turbulence models was 

provided in Table 3.2. It can be concluded from the table that a unanimous agreement is not 

obtained about the performance of a particular turbulence model for one or more flow types. It is 

generally observed that the RSM performs better than all the other RANS based turbulence 

models but it is also reported to underpredict the turbulence intensities in the mixing of two jets 

[61] and predicts too slow recovery after separation, which is the major deficiency of this model 

[64]. The SST k-ω is reported to predict the turbulence quantities better than standard k-ε, SA and 

k-ω models when the turbulence parameters were of interest in the adverse pressure gradients 

[54] and [55] but this model is also reported to perform poorly in highly swirling flows with 

adverse pressure gradients [57] and jets with swirling flows [60] 

All the turbulence models are reported to perform well when the mean flow quantities 

and the wall pressures are of interest. It is also observed that satisfactory predictions of the mean 

flow quantities are obtained with all variants of k-ε model when solved in Fluent with the RNG 

and realizable k-ε models performing better than the standard k-ε. 
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Table 3.2:  Qualitative description of the literature review on the turbulence models 

Reference Model Flow Type Performance 

Nallasamy [48] k-ε Diffusers, curved ducts, 
swirling flows 

good for straight, poor for 
other flows 

Nallasamy [48] 
k-ε 
k-ω 

RSM 
Backward facing step all models underpredicted the 

size of reattachment length 

Habib and 
Whitelaw [49] k-ε Wide angle diffusers 

good in turbulence kinetic 
energy trend but 
underpredicted value 

Rhode et al. [50] k-ε Swirling flow through 
wide angle diffusers 

good agreement of mean 
velocity 

Dixon et al. [51] k-ε Swirling flow in confined 
coaxial jets 

underpredicts the central 
recirculation region 

Wilcox [54] k-ε 
k-ω 

Boundary layer with 
pressure gradients 
(turbulence quantities) 

k-ε poor 
k-ω good 

Menter [55] 

k-ε 
RNG k-ε 

SA 
RNG k-ω 
SST k-ω 

Adverse pressure gradients 
(APG) 

k-ε and RNG k-ε poor 
SA worst 
SST k-ω predicted lower  Cf 

Menter [55] 

k-ε 
RNG k-ε 

SA 
RNG k-ω 
SST k-ω 

Backward facing step 
k-ε and RNG k-ε poor 
SA better than k-ε 
SST k-ω best 

Celic and 
Hirschel [56] 

SA 
k-ω 

SST k-ω 

Turbulence parameters for 
various flows 

SST-k-ω was best among 
three, fair prediction for APG 
poor for airfoil 

Yorke and 
Coleman [74] k-ω Separation in adverse 

pressure gradients 
k-ε poor 
SA and SST k-ω good 

Yaras and 
Grosvenor [57] 

SA 
k-ω 

SST k-ω 

FPBL, separating and 
highly swirling flows 

All good for BL development 
poor for turbulence KE, 
poor for highly swirling flows 
with SST k-ω being the worst 

Khodadadi and 
Vlachos [59] k-ε Swirling flow in a pipe 

good for tangential velocity 
decay 
good for swirl up to 0.5 

Yang and Ma 
[60] 

k-ε 
k-ω 

SST k-ω 

Confined swirling annular 
jet 

k-ε  best k-ω and SST k-ω 
were poor for centreline 
velocity decay 

Lai and Nasr 
[61] 

k-ε 
RNG k-ε 

RSM 

Two parallel plane jets 
(using Fluent) 

All good for recirculation 
zone, RSM best in axial 
pressure, turbulence quantities 
were overpredicted by all 
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Table 3.2 (continued):  Qualitative description of the literature review on the turbulence 
models 

Reference Model Flow Type Performance 

Shih et al. [14] R k-ε Various flows better than k-ε 
Shabbir et al. 
[62] R k-ε NASA 37 rotor better than k-ε 

Luo and 
Lakshminarayana 
[64] 

k-ε 
R k-ε 
RSM 

Highly curved duct 

RSM best, while R k-ε better 
than k-ε in predicting 
separation downstream of the 
bend, all models were good for 
mean velocity profiles  

Mokhtarzadeh- 
Dehgan and 
Piradeepan [65] 

k-ε 
RNG k-ε 

R k-ε 
RSM 

Wake in a curved duct 
All good for wall pressure, 
RSM good for turbulence KE, 
RNG and R k-ε better than k-ε 

Rusly et al. [66] R k-ε Supersonic flow in 
ejectors good performance 

 

 



 

 75 

Chapter 4 

Experimental Methodology 

The experimental testing was performed on two different wind tunnels. A cold flow wind tunnel 

installed at McLaughlin Hall of the Queen’s University and a hot gas wind tunnel installed at the 

Centre for Advance Gas Combustion Technology (CAGCT) Kingston, ON were used for the 

experiments. The objective of the wind tunnels was to provide air at high mass flow rates and 

temperatures to simulate the flow from a gas turbine. The detail of the wind tunnels is provided 

below. 

4.1 Wind Tunnels 

The cold flow wind tunnel (CFWT) was capable of delivering air up to a mass flow rate of 1.6 

kg/s at ambient temperature. The hot gas wind tunnel (HGWT) was capable of delivering air at 

mass flow rates up to 2 kg/s at ambient temperature and up to 1.8 kg/s at 500° C. The test 

components were mounted on the wind tunnel with a set of flanges. Figure 4.1 shows the 

schematic diagram of the wind tunnels. A description of the wind tunnels parts is provided below. 

4.1.1 Blower 

A 29.8 kW (40 hp) centrifugal blower was used in the HGWT while a 22.4 kW (30hp) centrifugal 

blower was used in the CFWT. The 29.8 kW blower was able to supply air at 1.65 m3/s at a fan 

static pressure of 1.3 x 104 Pa. The mass flow rate obtained at the end of the annular pipe of the 

wind tunnel from the 22.4 kW blower was 1.6 kg/s at atmospheric pressure. 
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Figure 4.1:  Schematic diagram of wind tunnels (a) Cold flow wind tunnel (CFWT), (b) hot gas wind tunnel (HGWT), 
foreshortened length 
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4.1.2 Inlet Diffuser 

The air from the blower was fed to the inlet diffuser through a flexible coupling. The purpose of 

the flexible coupling was to restrict the vibrations of the blower motor from travelling to the 

downstream parts of the rig. The inlet diffuser for the CFWT was square sectioned and had a wall 

expansion half angle of 16°. Vanes were used to guide the flow along the diffuser expansion and 

avoid diffuser stall. Three equally spaced screens were utilized to reduce flow fluctuations of the 

blower. The screens also reduce the velocity non-uniformities due to the blower. 

A circular cross-section diffuser was used in the HGWT with a wall expansion half angle 

of 12°. No vanes or screens were used in the inlet diffuser of the HGWT. 

4.1.3 Burner 

A burner module was installed before the settling chamber in the HGWT. It was a natural gas 

fired inline burner with a maximum capacity of 1.46 x 103 kW (5x106 Btu/hr). The set point 

temperature after the burner was adjusted to 500° C. This temperature was set in reference to the 

maximum working temperature of the 7-hole probes. A PID controller was used to control the 

temperature of the primary air at 500° C. 

4.1.4 Settling Chamber 

The settling chamber of the CFWT has a volume of 0.81 m x 1.1 m x 1.1 m. A layer of screens 

and fibre batting was used at the inlet to reduce the flow turbulences. To reduce the vortices 

generation, sharp corners of the CFWT were blocked hence making the effective cross section of 

the settling chamber an octagonal. The flow from the settling chamber was directed into the 

annular pipe through a bell mouth entrance to reduce entrance losses and flow non uniformities. 
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Figure 4.2:  Photograph of the cold flow wind tunnel (CFWT) 

 

Figure 4.3:  Photograph of the hot gas wind tunnel (HGWT) 

The settling chamber of the HGWT was cylindrical in shape with diameter and length 

equal to 1 m. There was a gradual reducing section downstream of the settling chamber thus 

eliminating sharp corners. Figure 4.2 shows the blower, diffuser, settling chamber and annular 

pipe of the CFWT. 
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4.1.5 Annular Pipe 

The annulus of the cold flow wind tunnel (CFWT) had an inner radius of 41 mm and outer radius 

of 76 mm so that the annulus height was equal to 35 mm. The total length of the annular pipe was 

equal to 30 annulus heights. Four streamlined struts at two locations supported the inner pipe of 

the annulus. The struts were located at 6 and 24 annulus heights upstream from the end of the 

annulus. The outer pipe was made of transparent plastic. The 3-hole probes were used in nulling 

mode for measuring the 40° swirling flow by rotating the probes on angular positions marked on 

the transparent annular pipe. The primary nozzle was attached at the end of the annulus pipe with 

the help of flanges. 

The annular pipe of the hot gas wind tunnel (HGWT) was made of two concentric 

stainless steel pipes of 4″ and 8″ nominal diameters. The inner pipe was supported with the outer 

pipe by four streamline struts at two axial locations. The Outer and inner radii of the annulus were 

equal to 106 mm and 57 mm respectively. 

The cross-section of the annular pipe of the hot gas wind tunnel (HGWT) was larger than 

the cold flow wind tunnel (CFWT). Due to this the same degree of swirler vanes produced 

swirling flow with slightly different swirl numbers in the two wind tunnels on the basis of  

Eq. (2.6). Table 4.1 lists the swirl numbers for CFWT and HGWT for 10 to 40° swirlers. 

Table 4.1:  Swirl number produced by various angles of swirler blades for the test rigs, 
based on Eq. (2.6) 

Vane Angle φ S (CFWT) S (HGWT) 

10 0.14 0.14 

20 0.29 0.28 

30 0.46 0.45 

40 0.66 0.65 
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Figure 4.3 shows the blower, diffuser, burner, settling chamber and the annular pipe of 

the HGWT. The annular pipe passed through the building wall. The swirler, 7-hole probe section 

and the components were mounted on the annulus, outside the building. 

4.1.6 Swirler 

Swirlers were attached at the end of the annular pipe to: (i) mimic the flow coming from a gas 

turbine and (ii) study the effect of swirl on the performance of the devices. The swirler was 

located 7.5 annulus heights upstream of the nozzle and 3.75 annulus heights upstream of the 3-

hole probe tips in the CFWT. 20° and 40° swirlers were used in the cold flow tests. 

In the HGWT the swirlers were attached 12 annulus heights upstream of the nozzle and 10 

annulus heights upstream of the 7-hole probes of primary flow measurement station. 10, 20, 30 

and 40° swirlers were made for the testing of series 2 and 3. Each swirler was composed of 16 

constant angle vanes. Figure 4.4 shows a swirler on the annulus pipe of the cold flow wind tunnel. 

 

 

Figure 4.4:  Swirler attached with the annulus on CFWT 
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4.2 Test Components 

The experimental testing of the bent ejectors was divided into three series: 

• Series 1, (Sr1): Series 1 consisted of round ejectors for cold flow testing. Each 

ejector consisted of a nozzle and a mixing tube. The nozzle was made of steel and 

the mixing tubes were made of plastic pipes and elbows. 

• Series 2, (Sr2): Series 2 consisted of oblong ejectors for both cold and hot flow 

testing. Each ejector consisted of a nozzle and a mixing tube. 

• Series 3, (Sr3): A limited number of tests were performed by attaching an 

entraining diffuser at the end of the oblong mixing tube. Sr2 and Sr3 components 

were made of 1 mm thick stainless steel sheets. 

4.2.1 Sr1 Components 

The Sr1 was composed of four round ejectors. Each ejector contained a nozzle and a straight or 

bent mixing tube. Figure 4.6 shows a 45° bent round ejector of Sr1 mounted on the CFWT and a 

35° bent oblong ejector of Sr2 mounted on the HGWT. The nozzle and mixing tube geometry 

detail is given in Table 4.2. The mixing tube to nozzle area ratio was equal to 4.2. The distance 

between the exit section of the nozzle and the inlet section of the mixing tube is referred to as 

“stand-off”. In this study the stand-off was kept constant and was set equal to zero. 

 

 

 
Figure 4.5:  Schematic diagram of Sr1 test components mounted on the wind tunnel (45° 
bent ejector shown) 
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(a) (b) 

  
Figure 4.6:  Bent ejector mounted on the wind tunnels (a) 45° round ejector of Sr1 (b) 35° 
oblong ejector of Sr2 

 

Table 4.2:  Geometry detail of Sr1 components 

 Nozzle Mixing tube 

Diameter (D), mm 152 (0.152 m) 312 (0.312 m) 

Cross-sectional area 

(A), mm2 
18100 (0.018 m2) 76400 (0.0764 m2) 

Length (L), mm 200, (0.2 m) 785, (0.785 m) 

L/D 1.3 2.5 
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 Detail A 

Figure 4.7:  Bend details of the mixing tubes 

Table 4.3:  Bend details of the mixing tubes (refer to Figure 4.7) 

Ejector # Bend 
Angle, (°) La Lb Lc 

Total 
length, Lm 

1 0    785 

2 22.5 342.5 100 342.5 785 

3 45 292.5 200 292.5 785 

4 67.5 242.5 300 242.5 785 

 

The bend was located in the centre of the mixing tube length with the radius of curvature (RCL) 

equal to 254 mm. There was a straight length of the mixing tube before and after the bend. Total 

length of each mixing tube was equal to 785 mm measured at the centre line. Figure 4.7 and 

Table 4.3 together explain the location of the bend and the length of straight and bent segments of 

the bent mixing tubes. Table 4.3 also shows the degrees of bends of the ejectors used in Sr1. 

4.2.2 Sr2 Components 

Figure 4.8 shows the circular to oblong nozzle and the mixing tube of 35° bent ejector. Series 2 

(Sr2) was also composed of four ejectors of oblong cross-section. The cross-section of the Sr2 

was selected such that: 
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• area of oblong nozzle was equal to the area of round nozzle of Sr1 

• the mixing tube to nozzle area ratio (Am/An ) of the oblong ejectors was equal to the 

Am/An of round ejectors of Sr1 

• the horizontal and vertical centrelines of the nozzle and the mixing tube were 

aligned at section 2 making nearly an equal gap on all sides between the exit of the 

nozzle and the inlet of the mixing tube. 

The Sr2 components were made with reference to the Sr1 components for comparison of the 

results of the two series. The nozzle of the Sr2 had a circular to oblong transition over a length of 

325 mm. The nozzle was mounted at the end of 7-hole probe primary flow measurement station 

with the help of a flange. The straight mixing tube was fabricated by seam welding four stainless 

steel sheets. The bent mixing tubes were fabricated from a number of segments in the bend region 

as shown in Figure 4.8. A 10 mm stainless steel pipe was welded around the inlet of the mixing 

tube to guide the secondary flow into the mixing tube and reduce inlet losses of the secondary 

stream. 

 

Figure 4.8:  Oblong ejector, showing bent mixing tube and a circular to oblong nozzle 

The cross-section detail of the nozzle and the mixing tubes is given in Figure 4.9 and 

Table 4.4. The dimension ‘a’ was more than 60 mm at the centre of the actual nozzle. This caused 

a reduced gap between the mixing tube and the nozzle i.e. equal to 56 mm on the sides. The 

mixing tube was positioned at the end of the nozzle with a standoff equal to 0. The long sides  
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Figure 4.9:  Cross-section detail of oblong ejector 

(major axis) of the nozzle and the mixing tube were parallel to the vertical axis and the short sides 

(minor axis) were parallel to the horizontal axis. 

Table 4.4:  Cross-section detail of oblong ejector (refer to Figure 4.9) 

 Nozzle Mixing tube Diffuser 

a (mm) 60 180 216 

b (mm) 270 270 270 

 

The ejector bend detail is given in Table 4.5. Sr2 ejectors were also bent at RCL = 254 mm 

with bend in the centre of the mixing tube. The length of these ejectors was also equal to 785 mm. 

The ratio between the length and equivalent diameter of the mixing tubes was equal to 2.5. 

 

Table 4.5:  Bend details of oblong ejectors (refer to Figure 4.7) 

Ejector # Bend Angle, (°) La Lb Lc Total length, Lm 

1 0    785 

2 22.5 342.5 100 342.5 785 

3 35 315 155.5 315 785 

4 67.5 242.5 300 242.5 785 
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Table 4.6:  Geometry detail of Sr2 components 

 Nozzle Mixing tube 

Inlet diameter (D), mm 212 (0.212 m)  

Inlet cross-sectional 

area (A), mm2 
35300 (0.0353m2) 74047 (0.0764 m2) 

Exit cross-sectional 

area (A), mm2 
19027 (0.019 m2) 74047 (0.0764 m2) 

Length (L), mm 325, (0.325 m) 785, (0.785 m) 

Hydraulic dia. (Dh) mm 104.5, (0.104 m) 268, (0.268) 

L/D 1.3 2.5 

 

4.2.3 Sr3 Components 

A limited number of tests were performed with an entraining diffuser mounted at the end of the 

bent mixing tubes as shown in Figure 4.10. The geometry detail of the diffuser is given in Figure 

4.11. Total length of the diffuser (LD) was equal to 421 mm. The diffuser was composed of four 

rings. Each ring was 115 mm in length. 

The gap between the mixing tube wall and the 1st ring of the diffuser was equal to 9 mm. 

Similarly, the gap between each two over lapping rings was equal to 9 mm. The overlap distance 

of the mixing tube and the 1st ring was equal to 13 mm and same overlap distance was maintained 

between all of the overlapping rings. 10 mm diameter pipe was welded on the outside of each ring 

to provide smooth entrance passage for the tertiary stream. Exit to inlet area ratio of the diffuser 

(ARD) was equal to 1.02 and the wall angle was about 5°. 
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(a) 

 

(b) 

  
Figure 4.10:  Sr3 ejector (a) nozzle, mixing tube and diffuser (b) sectioned view 

 

Figure 4.11:  Sectioned view of entraining diffuser showing geometry detail 

4.3 Instrumentation 

The instrumentation used during the experimentation is shown in Figure 4.12. Pitot static tube, 3-

hole and 7-hole probes were used for flow velocity and pressure measurements. Thermocouples 

were used for measurement of temperature. Wall static taps were used for wall pressure 

measurement of the mixing tube walls. Laser Doppler Anemometer was used for measurement of 

turbulence intensity of the primary flow at the exit of the nozzle. The infrared thermal camera  
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Figure 4.12:  Instrumentation used during the experiments 

was used for ejector wall temperature measurement. A brief description of each instrument is 

provided below. 

4.3.1 Pitot Static Tubes 

A 1/8 inch diameter Pitot static tube was used in the experiments for velocity and pressure 

measurements of primary flow upstream of the nozzle in test series1 and 1/16” diameter Pitot 

static tube was used for measurement of secondary flow between the nozzle and the mixing tube 

during test series 2 and 3. In test series1 the Pitot tube measurements were performed only in 

some repetitive tests for no swirl cases. These measurements were taken to obtain confidence in 

the 3-hole probe measurements of the primary flow in test series 1. The Pitot tube was traversed 

in a vertical diameter with increments of 5 mm in the central region and 2 mm increments near 

the walls. 
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4.3.2 3-Hole Probes 

Four 3-hole probes were used to measure inlet flow properties of test series 1. Figure 4.13 shows 

a representative drawing of the 3-hole probes used in the experimentation. Primary flow 

measurement station was located 3.75 annulus heights downstream of the swirler and 3.75 

annulus heights upstream of the nozzle. Each probe was traversed in equal increments in the 

radial direction at four locations as shown in Figure 4.14. It was assumed that there was no radial 

component of the flow velocity in the annular section. The pressures from the three holes were 

converted to axial and tangential velocity components and static and total pressure. 

 

 
Figure 4.13:  Geometry detail of 3-hole probe (dimensions in mm) 

 

Figure 4.14:  Location of 3&7-hole probes in the annular pipe upstream of nozzle 
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The velocity close to the wall was estimated by law of the wall and the overlap region 

velocity profile between the 1st measured point and the wall. Further detail of the inlet velocity 

profile is provided in Section 4.4.1. The 3-hole probes were calibrated in the same velocity range 

up to ± 20° angles. The calibration data of 3-hole probes is provided in Appendix B. The probes 

were used in non-nulling mode up to a swirl angle of 20° and in nulling mode for 40° swirl angle. 

4.3.3 7-Hole Probes 

7-hole probes have the ability to measure three dimensional flows in non-nulling mode at higher 

angles than 3-hole and 5-hole probes [75]. The 7-hole probe was used for measurement of the 

flow parameters at the exit of the ejector in the test series 1. In the test series 2 and 3 the 7-hole 

probes were used for primary flow measurement upstream of the nozzle and for combined flow at 

the exit of the ejector. Specially designed L-shaped probes were manufactured and calibrated. 

These probes were capable of working in the flow temperatures up to 550° C. The probe tip 

diameter was equal to 3.76 mm. Figure 4.15 shows the geometry of a typical 7-hole probe used in 

the study. 

 

 
Figure 4.15:  Geometry detail of 7-hole probe (dimensions in mm) 
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The primary flow measurement plane was located 2 annulus heights upstream of the 

nozzle and 10 annulus heights downstream of the swirler in HGWT. Four probes were traversed 

radially in 3mm steps. The probes were located at 0, 90, 180 and 270° angles (facing the wind 

tunnel) as shown in Figure 4.14. The velocity between the 1st measured point (close to the wall) 

and the wall was estimated using the law of the wall and the overlap region velocity profiles. 

The agreement between the exit mass flow measurements were confirmed by comparing 

with the primary flow measurements in the mass conservation tests. Mass conservation tests were 

conducted by taking measurements at the exit of the nozzle (with 7-hole probes) and comparing it 

with the 3-hole or 7-hole measurements taken upstream of the nozzle. The mass balance tests 

showed that the inlet and exit mass flow rates agreed within 3 %. 

 

Figure 4.16:  Photograph showing the primary flow measurement station (upstream of the 
nozzle) and the exit traversing 7-hole probe (positioned at ejector exit plane) 

The seven pressures from the probe were read by pressure transducers and converted to 

three velocity components and static and total pressures at each node point of the grid. The 7-hole 

probe was calibrated up to 60° cone angle based on the algorithm proposed by Zilliac [76]. The 
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calibration was performed at 1800 points of different cone and roll angle combinations. The 

calibration data of the 7-hole probes is provided in Appendix B. Figure 4.16 shows the 7-hole 

probe positioned at the exit of the ejector. 

4.3.4 Thermocouples 

In test series 1 the flow temperature was measured by mounting a K-type thermocouple in the 

settling chamber. The ambient temperature was measured by a thermocouple located outside the 

ejector. K-type thermocouples were used to measure the temperature of the primary flow, 

ambient air and the temperature of the mixed flow at the exit of the ejector in the test series 2 and 

3. Thermocouple TC1, used to measure the primary flow temperature, was mounted upstream of  

25

8

7-hole
probe

Thermocouple

 

Figure 4.17:  Thermocouple TC3 mounted on the exit 7-hole probe 

the inlet 7-hole probes, in the annular pipe. A thermocouple TC2, used to measure the ambient 

temperature, was mounted outside the ejector; close to the secondary inlet 

A bare wire thermocouple (TC3) was attached to the exit 7-hole probe to obtain the 

temperature distribution at the exit of the ejector. The thermocouple was mounted 25mm 

downstream of the 7-hole probe tip so that the presence of the thermocouple did not affect the 
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flow approaching the 7-hole probe. Figure 4.17 shows the mounting of the thermocouple on the 

exit traversing 7-hole probe. 

4.3.5 Wall Static Pressure Taps 

Wall static pressure taps were instrumented on the mixing tube walls of test series 2 and 3. The 

wall pressure was used to locate flow separation and the hot spots where primary flow hits the 

mixing tube walls. Pressure from the wall taps were read by the differential pressure transducers. 

4.3.6 Data Acquisition System 

The data acquisition (DAQ) system was used to obtain readings from the instruments, record and 

process the data and for controlling the positioning the 7-hole probes. The DAQ system contained 

following hardware: 

• Pressure scanning module 

• Thermocouple 

• Terminal block 

• PCI DAQ card 

• Traverse system 

• PC Software 

4.3.6.1 Pressure Scanning Modules 

Pressure scanning modules were used as a part of DAQ system with the cold flow and hot gas 

wind tunnels. Pressure inputs from wall taps, Pitot tubes, 3 and 7-hole probes were read by the 

pressure transducers of the modules. Each module contained eight (8) silicon based differential 

pressure transducers with temperature compensation and amplified output. Following are the 

specifications of the transducers: 

 Omega model PX139-001D4V, ± 6.895 x 103 Pa (1 psi), for CFWT 
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 Omega model PX143-2.5 BD5V, ± 1.724 x 104 Pa (2.5 psi), for the HGWT 

The pressure transducers were calibrated up to full positive and negative range with an inclined 

U-tube manometer. A linear fit was obtained between the pressure and the output voltage of the 

transducers. 

4.3.6.2 PCI-DAQ Card 

A multi-input/output PCI data acquisition board manufactured by Data Translation Inc. was used 

for A/D and D/A operation. Following are the specifications of the card. 

Table 4.7:  DAQ card specifications 

Input 
Model 

Channels Ranges 
Output Channels 

DT3003-PGL 64SE/32DI ±0.02, 0.1,1,10V 2 
 

The card had 32 differential 12 bit analogue input channels, 2 analogue output channels and 8 

digital input/output channels. Voltage measurements and digital input and outputs were achieved 

with the DAQ card and DT730-T terminal block. 

4.3.6.3 Traverse system 

The traverse system was used to position the 7-hole probe at the exit of the ejector. The traverse 

system included an X-Y traverse table, stepper motors, and stepper motor controller. The X-Y 

traverse table was mounted on a portable frame. This frame was positioned in front of the ejector 

with the table parallel to the exit plane of the ejector. NEMA 23 stepper motors were used to 

move the 7-hole probe in a grid in the exit plane of the ejector. The motors had 200 steps per 

revolution. A 5-3 pulley reducer was used for the Y-axis of the table to increase the torque. 

Model A200SMC stepper motor controller manufactured by Mill-shaf Technologies, Inc was 
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used to control the stepper motors. Figure 4.18 shows the X-Y traverse table used for cold flow 

testing of series1. The specifications of the traversing system are provided in Table 4.8 

Table 4.8:  Specifications of traversing system provided by manufacturer 

Uncertainty Resolution Repeatability 

±0.83 mm per metre X-axis: 0.127 mm /step 
Y-axis: 0.076 mm /step 0.127 mm 

 

 

Figure 4.18:  Belt driven X-Y traverse table 
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Figure 4.19:  Schematic diagram of DAQ system 
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4.3.6.4 PC and Software 

A Windows based PC was used to collect record and process data and provide output to the 

controller. Labview Version. 5.1 of National Instruments was used to develop specialized control 

data acquisition subroutines. The software contained a number of parallel running programs 

called virtual instruments (vi’s). Some of the post processing was performed in Labview vi’s like 

calculating the pressure, velocity data from the three pressures of the 3-hole probe. Other data e.g. 

7-hole data was collected and stored as raw data. This raw data was then fed to a FORTRAN 

program to calculate the corresponding pressure and velocity data. A schematic diagram of the 

DAQ system is shown in Figure 4.19. 

4.3.7 Laser Doppler Anemometer 

Turbulence intensity measurements were taken by Laser Doppler Anemometry (LDA) at the exit 

of the circular and oblong nozzles and at the exit of the annulus pipe. Measurements were taken 

for 0 and 30° swirl in the primary flow. The software was developed by the research laboratory of 

Dr. Matovic. A brief procedure of LDA measurements will be discussed below. 

A Laxer 3000 series continuous beam argon ion laser was used in the study. A laser 

power of 150 mW was set for the laser measurements. Model 9201 Colorburst multi colour beam 

separator, manufactured by TSI Inc., was used to split the laser beam into three pairs of shifted 

and unshifted beams with the following wave lengths: 

• Green: 514.5 nanometres 

• Blue: 488 nanometres 

• Violet: 476.5 nanometres 

Frequency shift was applied to each colour beam to measure the velocities in positive and 

negative directions. Two component LDA measurements were taken using the green and blue 

pairs of the laser beams. The beams were aligned such that the axial and vertical components of  
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Figure 4.20:  Schematic diagram of LDA system 

the flow velocity were measured by green and blue pairs respectively. The frequency shift was 

selected for individual measurement such that the sum of doppler frequency and shift frequency 

was within 0 to 25MHz. A 50MHz high speed DAQ card was used with a PC and software for 

LDA measurements. Figure 4.20 shows the schematic diagram of the LDA system. 

A Model 9800 fibre optic probe was used to transmit the beam to form a measurement 

volume and collect the light scattered by the particles. Two pair of beams were transmitted 

through the probe which were focused at one small volume to form a measurement volume. The 

seeding particles passing through this volume scattered the light which was then collected by the 

receiver in the same probe. The probe velocity constant for green and blue beams were equal to 

5.266 m/s/MHz and 4.995 m/s/MHz respectively. 

A Model 9230 ColorLink multicolour receiver was used to receive the light scattered by 

the particles through an optical fibre cable. The ColorLink separated the light by colours and 

converted it to electrical signals. The amount of the shift frequency to each channel (beam) was 

selected through the ColorLink. The gain of the photo multiplier tube was adjusted to obtain a 

good quality signal without saturation. Output from the ColorLink was received by the high speed 
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DAQ card. A Visual Basic code was used to convert the time domain signal to frequency domain 

by applying fast Fourier transform (FFT). The quality of each signal was checked by comparing it 

with a threshold signal to noise ratio. The velocities measured by LDA were compared with the 

velocities obtained with 7-hole probe to confirm the LDA and 7-hole measurements. 100 readings 

were taken on each point for statistical analysis of turbulence intensity. The turbulence intensity 

of each component was based on the mean velocity magnitude. 

4.3.8 Infrared Thermal Imaging Camera 

The primary purpose of using a thermal imaging camera was to obtain two dimensional 

temperature contour plots for comparing CFD models predictions for the wall temperature. The 

camera was used to obtain the contour plots and maximum temperatures on the ejector walls. 

ThermaCAM SC1000 thermal imaging camera manufactured by the FLIR Systems was 

used for measurement of the ejector wall temperature. This camera had a 256 x 256 platinum 

silicide focal plane array (FPA) detector. 

The calibration of the camera was done by the manufacturer. The uncertainty of the 

camera provided by the manufacturer was equal ± 2% or 2°C (which ever is higher). The 

temperature measurements of the camera were checked with a black body source. The 

temperature measured by the camera was with in ±0.1 K of the black body source temperature. 

The sensitivity of the camera was less than 0.07°C (0.07 K) at 30°C (303 K). The temperature 

measurement range of the camera was from -10°C to 450°C (259 K to 723 K). Detailed 

specifications of the camera are provided in Table 4.9 

The images were initially stored on a PCMCIA card and then later transferred to the PC 

where the thermal images were analysed. ThermaCAM Researcher 2001 software package 

provided by FLIR systems was used for analysis of the images. ThermaCAM Researcher has 

isotherm, spotmeter, area and line analysis tools. Analysis was performed on the thermal images 

and temperature profiles. The temperature profiles were recorded for the wall temperature of the 
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four sides of the ejectors. The profiles data were exported to the Excel, where further analysis was 

performed. 

Table 4.9: Specifications of ThermaCAM SC1000 thermal imaging camera 

Focus range 9″ to infinity (0.229 m to infinity) 

Image update rate 60/50 Hz 

Sensitivity < 0.007°C at 30°C 

Detector model PtSi/CMOS 256 X 256 FPA with variable integration 

Spectral band 3.4 µm to 5 µm 

Temperature measurement range -10 to 450°C (259 K to 723 K) 

Uncertainty ± 2% or 2°C 

Lens FOV 16° 

 

4.4 Mass Flow Rate Calculation 

The primary mass flow rate was evaluated from the axial velocity of the primary flow measured 

upstream of the nozzle and the total mass flow rate was evaluated from the axial component of 

the velocity measured at the exit of the ejector by the following formulation. 

∫= udAm ρ&  
(4.1) 

where ρ is the density of air at the measurement point, u is the axial component of velocity and 

dA is the small area around the measurement point. 

4.4.1 Primary Mass Flow Rate 

For 3 and 7-hole probe measurements in the annular pipe the area around each 

measurement point was calculated such that the inner and outer boundary radii located in the 

centre of two successive data points. The differential area dA was calculated as: 
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where ri and ro are the radii of the inner and outer boundary of the measurement point. 

Here dA is the area of one quadrant of a complete ring as there was one 3 or 7 hole probe in each 

quadrant of the annulus. Figure 4.21 shows the boundaries around the measurement points of the 

3-hole probe inlet traverse. 

 

Figure 4.21:  Boundaries of the areas around measurement points for the 3-hole probe 

Due to the finite size of the 3 and 7-hole probes used for the measurements of inlet flow 

properties there was a gap between the 1st or last measurement point and the inside or outside 

wall. The velocity profile from the 1st measurement point to the wall was estimated by the law of  
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Figure 4.22:  Estimated non dimensional velocity between the wall and the 1st data point 
close to the wall 
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Figure 4.23:  Estimated velocity between the wall and the 1st data point close to the wall 

the wall and the overlap region velocity profile. The law of the wall was applied from the wall to 

a distance where yu*/v was equal to 5, after which the equation of the overlap region was applied 

up to the position of the 1st data point close to the wall. Smooth walls were considered for the 

plastic pipe of the annulus as suggested by Moody [77]. Figure 4.22 and Figure 4.23 show 
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velocity profiles of the primary flow for 45° bent ejector of test series 1 with 0° swirl in the 

primary flow. 

Figure 4.23 shows the velocity profile obtained by measured and estimated values. As 

can be seen in the figure the law of the wall is valid up to very close to the wall. A typical value 

of y was equal to 0.02 mm for yu*/v equal to 5 in the experiments. Therefore, for primary flow 

measurements, taken by the 3-hole probe, the mass flow rate was obtained by integrating the 

logarithmic law of the overlap region from the wall to the 1st data point close to the wall. 

For test series 2 and 3 the primary flow measurements were taken by 7-hole probes 

traversed in radial direction at 4 locations as shown in Figure 4.14. Due to the size and shape of 

the 7-hole probes the probe tips were in the power law velocity profile region at the last data point 

close to the outside wall. Therefore, the mass flow rate was calculated using logarithmic formula 

of the overlap region close to the wall and then power law velocity profile formula up to the 

nearest data point. Numerical integration was used to obtain mass flow rate in the overlap region. 

An analytical formula was used to obtain the mass flow rate in the power law velocity profile 

region up to the nearest measurement point. The equation used for the primary mass flow rate 

calculation is given in Appendix D. 

4.4.2 Exit Mass Flow Rate 

The exit flow properties were measured by traversing a 7-hole probe at the exit section of 

the ejector in a grid as shown in Figure 4.24. The mass flow rate was calculated according to 

Equation (4.1), where dA is the area around the measurement point and is equal to the square of 

the grid step. For the points close to the outside walls the area dA was reduced appropriately by 

multiplying it with a factor. Similar grids of oblong shape were used for the test series 2 and 3. 
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Figure 4.24:  7-hole probe traverse grid for 312 mm dia. mixing tube exit 

4.5 Problems with Temperature Measurement 

4.5.1 Thermocouple Response 

Thermocouples have a finite size, mass and thermal properties which control the rate of change of 

the temperature of the junction. If the thermocouple is measuring a constant temperature of a fluid 

then after some time the temperature of the thermocouple will asymptotically reach the 

temperature of the object, but if the thermocouple is used to measure the transient temperature 

then it will lag behind the actual temperature of the fluid. This time lag is called response of the 

thermocouple. Figure 4.25 shows the difference in the thermocouple readings from the corrected 

readings due to the response of the thermocouples. 

During the hot flow testing the thermocouple measuring the exit flow temperature was 

traversed through the flow at different temperatures. It was important to see the effect of initial 

temperature of the thermocouple on its final value when it moved from one temperature region to 

another. 
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Figure 4.25:  Temperature-time record made by two thermocouples during starting cycle of 
a large jet engine taken from [78] 

The response time of the bare wire thermocouple was estimated by analytical and 

experimental methods. It was found that the thermocouple stayed at a point for enough time that 

the temperature of the thermocouple became equal to the temperature of the flow. Similarly, the 

effect of heat loss from the thermocouple tip was also studied and it was found that the 

thermocouple temperature was within 1° C of the flow temperature. 

4.5.2 Effect of Radiation and Convection 

The energy balance was checked between the primary, secondary and the mixed streams in the 

hot flow tests. Ideally, the sum of the total energy of the primary and the secondary streams 

should be equal to the total energy of the combined flow at the exit of the ejector. The energy 

balance was performed across the ejector to obtain confidence on the temperature and mass flow 

rate measurements. It was important to see whether the energy lost from the wind tunnel through 

radiation and convection is significant. 
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The amount of heat loss through radiation and convection was estimated by assuming 

wall temperature of the nozzle mixing tube and ambient temperature equal to 450, 150 and 25°C 

respectively. The lengths of the nozzle and mixing tube were considered for heat loss by radiation 

and convection. The heat loss by convection and radiation was estimated to be 0.07 kW and 2.5 

kW respectively, representing about 0.2% of the stagnation enthalpy of the primary flow. This 

corresponded to an average temperature decrease of about 1°C across the ejector. 
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Chapter 5 

Numerical Computations 

5.1 Preprocessing 

Three dimensional models, including the ejector geometries and the plenums, were made in a solid 

modelling program and saved as IGS or Parasolid files. These models were imported into the Gambit 

as volumes. Each model was composed of a number of volumes to distinguish between different 

parts/zones. This helped in specifying appropriate boundary conditions in Gambit and in reading and 

displaying the results during post processing. 

5.1.1 Ejector Geometry 

The geometry included the primary nozzle, the mixing tube and a portion of the annular pipe of the 

wind tunnel. In series 1, the nozzle was a non-converging piece of pipe attached at the end of the 

wind tunnel. The nozzle exit diameter was equal to the inner diameter of the outer pipe of the wind 

tunnel annulus. A portion of the wind tunnel was modelled in the CFD study for two purposes: 

1 The inlet conditions of the primary flow were measured upstream of the nozzle. These flow 

quantities were set as inlet boundary conditions for the CFD study. 

2 In a highly transitional nozzle e.g. circular to oblong transition, the flow tends to align itself 

before passing through the transition. Setting a uniform velocity or pressure boundary exactly 

at the inlet plane of the nozzle will not allow the flow to adjust in the CFD model, which will 

lead to a different result. 
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All the ejectors of series 1 had different mixing tubes but the same nozzle and volume before 

the nozzle. Similarly, all of the ejectors of series 2 had the same pre-nozzle annular pipe and nozzle 

but different mixing tubes. The annular pipe is the part of the wind tunnel which was included in the 

computational domain. The nozzle was attached with the annular pipe of the wind tunnel by means of 

a flange. There was an ellipsoidal bulb for transition from annulus to circular cross-section, which 

ended just before the inlet section of the nozzle. In round ejector modeling, the nozzle volume 

included the transition length and the length of the nozzle used in experiments. In the case of oblong 

ejector models, the transition region was modeled by a separate volume, which was upstream of the 

nozzle. The 22.5° bent ejector geometries of both series are shown in Figure 5.1. The volumes are 

displaced in the axial direction with respect to each other to show the annular section and ellipsoidal 

transition. 

 

 

22.5° bend round ejector 22.5° bend oblong ejector 

Figure 5.1:  CFD models geometries of 22.5° bent ejectors of Sr1 and Sr2 (exploded view) 

After importing in Gambit the volumes were fixed by unite and split commands to obtain 

common faces for the adjacent volumes. Initial studies were performed by designating interfaces 

between the adjacent volumes. A close look into the contour plots of the converged solutions revealed 

some discontinuities in the flow parameters across the interfaces at some regions. This was expected 

due to the discontinuity on the grid across the interface. Due to this problem the volumes were joined 

together with common faces to make only one face at a section leading to continuity in the grid. 
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The length of the annular pipe of the model was equal to the distance of 3-hole or 7-hole 

probe measurement station from the nozzle inlet during the experiments. This helped in applying the 

inlet flow boundary conditions at the measurement station of the experiments. 

5.1.2 Plenums 

Inlet and outlet plenums were used in the CFD models of series1 to apply atmospheric pressure as the 

pressure boundary for the secondary air entering the ejector geometry, and for the mixed stream 

leaving the ejector. The dimensions of the plenums are given in Figure 5.2 for series 1 modeling. The 

cross-section of the plenum gradually increased in the downstream direction to allow for the 

spreading of the flow coming out of the mixing tube exit. 

 

Figure 5.2:  Computational domain including the plenums for 22.5° bent ejector of Sr1 
(dimensions are in mm) 

The secondary air was drawn from the surroundings at atmospheric pressure and negligible 

velocity (stagnant air). The secondary air accelerates while going towards the mixing tube inlet. This 
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air has a finite velocity and pressure at the mixing tube inlet section, but these velocities and pressures 

are not uniform at the cross-section. The flow properties and their distributions were not known at 

that section before the numerical solution was obtained. Applying a boundary at that section and 

specifying certain boundary conditions was not possible. This problem was solved by making a 

plenum around the secondary inlet and specifying the atmospheric pressure around it and pressure 

inlet boundary conditions on the surface of the inlet plenum. 

Similarly, the pressure at the exit of the ejector was close but not equal to atmospheric 

pressure. Also the velocity and pressure were not uniform throughout the exit cross-section. For these 

reasons a plenum was added around the secondary inlet section and the exit section. These plenums 

allow us to set the known boundary condition of atmospheric pressure at the boundary of 

 

Figure 5.3:  Computational domain including the plenums for 22.5° bent ejector of Sr2 
(dimensions are in mm) 

the computational domain. For the hot flow test the heat transfer through the ejector walls was 

important; therefore, a plenum was added around the mixing tube walls to accurately obtain the 

temperature distribution on the mixing tube walls. Figure 5.3 shows the secondary inlet, mixing tube 

Exit Plenum 
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and the exit plenums for ejectors of Sr2. A preliminary study was performed to see the effect of 

plenum size on the numerical results. On the basis of the preliminary study a plenum length of 7.5 

mixing tube equivalent diameters was selected. Detail of the plenum study is given in  

Section 5.3.2. 

5.1.3 Mesh Generation 

The quality of the mesh can significantly affect the numerical solution. The regions of high shear rate, 

like the flow near the boundary, and the shear layer between the two streams in the mixing tube 

require sufficiently fine mesh to resolve the flow properties. The problem of numerical diffusion is 

also a function of size and type of mesh. Due to the fact that the Fluent solver was used for the 

computation of numerical problem the guidelines provided by the Fluent manual [79] were followed 

for mesh generation. Gambit was used for mesh generation of the model. 

5.1.3.1 Types of Grids Used 

Flow in a bent ejector is 3-dimensional with varying velocities and pressures along the axial and 

transverse directions, which leads to the requirement of 3-D modeling. The volumes were meshed 

with the hexagonal or wedge shaped elements using the cooper tool wherever possible. The 

tetrahedral elements were used in areas where the Hex/Wedge elements were not possible or where 

negative volumes were created with Hex/Wedge elements. 

5.1.3.2 Boundary Layer 

Boundary layers were created to refine the mesh size close to the walls and in the shear layer between 

the primary and secondary flows as shown in Figure 5.4. This allows for capturing the large 

variations in the flow properties across a cross-section. In case of the bent ejectors the shear layer 

departed from the internal boundary layer due to the bend, but the maximum shear region just 

downstream of the nozzle remained inside the boundary layer. 
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Figure 5.4:  Mesh of the mixing tube inlet and the nozzle exit of Sr1 showing the boundary layer 
around nozzle and near the mixing tube walls 

5.1.3.3 Face Mesh Types 

Nozzle inlet and exit face for models of both the series were meshed with unstructured quadrilateral 

elements using Quad-Pave scheme of Gambit. Similarly MT-inlet and exit faces of Sr1 and Sr2 

models were meshed with unstructured quadrilateral elements. It was possible to mesh the mixing 

tube cross-sectional faces with the structured elements but that generated large cells close to the walls 

of the mixing tube. 

Similarly all the model faces, perpendicular to the axis of the ejector, were meshed with 

either structured or unstructured quadrilateral elements. The face of the annular pipe of the wind 

tunnel was meshed by quadrilateral structured elements. The size of the face mesh was controlled by 

the node spacing and the projected interval in case of the Quad-Map scheme. Figure 5.5 shows  
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   (a) projected interval =5   (b) projected interval =10 

Figure 5.5:  Mesh size control by node spacing and projected interval [79] 

 

Figure 5.6:  Different size cells obtained in mesh of the plenum face by using the size functions 

two different meshes for an annular face with the same node spacing and different projected interval. 

Both the meshes have the same number of nodes on the inner and outer edges but the radial heights of 

the cells are different. 

The cross-sectional faces of the inlet and exit plenums were meshed by Quad-Pave scheme of 

Gambit, which formed quadrilateral elements. In case of the inlet and exit plenums it was desirable to 

make a fine mesh close to the ejector geometry and relatively coarse mesh in the outer regions to save 

the number of cells. This was obtained by utilizing appropriate size function. Figure 5.6 shows the 
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mesh of the inlet plenum cross-section in which different sizes of the cells are obtained by using the 

size function. 

5.1.3.4 Volume Mesh Types 

The shape of the element and the meshing scheme is highly dependant on the shape and topology of 

the geometry. For a simple shape the hexahedral elements with the map scheme is the best because of 

less numerical diffusion [79]. The general applicability of map, submap and tri primitive schemes is 

limited to simple volumes. 

For the Sr1 modeling the nozzle and mixing tube were meshed by Hex/Wedge volume 

elements using the Cooper tool available in the Gambit. Similarly, the mixing tubes for Sr2 models 

were also meshed by Hex/Wedge type of volume elements. Due to strong circular to oblong transition 

of the nozzle for Sr2 the Hex/Wedge volume elements were not possible therefore the nozzle was 

meshed with the Tet/Hybrid volume elements. The plenum around the nozzle was also meshed by the 

Tet/Hybrid volume elements due to the same reason. Figure 5.7 and Figure 5.8 show the mesh of the 

surface of the ejector and plenums respectively. A grid independence study was performed to check 

the effect of grid density on the performance parameters, which is provided in Section 5.3.1 

On the basis of grid size independence study and the available computational resources a 

mesh in the range of 2 to 2.5 million volumes were used in the current numerical modeling. 
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Figure 5.7:  Walls of the ejector geometry showing the Tet/Hybrid type of grid in the nozzle and 
Hex/Wedge mesh elements in the mixing tube. 

 

Figure 5.8:  CFD model showing mesh of ejector geometry and plenums 
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5.1.3.5 Mesh Generation Procedure 

The following was the overall procedure for generating a mesh in the computational domain: 

• Boundary layer was attached at the outer edge of the rounded inlet face of the mixing 

tube and nozzle exit edges as shown in Figure 5.4 

• Quad-Pave mesh was created on the exit face of the nozzle. 

• Quad-Pave mesh was created on the inlet face of the mixing tube at rounded inlet 

• The rounded inlet part of the mixing tube was meshed with the Cooper scheme, which 

created mesh on the common face of rounded inlet volume and the mixing tube 

volume. 

• Volume of the mixing tube was meshed with the Cooper scheme 

• Sec-inlet plenum volumes were meshed by the Cooper scheme 

• Exit plenum and mixing tube plenum volumes were meshed with the Cooper scheme 

• Primary inlet face was meshed with Quad-Map scheme 

• Pre-nozzle-annular volume was meshed using the Cooper scheme 

• Nozzle was meshed with cooper scheme for Sr1 models (having round nozzle) and 

Tet/Hybrid scheme for Sr2 models (having circular to oblong transitional nozzle). 

• Ellipsoidal transition volume was meshed with Tet/Hybrid scheme 

• The inlet plenum around the nozzle was meshed with Tet/Hybrid Hex Core scheme for 

Sr2 models. 

5.1.4 Boundary Conditions 

Specifying the proper boundary conditions (BC) is an important component of the numerical 

simulations. They define the flow and thermal parameters at the boundaries of the computational 

domain. 
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The boundary conditions were specified in Gambit by defining the boundary type. The values 

for the parameters e.g. velocity, pressure and temperature are set after the model was imported into 

the Fluent. Figure 5.9 shows the boundary types used in the numerical modeling. Only the boundary 

types used in the numerical modeling of the current study will be discussed here. 

5.1.4.1 Mass Flow Inlet 

Mass flow rate boundary condition was applied at the inlet of the annulus of the computational 

domain. As the mass flow rate upstream from the nozzle was known from the experiments, this 

boundary condition was most appropriate to apply among the other types of inlet boundary 

conditions. A mass flow boundary condition (BC) specifies a certain mass flow rate across the 

boundary. This BC is normally used to match the specific mass flow rather than to match the total 

pressure of the stream. Mass flow rate, total temperature, flow directions (specifying the degree of 

swirl) and turbulence parameters were specified as inputs of this BC. The turbulence in the inlet flow 

was specified in terms of turbulence intensity and hydraulic diameter of the annulus. 

Direction vector was used for the direction specification method. The flow direction was 

specified in cylindrical coordinates. The axial component of flow direction was equal to 1. The 

tangential component of flow direction was specified according to desired modeling of the swirl angle 

in the flow according to Eq. (5.1) 

 

Figure 5.9:  Types of boundary conditions used in numerical modeling 
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ϕtan=tu  
(5.1) 

where ut is the tangential component of the flow direction and the φ is the swirl angle of the flow in 

degrees. 

The value of the inlet temperature for modeling of Sr1 was taken from the experimentally 

measured temperature inside the settling chamber of the wind tunnel. This temperature was used to 

provide temperature input in the BCs. In test series 2 the temperature of the flow was measured 

upstream of the 7-hole probe measurement station. Many material properties of interest, like 

viscosity, density and thermal conductivity, depend on temperature; therefore, an accurate 

temperature input for the modeling of Sr2 was critical. 

5.1.4.2 Pressure Inlet 

The pressure inlet boundary condition is used to specify pressure at a flow inlet boundary. This BC 

was used because the mass flow rate or the velocity was not known and the pressure was known far 

away from the ejector (atmospheric pressure). This boundary condition is also suitable to define free 

boundary in an external or unconfined flow, which occurs outside the ejector exit. 

The pressure inlet boundary condition was applied to the outside surfaces of the inlet plenum, 

MT plenum and the exit plenum as shown in Figure 5.9. As the turbulence parameters were not 

known at the secondary inlet conditions and very low flow velocity was expected, the default 

turbulence parameters were used. A study of the effect of different turbulence levels specified in the 

pressure inlet/outlet boundaries is provided in Section 5.3.4. 

5.1.4.3 Pressure outlet 

Pressure outlet BC was specified on the exit section of the exit plenum. Pressure outlet boundary 

condition requires the specification of static (gauge) pressure at the boundary. Static gauge pressure 

equal to 0 Pa was applied at the exit section of the boundary plenum, which seemed a reasonable 

assumption for 7.5 mixing tube diameters away from the exit of the mixing tube. The experimental 
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data of the pressure distribution at the exit of the ejector showed that the area averaged static pressure 

was slightly above the atmospheric pressure at the ejector exit. 

5.1.4.4 Walls 

The physical geometry of the ejector was modelled by specifying the wall boundary condition at its 

surface. All the series 2 models were made of stainless steel. Consequently, Fluent default material 

was changed to steel for series 2 modeling. The wall thickness of 1mm was specified in the boundary 

conditions panel. The shear stress and heat transfer between the fluids govern the losses and 

distribution of temperature respectively. Fluent specifies no-slip condition by default. A wall 

roughness of 0.045mm was specified for steel walls of Sr2 and 0 mm was specified for plastic models 

of Sr1 as pointed out by Moody [77]. The height of the near wall cells in the mesh was greater than 

the roughness height. 

5.2 Computation 

Fluent version 6.2, developed by FLUENT Inc., Lebanon, NH, was used for CFD analysis. Fluent is 

based on finite volume numerical technique. This method was initially developed as a special finite 

difference formulation. This technique is a very well established and thoroughly investigated general 

purpose CFD technique [12]. The numerical algorithm of the CFD analysis consists of the following 

steps 

• formal integration of general differential governing equations over the domain of the 

problem, which is divided into a finite number of small control volumes 

• the continuous information contained in the exact solution is approximated by discrete 

values leading to a number of algebraic equations. 

• solution of algebraic equations by an iterative method 

Continuity, momentum, energy and the state equations are solved together for the fluid flow 

and heat transfer of a fluid. 
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5.2.1 Convergence Criteria 

The convergence of the solution was judged by monitoring three parameters: 

1 Residuals 

2 Static pressure at mixing tube inlet 

3 Mass flow rate at the exit of the mixing tube 

The monitors of the scaled residuals were set equal to 10-6. The scaled residuals were 

monitored and further computations were stopped by the solver after they dropped below 10-6. The 

case was solved for a few more iterations to see that the residuals continue to decrease in order to 

confirm the convergence according to this criterion. 

As the pumping and the pressure rise were the two most important parameters in the current 

study, therefore the variation of these parameters were also considered in the convergence of the 

numerical results. The mass flow rate was monitored at the exit of the ejector and static pressure was 

monitored at the inlet section of the mixing tube. 

5.2.2 Discretisation Schemes 

Numerical solution of governing equations is achieved by integrating the differential governing 

equations about the finite volumes to obtain simple algebraic equations. These algebraic equations are 

solved by the solver for discrete nodes/volumes by an iterative method. 

A number of discretisation schemes available in Fluent are briefly discussed below with 

respect to their selection for the current study. 

The first order upwind scheme was used only to get an initial solution for hard-to-converge 

problems. Convergence of solution was very difficult when RSM was used for turbulence modeling. 

In order to get a reasonable initial result the flow was modeled by using the 1st order scheme. 1st order 

scheme has higher truncation errors because the higher order terms of the Taylor’s series are dropped. 

The discretisation scheme was changed to 2nd order after the convergence with 1st order was achieved. 
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Higher order accuracy was obtained with a 2nd order scheme. In this approach the truncation error was 

reduced because of one more term of the Taylor series expansion. 

The Power law scheme was also available in Fluent which suggested different empirical 

correlations for combined convection and diffusion depending upon the Peclet number of the flow. 

This scheme becomes identical to the exact exponential scheme for absolute values of Peclet number 

(Pe) greater than 10. The Peclet number is a relative measure of the strengths of convection and 

diffusion of the flow property e. g. velocity or temperature. 

x

uPe

δ

ρ
Γ

=  
(5.2) 

where 

ρ is the density 

u is the velocity 

Γ is the general diffusion coefficient 

δx is the cell width 

The QUICK scheme available in Fluent has a slight tendency of un-boundedness as 

mentioned by Versteeg and Malalasekera [12]. It can also lead to the negative turbulence kinetic 

energy in k-ε model computations [12]. For these reasons the QUICK scheme was not utilized in the 

numerical modeling. 

Fluent also provided the option of using a third order, MUSCL scheme. This scheme was 

formed by blending a centre-differencing scheme with a second order upwind scheme [13]. This 

scheme was not utilized because of the extra computational expense and possibility of undershoot and 

overshoot for flow with discontinuities. 

In the computational study the second order upwind discretisation scheme was employed on 

the basis of the following reasons: 

• simplicity 

• less computational expense 
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• it helps reduce the numerical (false) diffusion [13] 

• it does not produce overshooting or undershooting [13] 

5.2.3 Near Wall Treatment 

The k-ε and RSM models available in the Fluent are valid for turbulent regions far from the 

walls, whereas SA and k-ω models are applicable up to the near wall region depending upon the mesh 

resolution near the wall. Consideration is needed especially for high Reynolds number models to 

bridge the gap between the fully turbulent core and near wall viscous region. Fluent provided two 

options for dealing with this problem. 

• Wall functions 

• Near wall model 

Wall functions are semi-empirical formulas which model the near wall region instead of 

resolving it. These formulas connect the viscosity affected region with the fully turbulent core region. 

In the enhanced wall treatment the turbulence models are modified and applied in the viscosity 

affected region with a mesh fine enough to resolve the viscous sublayer near the wall. 

In the standard wall functions the mean velocity is solved using the law of the wall, which is 

valid for y* > about 30 to 60. In Fluent the law of the wall is based on y* instead of y+.  y* is defined 

as [13]: 

μ
ρ μ PP ykC

y
2/14/1

* ≡  (5.3) 

and 

ρ
τ
μ

w

PP kCU
U

2/14/1

* ≡  
(5.4) 

and the law of the wall used by the Fluent is: 
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( )*ln1* yEU
κ

≡  (5.5) 

where κ = von Karman constant (= 0.42) 

 E = empirical constant (= 9.793) 

 UP = mean velocity of fluid at point P 

 kP = turbulence kinetic energy at point P 

 yP = distance of point P from the wall 

 μ  = dynamic viscosity of the fluid 

In the current study non-equilibrium wall functions were used for near wall modeling. Non-

equilibrium wall functions were preferred because when there are severe pressure gradients and the 

flows are in strong non-equilibrium, the standard wall functions cannot produce good predictions due 

to the equilibrium hypothesis (turbulence production is equal to dissipation) and the constant shear 

assumptions. In the non-equilibrium wall functions the mean velocity in the near wall cells is 

sensitized to the pressure gradient effects. 

The y+ for the near wall cells in the modeling of the current study was in the range of 30 to 

250 which was most suitable for the wall functions approach of near wall treatment. For the enhanced 

wall treatment the y+ for the near wall cells should be with in viscous sublayer i.e y+ < 5. Based on the 

near wall mesh and the computational effort the non-equilibrium wall functions were used in the 

current study. 

5.2.4 Selection of Turbulence Model 

Based on the review of the turbulence models in Section 3.6 a unanimous agreement was not 

achieved about the performance of a particular turbulence model in one or more flow types. Most of 

the models were able to predict the mean velocities well but the turbulence quantities were not 

predicted effectively. The k-ε model and its variants available in the Fluent were able to perform 

better than the k-ω based models and SA model in the jet flows. However, in the near wall regions the 
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SA and k-ω based models performed better. Among the k-ε based models realizable and RNG k-ε 

models performed better than standard k-ε model. 

A preliminary study was performed with different turbulence models available in Fluent to 

check the relative computational effort. It was observed that the k-ε and R k-ε models were the least 

expensive in terms of computational effort. The RNG k-ε model was always difficult to converge and 

required a significant reduction of under-relaxation factors and step-by-step increase in the mass flow 

rate to the desired value. This made the computations of this model more expensive than the other 

two types of k-ε models. 

The SA, k-ω and the SST k-ω models were also difficult to converge, especially in the 

swirling flows, but they were better than the RNG k-ε model in terms of convergence. Turbulence 

kinetic energy (k) was the most demanding parameter in the SST k-ω model and the turbulence 

dissipation rate (ε) was the most demanding in the case of the RNG-k-ε model. 

The RSM was the most expensive among all the turbulence models employed in the current 

study. The energy equation in the RSM led the computation to diverge in the beginning. Therefore the 

energy equation was not solved until a converged solution was obtained for the momentum when 

solving based on RSM. Turbulence dissipation rate and the Reynolds stresses were the last to 

converge in the RSM. In a summary, the RSM is a number of times more expensive in terms of 

computational effort, memory usage and input from the user. Despite the superiority of RSM over 

other RANS turbulence models, this model was not used for modeling every test case for the above-

mentioned reasons. 

The SA, k-ω and SST k-ω models were developed for low Re; therefore, they are expected to 

perform better in the viscosity affected near wall region. The abilities of these models can be fully 

utilized when the mesh is fine enough to resolve the buffer layer and the viscous sublayer. In Fluent 

the low Re boundary conditions are applied when the mesh is fine near the wall so that y+ < 5. When 

the mesh near the wall is not fine enough, Fluent uses the wall function approach [13]. 
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It may be noted that the low Reynolds number models advantage in the current study relies 

on the computation of viscosity affected near wall regions. The computational domain of the current 

study was of the order of 3m x 1.5m x 1.3m. In a mesh having 2 million volumes with boundary layer 

near the walls, the near wall cell y+ values obtained in the simulations were between 30 and 250. The 

y+ of this order is most suitable for the wall functions approach. Because of the time constraint and 

computational expense, it was not possible to make a mesh having y+ < 5 for every test case. 

The following strategy was adopted for the numerical simulation in this study: 

• A grid of about 2 million volumes was generated for each case which resulted in the 

wall cells y+ in the range of 30 to 250. All the cases were initially modeled with R k-ε 

turbulence model and non equilibrium wall functions on the basis of better prediction 

of R k-ε compared to Standard k-ε, Sa and k-ω based models in the jet flows and lower 

computational cost with respect to RNG k-ε and RS models. 

• The results were compared with the experimental data with respect to the following 

parameters: 

− Pumping ratio 

− Pressure rise 

− Velocity and pressure profiles 

− Flow patterns 

• Repeated the cases of poor predictions with SST-k-ω, RNG k-ε and RSM while 

keeping the same grid 

5.2.5 Material Properties 

Defining the material properties is also an important step for obtaining a realistic solution in 

numerical simulations. Fluent allows for definition of the material properties for solids and fluids. 

Defining of material properties was critical for hot flow test simulations because many of the material 

properties depend on the temperature e.g. see Figure 5.10. 
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Air was used as the fluid medium for both Sr1 and Sr2 simulations. For Sr1 the density 

formulation was set as ideal gas and all the other material properties were left as default. For hot flow 

testing the density formulation was set as ideal gas, and thermal conductivity, viscosity and constant 

pressure specific heat were defined as polynomial functions of temperature according to the Equation 

set (5.6) and were plotted in Figure 5.10. 
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where k, Cp and μ are thermal conductivity, specific heat at constant pressure and dynamic viscosity 

respectively. 

Electronic equation slower (EES) was used to obtain the polynomial relationships of Eq. 

(5.6). It may be noted here that the individual coefficients in Eq. (5.6) are arbitrary. Other sets of 

coefficients can also lead to the nearly identical curves plotted in Figure 5.10. 

In the cold flow testing of Sr1 the mixing tubes were made of plastic but because of the no 

heat transfer considerations the default solid material was left as aluminum with the surface 

roughness of 0 mm specified as mentioned above in section 5.1.4.4. For the modeling of the hot flow 

tests the solid material was set as steel and the default properties of steel in the Fluent database were 

accepted. 
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Figure 5.10:  Variation of material properties of air with the temperature, (a) thermal 
conductivity, (b) specific heat and (c) viscosity 
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5.3 CFD Independence Studies 

CFD studies were performed to check the effect on the prediction of performance parameters 

produced by grid size, domain, primary flow Reynolds number and the level of turbulence specified 

in the pressure inlet and out boundary conditions. 

5.3.1 Grid Independence Study 

The 35° bent ejector models were developed with different grid sizes varying form 0.16 to 3.0 million 

cells. At the time of grid investigation the experimental results were not available therefore, the 

smaller grid cases were compared with the case having highest number of volumes. 

Table 5.1 shows the results of the grid sensitivity study. The grid size of the CFD models was 

changed from 0.16 million volumes to 3 million volumes which is a variation of 18.75 times. During 

this variation the mesh of the primary nozzle and the mixing tube (total mesh size of the geometry) 

was increased from about 50,000 volumes to 1.1 million volumes increasing the mesh of the 

geometry more than 23 times. During this big variation in the mesh size the m3/m1 was 1.05 times, the 

pressure rise was 1.28 times and the total pressure loss from the inlet to the exit of the ejector was 

1.09 times of the predictions by model having the smallest grid. 

Table 5.1:  Grid independence investigation 

Total Mesh 
size Nozzle MT Total 

geometry 
Total 

plenums m3/m1 Pressure rise Po1 – Po3 

1.6 x 105 19592 30369 49961 111274 1.95 0.23 2499 

3.5 x 105 65684 46090 111774 248476 1.91 0.20 2392 

1 x 106 186799 165464 352263 629200 1.89 0.19 2381 

2.3 x 106 363201 252894 616095 1664270 1.88 0.18 2329 

3.0 x 106 603872 603872 1164138 1818989 1.85 0.18 2302 
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Based on the difference in the predictions, the computational effort of each case and the 

available computational resources the grid density in the range of 2 million volumes was selected for 

the computation of all test cases. The models used for numerical computation had grid densities in the 

range of 2.0 to 2.5 million volumes. 

5.3.2 Length of Exit Plenum 

The plenums around the secondary inlet for the secondary flow and around the mixing tube exit were 

employed to provide known boundary conditions at the domain boundaries. This allowed the pressure 

at the inlet and the exit of the mixing tube to vary with the flow conditions. The optimum length of 

the exit plenum was found by studying the effect of plenum length on the solution. The length of the 

exit plenum was varied from 5Dm to 10Dm. Table 5.2 and Figure 5.11 show the results of exit plenum 

study. 

Table 5.2:  Plenum length study 

Plenum length m3/m1 Pressure rise Po1 – Po3 

L=5.0Dm 1.88 0.18 2329 

L=7.5Dm 1.88 0.18 2329 

L=10Dm 1.88 0.18 2329 

 

Neither the average numerical values of the performance parameters changed with the change 

of exit plenum nor there was any significant difference between the exit contour plots of the pressure 

and the velocity. This showed that the length of the exit plenum equal to 7.5Dm was more than 

enough. However, as the actual mass flow rate through the nozzle varied from case to case and the 

smaller exit plenum was expected to affect the exit flow properties in a higher mass flow rate case 

therefore exit plenum equal to 7.5Dm long was selected for the numerical computations. 
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L=5Dm L=7.5Dm L=10Dm 

Figure 5.11:  Exit pressure contour plots of three cases with same geometry but different length 
of the exit plenum. 

5.3.3 Investigation of Reynolds Number Independence 

According to previous studies e.g. Vyas and Kar [4], the pumping of the ejector becomes independent 

of the Reynolds number for values above 2 x 104 based on the nozzle exit diameter. The effect of the 

Reynolds number was studied by solving the CFD model of 35° bent ejector with different primary 

mass flow rates. Range of the primary mass flow rate was selected to cover both sides of the expected 

Reynolds number in the experimental testing. The results of Reynolds number investigation are 

provided in Table 5.3. 

The pumping ratio of the ejector remained nearly the same in all the cases of Reynolds 

numbers tested. The pressure rise of the lowest mass flow rate was higher than all the rest of the 

cases. The pressure rise remained nearly same for all the cases of Re equal or greater than 1.7 x 105. 

This showed that the pumping ratio of the ejector was independent of the Reynolds number for its 
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value greater than 8.5 x 104. The inlet to exit total pressure difference continuously increased with the 

Re because of the friction losses. 

 

Table 5.3:  Study of Reynolds number effect 

Reynolds 
number m3/m1 Pressure rise Po1 – Po3 

Re=8.5 x 104 1.886 0.219 265 

Re=1.7 x 105 1.889 0.184 1049 

Re=2.5 x 105 1.883 0.187 2329 

Re=3.4 x 105 1.881 0.186 4144 

Re=4.2 x 105 1.887 0.184 6439 

 

5.3.4 Investigations of Turbulence Level in the Boundary Conditions 

The turbulence intensity in the primary flow was measured by a Laser Doppler Anemometer. This 

turbulence level was given in the mass inlet boundary condition panel by specifying the turbulence 

intensity and the hydraulic diameter of the flow. The turbulence level in the secondary flow was not 

known therefore the CFD models were based on the default values of the turbulence in the pressure 

inlet and exit boundary condition panels for the surfaces of the plenums around the ejector geometry. 

It may be noted that the CFD modelling was done before the experimentation of the actual ejectors 

was performed. 

After the experimental data of the ejectors were obtained the CFD models results were 

compared with the experimental data. To investigate the reasons behind the differences in the 

performance parameters of the experimental and CFD models results, the flow details inside the 

ejectors were studied. A considerable difference in the size of the inlet separation bubble was noticed 

in this comparison. The effect of different turbulence levels in the secondary flow on the size of inlet 



 

 131

separation and the performance parameters was considered in this investigation. The turbulence level 

in the secondary flow was varied from very high to a very low and the results are provided below. 

Figure 5.12 and Figure 5.14 show the turbulence kinetic energy around the inlet section of the 

ejector for one case each from series 1 and series 2 of testing. A significant difference in the 

turbulence kinetic energy at the inlet of the mixing tube with the different turbulence levels are 

specified in the pressure inlet and outlet boundary conditions. 

Figure 5.13 and Figure 5.15 show the negative axial velocity around the inlet section of the 

ejector for one case each from series 1 and series 2 of testing. These figures show the size of 

separation bubble at the inlet of the mixing tube. For the cold flow case with 40° swirl of series 1 

there was no separation bubble observed when a high level of turbulence was specified at pressure 

inlet and outlet boundaries size of the separation but when a low level of turbulence was specified a 

separation bubble speared at the mixing tube inlet. 

For the hot flow case of series 2 with no swirl in the primary flow the separation bubble was 

seen with both the high and low levels of turbulence in the secondary flow. However the size of the 

separation bubble increased when the turbulence level was low in the pressure inlet and outlet 

boundary conditions. 

Table 5.4 and Table 5.5 list the performance parameters predicted by both of the cases of 

turbulence levels. The pressure at the inlet of the mixing tube was changed by 5% and 6% 

respectively for cold and hot flow cases. The mass flow rate at the exit of the ejector changed by 3.4 

and 0.3 % for cold and hot flow cases respectively. 

These results show that the difference in the turbulence levels specified for the secondary 

flow will significantly affect the flow patterns and the performance parameters. 
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(a) 

 

  

(b) 

 

 

Figure 5.12: The effect of different turbulence level specified on pressure inlet and outlet 
boundaries-contours of turbulence kinetic energy (m2/ s2);for 67.5° bent round ejector- 40° 
swirl; (a) k =1m2/s2 and ε = 1m2/s3, (b) k = 10-5 m2/s2 and ε = 10-5 m2/s3. 
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(a) 

 

  

(b) 

 

Figure 5.13: The effect of different turbulence level specified on the pressure inlet and outlet 
boundaries – contours of negative axial velocity for 67.5° bent round ejector - 40° swirl; (a) 
k =1m2/s2 and ε = 1m2/s3, (b) k = 10-5 m2/s2 and ε = 10-5 m2/s3. 
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(a) 

  

   

(b) 

 

Figure 5.14: The effect of different turbulence level specified on pressure inlet and outlet 
boundaries conditions-contours of turbulence kinetic energy (m2/ s2); (a) k =1m2/s2 and ε = 
1m2/s3, (b) k = 10-5 m2/s2 and ε = 10-5 m2/s3. 
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(a) 

 

  

(b) 

 

Figure 5.15: The effect of different turbulence level specified on pressure inlet and outlet 
boundaries-contours of negative axial velocity (a) k =1m2/s2 and ε = 1m2/s3, (b) k = 10-5 
m2/s2 and ε = 10-5 m2/s3. 
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Table 5.4:  Effect of turbulence level in the pressure inlet/outlet for 67.5° bent 
ejector - 40°swirl case of Sr1 

Parameter Default Low k & ε %Difference 

P2 (Pa) -157 -149 5% 

k2 (m2/s2) 31 2.7 _ 

P3 (Pa) -36 -35.6 1% 

m3 (kg/s) 2.07 2.00 3.4% 

T3 (K) 480.3   

 

Table 5.5:  Effect of turbulence level in the pressure inlet/outlet for straight ejector, 
0° swirl, hot primary flow case of Sr2 

Parameter Default Low k & ε %Difference 

P2 (Pa) -702 -745 6% 

k2 (m2/s2) 87 61 - 

P3 (Pa) -26 -29 1% 

m3 (kg/s) 3.522 3.513 0.3% 

T3 (K) 480.3 480.8 0.1% 
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Chapter 6 

Results and Discussion 

6.1 Mass Conservation Tests 

Before comparing the inlet and exit flow quantities of an ejector it was important to confirm the 

mass flow rates measured at station 1, for primary air and at station 3 or station 4 for combined 

stream. Measurements were taken upstream of the nozzle with either the 3-hole probes or the 7-

hole probes and at the exit of the nozzle (with mixing tubes removed) with 7-hole exit traversing 

probe. By this configuration the measurements of the same quantity of air, taken at two stations 

were compared with each other. After gaining confidence for the primary and total mass flow rate 

measurements, the secondary mass flow rate was calculated by subtracting the primary mass flow 

rate from the total in the tests on ejectors. 

Mass conservation tests were performed on the round and oblong nozzles used in test 

series 1, 2 and 3. Measurements were performed with different swirls and temperatures of the 

primary flow. Figure 6.1 shows the primary and the exit flow measuring probes, as used in the 

mass conservation tests. 

The primary flow measured upstream of the nozzle and at the nozzle exit agreed within 

the uncertainty associated with the measuring process. Table 6.1 provides a summary of the 

parameters observed in the mass conservation tests. It may be noted that test 1 was performed on 

the CFWT and the tests 2 and 3 with round nozzle were performed  
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Figure 6.1:  Picture showing the primary flow measurement section and the exit traversing 
7-hole probe in the mass conservation test on the oblong nozzle 

on the HGWT. The table also shows the losses (as the difference of total pressure at station 1 and 

2) in the nozzles with different flow conditions. 

Table 6.1: Mass conservation tests summary 

Test description 
No 

Nozzle Swirl° Temp 
°C 

mp1 
(kg) 

mp2 
(kg) 

% Diff  p1 
(Pa) 

p2 
(Pa) 

Po1 
(Pa) 

Po2 
(Pa) 

Losses 
(Pa) 

1 Round 0 25 1.62 1.58 2.6% -2910 -77 3877 3647 230 

2 Round 30 27 2.08 2.00 3.7% 1270 -291 4881 4335 547 

3 Round 30 408 1.60 1.52 5.0% 1575 -323 6541 6006 535 

4 Oblong 0 30 2.22 2.21 0.5% 1553 202 4668 5180 555 

5 Oblong 0 411 1.81 1.78 1.6% 2041 249 7197 6581 897 

6 Oblong 20 30 2.17 2.09 3.7% 1899 299 5571 4773 798 

7 Oblong 20 419 1.70 1.67 1.6% 2435 406 7682 6535 1148 

8 Oblong 30 23 2.04 2.03 0.7% 2087 335 5529 4926 604 

9 Oblong 30 395 1.57 1.54 1.7% 2602 492 7232 6370 862 

 

Primary 
probes 
station Exit 

probe 
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6.2 Primary Flow Conditions 

6.2.1 Mean Velocity and Pressure 

The flow properties upstream of the primary nozzle were measured to compare the primary and 

secondary flow conditions. These measurements also provided the information about the flow 

profiles before entering the nozzle. Figure 6.2 to Figure 6.5 show the primary flow conditions 

obtained by traversing 3-hole probes in the annulus pipe in the test series 1. 

The velocity profile for the no swirl and 40° swirl cases are shown Figure 6.2 and Figure 

6.3 respectively. Due to the swirl the maximum velocity region moves to the outer wall of the 

annulus. This is due to the centrifugal force acting on the volume of air. The radial pressure 

distributions at four locations in the annular pipe before the nozzle are shown in Figure 6.4 and 

Figure 6.5 for 0 and 40° swirling flow respectively. The static pressure towards the outside wall is 

higher than the pressure near the inside to balance the centrifugal force of the fluid. 

Figure 6.6 shows the velocity contours at the exit of the round nozzle for cold and hot 

flow cases measured during the mass conservation tests. The low velocity region in the centre of 

the nozzle is due to the presence of the annular region upstream of the nozzle. Figure 6.7 shows 

the velocity distribution at the exit of oblong nozzle with no swirl for cold and hot flow cases 

respectively. The velocity of the hot flow case is about twice the velocity of the cold flow. This 

higher velocity and viscosity due to the temperature lead to higher nozzle losses in the hot flow as 

compared to the cold flow tests. 
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Figure 6.2:  Primary flow velocity profile in the annulus for the straight ejector case with no 
swirl, measurements taken by 3-hole probes in test series 1. 
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Figure 6.3:  Primary flow velocity profile in the annulus for the straight ejector case with 
40° swirl, measurements taken by 3-hole probes in test series 1. 
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Figure 6.4:  Primary flow pressure profile in the annulus for the straight ejector case with 
no swirl, measurements taken by 3-hole probes in test series 1 
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Figure 6.5:  Primary flow pressure profile in the annulus for the straight ejector case with 
40° swirl, measurements taken by 3-hole probes in test series 1 
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Figure 6.6:  Velocity contours at the exit of the round nozzle with no swirl in the primary 
flow; (a) ambient primary flow, (b) hot primary flow (data from mass conservation tests) 
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Figure 6.7:  Velocity contour at the exit of the oblong nozzle with no swirl in the primary 
flow; (a) ambient temperature, (b) hot temperature 
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6.2.2 Turbulence Intensity 

Limited turbulence intensity measurements were made with different swirl and temperature 

settings at the exit of the annulus and at the exit of round and oblong nozzles. The main purpose 

for these measurements was to provide boundary conditions for the numerical solver for 

modelling of these test cases. Two component Laser Doppler Anemometry was used to obtain 

turbulence intensity data.  

Figure 6.8 to Figure 6.10 show the turbulence intensity distribution at the exit of the 

annular pipe, round and oblong nozzles respectively. It was observed that the turbulence intensity 

of cold flow was generally higher than the hot flow. This was due to the higher mean velocity in 

case of the hot flow. However, turbulence kinetic energy of the hot flow is higher than the cold 

flow. The relationship between turbulence intensity and turbulence kinetic energy is given in 

Equation (6.1) 

refU

k
TI 3

2

=  
(6.1) 

 

The turbulence intensity was higher on the sides, i. e. close to the walls, as compared to 

the central region. This was in agreement with the previous studies e.g. Yaras [45]. In the 30° 

swirl case the turbulence intensity was higher close to the inner wall of the annulus as compared 

to the outer wall (see Figure 6.8) because of the lower mean velocity on the inner wall. 

In all of the 30° swirl cases measurements could not be obtained in the centre of the 

nozzle because of the very low velocity region in the centre caused by the annular to circular or 

oblong transition. Due to the very low flow, enough seeding particles were not available in the 

central region to obtain a Doppler signal. 
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(b) 

Figure 6.8:  Horizontal centreline turbulence intensity distribution at the exit of annular 
pipe, (a) 0° swirl, (b) 30° swirl 
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(b) 

Figure 6.9:  Horizontal centreline turbulence intensity distribution at the exit of round 
nozzle, (a) 0° swirl, (b) 30° swirl 
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(b) 

Figure 6.10:  Horizontal centreline turbulence intensity distribution at the exit of oblong 
nozzle, (a) 0° swirl, (b) 30° swirl 
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(b) 

Figure 6.11:  Average turbulence intensity distribution as a function of. flow temperature at 
the exit of annular pipe, round and oblong nozzles, (a) 0° swirl, (b) 30° swirl 

Mass averaged turbulence intensities for different flow and swirl conditions are given in 

Figure 6.11. The turbulence intensity was based on the total velocity magnitude (Uref = U ) and 
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the average of the two fluctuating components i.e. w' in the axial direction and v' in the y-axis at 

any point. In the hot flow (500° C) cases the turbulence kinetic energy was higher than the cold 

flow. Due to the higher turbulence kinetic energy, the hot flow keeps attached with the bend walls 

causing smaller or no separation as compared to cold flow. It also increases the mixing of the two 

streams in the ejector. It will be seen that the combined flow at the exit section of the ejector has 

lower kinetic energy factor when the primary temperature is high. 

In Fluent the input boundary conditions were specified on the basis of the nozzle exit 

average turbulence intensity. Turbulence intensity was specified with the mass input boundary 

condition in the initial runs such that the average turbulence intensity obtained at the nozzle exit 

matched the measured average value. 

6.3 Uncertainty Analysis 

The difference between the true value and the measured or calculated value is called the error. In 

most of the engineering measurements the error can not be quantified with confidence unless the 

comparison is made with the conservation laws. On the basis of the past experience, 

manufacturer’s specifications and the statistical analysis we can specify the limits that bound the 

possible value of the error in a measurement. This possible interval in which the error lies can be 

referred to as “uncertainty”. “Uncertainty” or “uncertainty interval” is the interval around the 

measured value within which the true value is expected to lie [80]. 

The total error in a measured value can be divided into two categories: systematic error 

and random error [81]. Systematic or bias errors occur the same way each time a measurement is 

taken. Systematic errors can not be estimated by the statistical tools, rather they can be evaluated 

by comparison with a more accurate instrument or from the calibration data or from 

manufacturer’s specifications of the instruments. Random or precision errors vary from 

measurement to measurement but their average is zero. The distribution of precision error 

becomes obvious if multiple readings of a variable are taken. 
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Different measuring instruments were utilized for the measurements of the flow 

parameters. The systematic error of the velocities and pressures measured by 7-hole and 3-hole 

probes were estimated from the calibration data of the respective instruments. The bias error in 

the temperature was estimated by the manufacturer’s specifications of the thermocouples. The 

bias errors of the Pitot static tube measurements were estimated by running the auxiliary 

experiments. 

Uncertainties in the individual measurements propagate into the uncertainties in the 

calculated results. The process of estimating the uncertainty in the calculated result from the 

individual measurements is called uncertainty analysis. Kline and McClintock [82] presented a 

realistic method of estimating the uncertainties in the results of single sample experiments. They 

showed that the uncertainty in a computed result can be estimated by combination of the effects 

of each of the measured variable as in Equation (6.3) [82]. If R is a function of some measured 

variables X1, X2 etc. 

( )nXXXXRR ,.........,, 321=  (6.2) 

then, 
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where, 
iX

R
∂
∂

 is the sensitivity coefficient of result R with the measured variable Xi. Rδ  is the 

uncertainty in the value of calculated result R; and iXδ  is the uncertainty in the measured value of 

variable Xi. The bias and random uncertainties in the results are separately calculated from the 

equation (6.3). The overall uncertainty in the result is then calculated by combining the bias 

uncertainty and the random uncertainty by the root-sum-square method. Table 6.2 lists the 

estimated uncertainties of the measured variables with various instruments. 
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Table 6.2:  Total estimated uncertainties in the measured variables 

Instrument Variable/Station Total Uncertainty 

7-hole probe 

Velocity angle 

Axial velocity 

Velocity magnitude 

Static pressure 

Dynamic pressure 

Total Pressure 

0.60° 

1.3 m/s (1.51% of wav )† 

1.2 m/s (1.38% of Vav) † 

94 Pa 

99 Pa 

54 Pa 

3-hole probe 

Velocity angle 

Velocity magnitude 

Static pressure 

Total pressure 

1.0° 

2.9 m/s 

102 Pa 

95 Pa 

Thermocouple 

Temperature (inlet) 

Temperature (exit) 

Temperature (ambient) 

3.6° 

2.4° 

1° 

Wall Taps 
Inlet static pressure 

Ejector wall pressure 

2 Pa 

9 Pa 

Pitot tube 

Velocity 

Static pressure 

Total pressure 

2 %‡ 

19 Pa 

45 Pa 

Laser Doppler 

Anemometer 
Turbulence Intensity 0.13% 

Thermal imaging 

camera 
Temperature 2% or 2°C ‡ 

 †: Average value measured during calibration or auxiliary experiment, 
 ‡: Based on manufacturer’s data 

The uncertainties in the measurements and the calculated results are computed by the 

method described by Moffat [80]. The errors in the measured velocity, pressure, and the 

temperature are propagated into pumping ratio, pressure rise and other performance parameters. 

The overall uncertainty in a measurement has contributions from the following components: 

• uncertainty due to the measuring system itself 

• uncertainty due to the unsteadiness of the measurand 



 

151 

• uncertainty due to the measurement process 

The uncertainties due to the measuring system for the 3-hole and 7-hole probes were 

estimated in the calibration process. 

Detailed uncertainty analysis is provided in Appendix C. 

Table 6.3:  Total estimated uncertainties in the calculated results 

Uncertainty 

Parameter Magnitude (based on 
Sr2 St-0swirl hot data) % 

Primary mass 
flow rate 0.045 kg 2.4% 

Total mass flow 
rate 0.08 kg/s 2.2 % 

Secondary mass 
flow rate 0.074 kg/s 4 % 

Pumping ratio 0.022 4.6 % 

Pressure rise 0.0183 5 % 

 

In the next part of this chapter the experimental results and the numerical predictions are 

presented. The results are organized with respect to the following observations: 

1. Performance of circular sectioned bent ejectors (Sr1) 

a. Effect of bend 

b. Effect of swirl in the primary flow 

2. Performance of oblong sectioned bent ejectors (Sr2) 

a. Effect of bend 

b. Effect of swirl in the primary flow 

c. Effect of primary flow temperature 

3. Performance of ejectors with entraining diffusers (Sr3) 
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a. Effect of bend 

b. Effect of swirl in the primary flow 

c. Effect of primary flow temperature 

4. Comparison of ejector performance with and without entraining diffuser 

5. Effectiveness of RANS based modest CFD models to predict the performance 

parameters 

6.4 Test Series 1 

Test series 1 contained four round sectioned ejectors with area ratio equal to 4. Table 6.4 lists the 

detail of testing of series 1. In this series the ejectors with 22.5, 45 and 67.5° bends were tested 

along with a baseline straight ejector. The geometry detail of the components of test series 1 is 

provided in Section 4.2.1. All the ejectors were tested at three swirl conditions in the primary 

flow. A total of 12 tests were performed in this series. The primary flow velocity and pressures 

were measured by radially traversing 3-hole probes upstream of the nozzle and the exit flow 

properties were measured by a 7-hole probe traversed at the exit plane of the ejector. The flow 

temperature was measured by a thermocouple located in the settling chamber. 

Tests were performed at ambient temperature in this series, therefore the flow 

temperature at the exit was considered equal to the flow temperature measured in the settling 

chamber. The primary flow quantities measured and calculated during the testing are tabulated in 

Table 6.5. The Reynolds number was in the range where the pumping ratio becomes independent 

of it as stated by Vyas and Kar [4] and confirmed by Reynolds number study performed using 

CFD. Results of the Reynolds number study are provided in Section 5.3.3. 

The static and total pressures were measured by 3-hole probes. The static pressure was 

averaged over the cross-sectional area and the total pressure was averaged over the mass flow 

across the cross-sectional area. The Ma at the exit of the nozzle and in the annular region 
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upstream of the nozzle was below 0.3 with the exception of one case in which the Ma in the 

annulus was 0.31. The flow was considered incompressible in all the cases. 

Table 6.4: Tests description of series 1 

Test # Ejector bend 
angle, θ° 

Primary flow 
swirl angle, φ° 

1-1 Straight 0° 

1-2 Straight 20° 

1-3 Straight 40° 

1-4 22.5° 0° 

1-5 22.5° 20° 

1-6 22.5° 40° 

1-7 45° 0° 

1-8 45° 20° 

1-9 45° 40° 

1-10 67.5° 0° 

1-11 67.5° 20° 

1-12 67.5° 40° 

 

Table 6.5: Primary flow quantities during test series 1 

 Re1 Ma1 T1 (°C) T2 (°C) 

Sr1 test cases 3.7 x 105 to 

5.0 x 105 

0.22 to 

0.31 

17-34 17-30 
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6.4.1 Pumping ratio (Sr1) 

The effect of the bend angle on the pumping of an ejector was investigated by using three 

bent ejectors with a baseline straight ejector. Figure 6.12 shows the variation of pumping ratio 

with the bend angle. The pumping decreases sharply with the degree of bend up to 45° angle after 

which it decreases slightly in the 67.5° bend ejector. The decrease in the pumping ratio was a  
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Figure 6.12:  Effect of bend angle on the pumping ratio (Sr1) 
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Figure 6.13:  Effect of swirl angle on the pumping ratio (Sr1) 
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result of recirculation and flow area blockage caused by the bend. The primary flow after issuing 

from the nozzle goes straight and hits the outside wall of the bend, where it blocks the flow area 

of the mixing tube causing the reduced secondary flow. 

The same data is presented in terms of swirl angle in Figure 6.13, which clarifies the 

effect of swirl on different bent ejectors. The pumping of the straight ejector increases with swirl 

angle up to 20° while it decreases with further increase in the swirl angle. This data is in 

agreement with the theory of the effect of low and high swirl number flows on the mixing and 

entrainment of jets [5]. 

The 20° swirler produces low swirl number flow whereas the 40° swirler produces high 

swirl number flow. The low swirl number flows are known for increasing entrainment and mixing 

of coaxial and free jets while on the other hand high swirl number flows produce separation and 

recirculation zone downstream of the nozzle. The recirculation and separation region causes the 

lower flow area and hence lower pumping in case of the straight as well the bent ejectors. 

In the bent ejectors (22.5–67.5°) the pumping increases with the 20° swirl angle and then 

remains constant with further increase of swirl angle up to 40°. This effect might be due to the 

fact that the swirl in the flow helps the flow to attach to the bend walls and decrease the size of 

separation and recirculation zone, effectively increasing the flow area around the bend region. 

The reduction in the flow area close to the nozzle exit (caused by high swirl number flow) is 

compensated by an increase in the flow area in the bend region with respect to the no swirl case. 

6.4.1.1 CFD model Predictions of Pumping Ratio (Sr1) 

Performance parameters of the numerical model predictions (referred to as “CFD results” in the 

following sections) were compared with the experimental data. The results are compared with 

respect to each performance parameter. All the cases were initially run with the realizable k-ε  

(R k-ε) model because of its easy convergence and robust nature as discussed in Chapter 3 and 5. 
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Some specific cases were tested using other turbulence models depending upon the difference 

between the experimental and CFD model results and the complexity of flow and geometry. 

Figure 6.14 shows the CFD model predicted pumping ratio of the four ejectors with 

respect to the swirl angle. As expected the pumping ratio increases with the swirl angle in the 

CFD cases. For the straight ejector the CFD model results follow the experimental data pattern 

for all swirl angles. 

The same data are presented in Figure 6.15 to compare the CFD model predictions with 

the experimental data for each ejector. The pumping ratio of the straight ejector is underpredicted 

in all swirl cases. This could be related to the underprediction of the spreading rate of the jet. The 

pumping increases with the swirl angle and in all the three bent ejectors the 20° swirl case 

predictions are closest to the experimental data. 
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Figure 6.14:  Pumping ratio predicted by the CFD models for different ejectors (Sr1) 

For the bent ejectors the CFD model predictions show a continuously increasing trend in 

the pumping ratio with the bend angle. This behaviour contradicts the experimental observations 

presented in Figure 6.13. The overprediction of the entrainment ratio as seen in Figure 6.15 might 

be due to: 
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• The central recirculation zone was underpredicted by the realizable k-ε (R k-ε) 

turbulence model as discussed in the literature review of turbulence models. 

• Over estimation of radial diffusive transport is associated with the numerical 

computation, which is observed in many computations with different turbulence 

models as mentioned in Section 3.6. Higher radial transport leads to the higher 

spreading of jet and hence higher entrainment. 
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Figure 6.15:  Comparison of R k-ε based numerical results of pumping ratio with the 
experimental data of the four ejectors (Sr1) 

To see the effect of turbulence model on the prediction of performance parameters and 

flow characteristics inside the ejector a case was solved with different turbulence models. The 

case of 67.5° bent ejector with 40° swirl was selected for further investigation on the basis of 
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predicted results, geometry and flow complexity (highly swirling flow in a strong streamline 

curvature). 

The investigation included refining the grid near the walls by grid adaption for the current 

turbulence model along with using RNG k-ε, SA, SST k-ω and RSM turbulence models with the 

current grid. Though RNG k-ε and SST k-ω also assume the μt as an isotropic scalar quantity but 

RNG-k-ε is reported to be better for swirling flows and SST k-ω was expected to provide better 

predictions near the walls due to its low Reynolds number approach in the near wall regions. A 

summary table of the investigation is presented in Table 6.6 comparing the pumping ratio and 

pressure rise of the investigated turbulence models with the measurements. 

Table 6.6 shows that the SST k-ω turbulence model was the best among the investigated 

models in terms of the prediction of pumping ratio. R k-ε with grid adaption and RSM did not 

show any significant improvement in the prediction of pumping ratio. The predicted pumping 

ratio of SA model was the worst. All the models overpredicted the pressure rise by the same 

amount with the exception of SA and SST k-ε models which overpredicted by a higher amount. 

The SA model was the worst in terms of the predicting the pressure rise. This suggests that the 

SA model is not appropriate for modelling of flow in these ejectors. The percentage difference in 

the predicted results and the experimental data was very large because of the low values of 

pumping ratio. 

The computational effort used in the process of obtaining a converged solution with the 

RSM model is much more than the effort needed for the baseline case of R k-ε model. During the 

process a constant observation of the solution was needed for alternatively solving the equations 

for flow, turbulence, Reynolds stresses and the energy; and reducing the under relaxation factors. 

Extra computational effort spent on modelling with RSM seems unreasonable considering the 

negligible improvement in the prediction of performance parameters. RNG k-ε was also difficult 
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to converge and a continuous monitoring of the solution was needed to guide it to the converged 

solution. 

Table 6.6: Comparison of performance parameters-experiments vs. various turbulence 
model predictions for 67.5° bent ejector with 40° swirl 

 Exp. RNG k-ε R k-ε with 
grid adaption RNG k-ε SA SST k-ω RSM 

Pumping 
ratio 0.55 0.65 0.64 0.48 0.68 0.55 0.65 

Pressure 
rise 0.09 0.16 0.16 0.16 0.28 0.22 0.16 

 

Beside the performance parameters the flow structures predicted by different turbulence 

models were compared. One of the significant flow structures inside an ejector is the separation 

and recirculation region. The separation affects all of the performance parameters of ejectors. 

Separation from the ejector walls was checked by visualization method by using streamers on the 

inside wall of the ejector. Strings were attached along the length on the inside of the mixing tube 

wall as shown in Figure 6.16. 

Flow separation was observed due to strong streamline curvature at the entrance of the 

mixing tube. The separation region was approximately 120 mm to 150 mm long starting from the 

mixing tube entrance. The first five strings moved upstream with the flow marking the reversed 

direction of the flow near the entrance of the mixing tube and all the strings after the fifth moved 

downstream showing the forward direction of the flow near the wall. 

This separation region has two effects on the ejector performance which are: 

• It reduced effective area of the mixing tube for the secondary flow leading to the 

smaller pumping on one hand and higher exit kinetic energy on the other. 

• It distorted flow due to the recirculation, which caused higher losses 
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Figure 6.16:  Mixing tube inlet separation shown by placing streamers along the wall 

As discussed earlier the swirl number of the flow from the 40° swirler was approximately 

equal to 0.66. A central recirculation zone was expected due to the high swirl number primary 

flow as shown in Figure 3.8. It was interesting to see the ability of various turbulence models to 

effectively predict these separation and recirculation regions. 

In Figure 6.17 the flow through the 67.5° bent ejector is shown by plotting the axial 

velocity contours on the left and reversed axial velocity on the right for each investigated case. 

This figure shows the amount of central recirculation zone and the recirculation bubbles on the 

side walls predicted by various turbulence models. 

R k-ε predicted a wake downstream of the annular to circular transition inside the nozzle 

and a central recirculation zone going up to the bend of the mixing tube. There is a recirculation 

region on the outer wall formed due to the blockage of passage on the outer side because of the 

primary flow hitting the outside wall of the mixing tube. There is no recirculation bubble on the 

inside of the mixing tube, which was seen in the experiments. From the Figure 6.17 following 

results can be extracted about the predictions of the R k-ε model: 
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• The effective area ratio of the ejector is larger than the experimental case due to no 

recirculation region on the inlet of the mixing tube leading to higher pumping. 

• Due to not predicting the recirculation on the walls the losses in the ejector are 

underpredicted leading to higher pressure rise as compared to the experimental 

measurements. 

• Although the size of central recirculation region was not measured in this study but 

the previous studies (e.g. [51]) show underprediction of central recirculation zone 

by k-ε models. This will also cause the overprediction of the pumping and pressure 

rise through the ejector. 

Although the predictions of performance parameters did not improve with the grid 

adaption but it helped in predicting the separation downstream of the bend on the convex wall. 

The separation on the convex wall was observed in the previous studies on bends e.g. [64]. No 

other model including SA and SST k-ω predicted separation on the convex wall. 

The RNG k-ε model was able to predict the centre recirculation zone and the separation 

from the walls at the inlet of the mixing tube. The predicted magnitude of the reversed flow was 

also largest in the RNG k-ε case. This shows that the RNG k-ε model is a better choice for 

modelling such devices with highly swirling flow. Note that the pumping ratio predicted by RNG 

k-ε model was closest to the experimental value after the SST k-ω model. 

The SA and SST k-ω models show separation from the mixing tube walls on the inlet of 

the mixing tube but they completely missed the central recirculation zone. Similar deficiencies of 

these models were observed in the previous studies of highly swirling flows and jets e.g. [60] and 

[71]. The model equations and closure coefficients of these models are tuned for the low 

Reynolds number viscous flow near walls, which is why they provide better predictions of 

separation from the walls in the adverse pressure gradients and airfoils. However, due to the same 

reason they fail to provide reasonable prediction of flow structures inside the jets.
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Figure 6.17:  Recirculation in the 67.5° bent ejector with primary swirl = 40° - predictions by different turbulence models, 
contours of axial velocity shown on the centre plane to highlight the recirculation zone 
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Figure 6.17 (continued):  Recirculation in the 67.5° bent ejector with primary swirl = 40° -predictions by different turbulence 
models, contours of axial velocity shown on the centre plane to highlight the recirculation zone 
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Figure 6.17 (continued):  Recirculation in the 67.5° bent ejector with primary swirl =40° -predictions by different turbulence 
models, contours of axial velocity shown on the centre plane to highlight the recirculation zone 
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Due to the above mentioned deficiency SA and SST k-ω models were not considered in the 

further investigation of the current study. The RSM also predicted the wall separation at the inlet 

section of the mixing tube and the central recirculation zone. The size of central recirculation was 

however smaller than the R k-ε and RNG k-ε models. 

Figure 6.18 presents the contours of measured and predicted velocity magnitudes (V m/s) 

at the exit of the mixing tube of the 67.5° bent ejector. All the cases are for 40° swirl in the 

primary flow. The SA and SST k-ω model cases are not presented here because of their 

deficiencies in predicting the central recirculation zone.  

The experimental measurements show that the high momentum primary flow is 

concentrated in the bottom right side of the mixing tube due to the swirling flow. It is also seen 

that the major cross stream flow is due to the swirl of the primary flow. Two counter rotating 

vortices associated with the bend are not seen here. 

All four solutions by the different turbulence models presented in Figure 6.18 show a pair 

of counter rotating vortices. The maximum velocity magnitude is better predicted by the RNG k-ε 

and RS models compared to the R k-ε models with and without grid adaption. This shows that the 

turbulence models tested did not capture the exact flow structures inside the highly bent ejector 

with highly swirling flow, which may be one of the reasons for incorrect predictions of the 

performance parameters. 

Figure 6.17 and Figure 6.18 also revealed that considering turbulent viscosity as an 

isotropic scalar quantity had a slight if any effect on the prediction of the performance parameters 

and the flow structures. The performance parameters and flow structures predicted by RSM were 

not considerably different from the baseline R k-ε predictions. 

The pumping ratio of 40° swirl case in all of the bent ejectors is higher than the 

experimental measurements. One of the reasons for the higher pumping may be the numerical 

(false) diffusion associated with the direction of flow with respect to the computational grid, as  
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Figure 6.18:  Mixing tube exit velocity contours overlaid by cross-stream velocity of 67.5° 
bent ejector with primary swirl =40° -predictions by different turbulence models vs. 
experiments 
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pointed out by Nallasamy [48]. The direction of the flow is not aligned to the computational grid 

in the bent ejectors in the vicinity of the bend in the no swirl cases. This misalignment is further 

increased with the degree of swirl in the primary flow increasing the false diffusion. The false 

diffusion increases the spreading and entrainment leading to overprediction of the pumping ratio. 

Similar observations are made in the previous studies on swirling flows that all the turbulence 

models predict excessive radial transport see for example references [57] and [83]. One of the 

reasons for excessive radial transport is false or numerical diffusion. 

6.4.2 Pressure Rise (Sr1) 

The pressure rise of an ejector is an important performance parameter. The pressure rise controls 

the back pressure of the turbine, which in turn has a leading role in the efficiency of a gas turbine. 

By installing an ejector in the exhaust system the back pressure of the turbine is compromised. If 

a diffuser is installed in the exhaust system it extracts the kinetic energy of the flow, which 

translates into the lower pressure at the exit of the turbine. By installing an ejector the amount of 

kinetic energy extraction from the flow is reduced, which leads to the higher pressure at the exit 

of the turbine. 

Figure 6.19 presents the pressure rise through the ejector against the bend angle of the 

ejector. The pressure rise is non-dimensionalized by the inlet dynamic pressure measured 

upstream of the primary nozzle. It was observed that the bend angle has a nominal effect on the 

pressure rise through the ejector. The pressure rise depended more on the degree of swirl rather 

than on the bend angle. Figure 6.20 presents the same data in terms of the degree of swirl in the 

primary flow. 
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Figure 6.19:  Effect of bend angle on the pressure rise (Sr1) 
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Figure 6.20:  Effect of swirl angle on the pressure rise (Sr1) 

The pressure rise is nearly the same for all bent ejectors for 0 and 40° swirl cases. In the 

20° swirl case the pressure rise values of different ejectors lay close to the experimental 

uncertainty. It can therefore, be said that the pressure rise of the round ejectors studied in Sr1 
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does not depend on the bend angle. This is in agreement with the previous studies which show 

that the pressure rise mainly depends upon the length of the ejector. All the ejectors of Sr1 have 

the same length therefore the pressure rise does not vary if the swirl angle is kept constant. 

6.4.2.1 CFD Predictions of Pressure Rise (Sr1) 

Figure 6.21 compares the pressure rise of the experimental measurements and the R k-ε based 

CFD model results for each ejector with different swirl angles in the primary flow. The CFD 

model overpredicted the pressure rise in all of the cases which showed the underprediction of the 

losses in the ejectors because: 

• the CFD model was not able to predict the flow separation from the mixing tube 

walls. The separation and recirculation regions are a significant source of losses in 

the ejectors, which are not properly predicted by the CFD models 

• the velocity contours in Figure 6.18 show that the maximum velocity predicted by 

R k-ε model is lower than the maximum velocity measured by the experiments. 

This shows that the amount of kinetic energy dumped in the surrounding at the 

ejector exit is underpredicted by the CFD models causing underprediction of the 

losses 

On the other hand, the CFD simulations using the R k-ε model proved to be very 

effective in predicting the variation of pressure rise with the swirl angle of the primary flow. As 

in the experimental results the CFD simulations also predicted very little variation in the pressure 

rise with the bend angle of the ejector. The CFD models also effectively predicted the lower 

pressure rise in the 40° swirl with respect to the 0 and 20° swirling flows. This shows that 

although the CFD model overpredicted the pressure rise but its variation with the bend angle and 

the swirl angle are effectively predicted. 
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Figure 6.21:  Comparison of numerical results of pressure rise based on area weighted 
average, with the experimental data of the four ejectors (Sr1) 

6.4.3 Ejector Efficiency (Sr1) 

Figure 6.22 and Figure 6.23 present the ejector efficiency with the bend and swirl angle 

respectively. The efficiency of the ejector is analogous to the efficiency of a conventional pump 

in which the increase in the flow work across the pump is compared to the mechanical power 

used. The ejector efficiency is the ratio of the increase in the flow work of the secondary fluid to 

the dynamic pressure of the primary fluid. 
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Figure 6.22:  Ejector efficiency as a function of. bend angle (Sr1) 
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Figure 6.23:  Ejector efficiency as a function of. swirl angle in the primary flow (Sr1) 

The ejector efficiency decreases with the bend angle due to the flow non uniformities and 

losses in the bend. The swirl has a considerable effect on the efficiency. The 20° swirl slightly 

increases the ejector efficiency but then the efficiency decreases drastically with the 40° swirl. 



 

172 

This drop in the efficiency is attributed to the lower pressure rise with the 40° swirl as seen in 

Figure 6.20. For the 0 and 20° swirl, the ejector efficiency follows the trend of the pumping 

because the pressure rise remains nearly constant with the bend angle. In the 40° case the 

efficiency is very low due to the low pressure rise. 

6.4.3.1 CFD Predictions of Ejector Efficiency (Sr1) 

The predicted ejector efficiency with respect to the swirl angle is presented in Figure 6.24. The 

predicted values of the efficiency of the straight ejector closely matched the experimental data 

because the pumping is underpredicted and the pressure rise is overpredicted. The errors of both 

the factors cancelled each other in the efficiency. 
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Figure 6.24:  Comparison of numerical results of the ejector efficiency with the 
experimental data of the four ejectors (Sr1) 
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The agreement is better in the less swirling flow and ejectors with less bend angle. The 

predictions are closer to experimental values in the straight and 22.5° bent ejectors compared to 

the 45 and 67.5° bent ejectors. The predicted efficiency values are within the uncertainty interval 

of the experimental data in case of the 22.5° bent ejector with the 0 and 20° swirl cases. This is 

considered just a coincidence because the predictions of lower and higher bend angle do not 

suggest any trend. 

6.4.4 Mixing of Momentum (Sr1) 

Mixing of the primary and the secondary flow can be quantified by the fact that when the two 

streams are completely mixed together the velocity at the exit of the ejector will have less non-

uniformity. Kinetic energy flux factor α, or effective area ratio ε can be used to quantify the 

amount of flow non-uniformity at the ejector exit. Since flows with different velocity profiles can 

produce the same α or ε values, the velocity profiles and contour plots will also be provided here. 

Figure 6.25 presents the effective area ratio with respect to the bend angle. In the 0° swirl 

case the effective area ratio decreases continuously with the degree of bend. The effective area 

increases with the swirl in the primary flow which shows better mixing of the two flows or lower 

non uniformities when the swirl is introduced in the primary flow. The higher spreading of the jet 

due to swirl increases the mixing in straight as well in the bent ejectors. 

Figure 6.26 presents the normalized centreline axial velocity distribution on the exit plane 

of the ejector. In the figure, x is the horizontal distance from the centre of cross-section and R is 

the radius of circular mixing tube. Wmax and w are the maximum and localized axial velocities 

respectively at the mixing tube exit plane. The left side of this figure is towards the outer side of 

the bend and right side is towards the inner side. 
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Figure 6.25:  Mixing of momentum as a function of. bend angle, shown by plotting effective 
area ratio against bend angle (Sr1) 

The effect of the bend angle on the distribution of the flow is seen in Figure 6.26. The 

high velocity core is in the centre of the straight ejector with smooth spreading towards the walls 

of the mixing tube. Because of the bend, the high momentum primary flow moves to the outside 

wall of the bend. The spreading of the primary jet decreases as the degree of bend increases. Of 

particular interest is the higher velocity region observed in the inner side of the bend of 67.5° bent 

ejector compared to the 22.5 and 45° bent ejectors. The primary flow encircles the secondary 

flow along the walls towards the inner side of the bend due to which the velocity at the inner side 

of the bend is higher in 67.5° bent ejector than the 22.5 and 45° bent ejectors. 

Similar data are presented in Figure 6.27 for the straight ejector showing the effect of 

swirl on the mixing of the primary and secondary streams. As was expected on the basis of 

previous studies e.g. [5], the 20° swirl increases the mixing and the spreading rate of jet. The 40° 

swirl reduces the mixing of the two flows. Two peaks are observed in the centreline velocity plot 

corresponding to the high momentum annular region at the exit plane of the ejector. 
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Figure 6.26:  Exit plane horizontal centreline axial velocity profile of bent ejectors with 0° 
swirl in the primary flow (Sr1) 
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Figure 6.27:  Exit plane horizontal centreline axial velocity profile of straight ejector with 
different swirl angles of the primary flow (Sr1) 
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Figure 6.28:  Exit plane axial velocity contours of bent ejectors with 0° swirl in the primary 
flow (Sr1) 
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Figure 6.28 (continued):  Exit plane axial velocity of bent ejectors with 0° swirl in the 
primary flow (Sr1) 
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Figure 6.28 shows the normalized axial velocity contours overlaid by cross stream 

velocity vectors at the exit section of the mixing tubes. A region of high streamwise momentum is 

observed in the centre of the straight ejector due to the primary flow from the nozzle. The regions 

of high and low momentum show that the flow was not completely mixed in the mixing tube 

before exiting the ejector. Due to the bend, the high momentum primary flow is attached with the 

outside wall of the mixing tube due to the radial mass flux. As the degree of bend increases the 

primary flow further attaches to the wall and encircles the secondary flow on the inner wall of the 

bend moving the secondary flow towards the centre of the cross-section. The attachment of high 

momentum flow to the outer wall caused a very low streamwise momentum region beside the 

inside wall. 

Pairs of streamwise counter rotating vortices were observed in the bent ejectors, a 

phenomenon well known from the previous studies on curved pipes e. g Agrawal et al. [84] and 

Berger et al. [85]. A bulk of the flow moves from the outer side of the bend to the inner side. This 

movement is expected due to the cross-stream pressure gradient caused by the bend. The strength 

of the secondary (cross-stream) flow increases with the degree of bend. 

6.4.4.1 CFD Predictions of Mixing (Sr1) 

Figure 6.29 shows the R k-ε based model predictions of normalized axial velocity contours for 

the straight, 22.5 and 67.5° bent ejectors with 0° swirl in the primary flow. Comparison of  

Figure 6.28 and Figure 6.29 show that the velocity at the exit of the ejector is effectively 

predicted by the CFD models for all the ejectors with 0° swirl in the primary flow. 

The high velocity primary flow is in the centre for the case of the straight ejector. As the 

bend angle of the ejector increases the high momentum flow attaches to the outside wall of the 

bend and the low momentum region is towards the inside wall of the bend. In the 67.5° bent 

ejector the CFD simulations showed two counter rotating vortices which were not observed in the 

experimental measurements. 
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Figure 6.29:  CFD models predicted axial velocity distribution at the exit of mixing tubes 
(Sr1) 
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It may be due to fact that the flow had very low velocity in that region which was not resolved by 

the 7-hole probe. The 7-hole probe was calibrated up to 60° cone angle, therefore regions of 

recirculation or flow with higher than 60° cone angle were only qualitatively reported by the 7-

hole probe measurements. 

Figure 6.30 presents the velocity profiles for the horizontal centreline at the exit plane of 

the straight ejector with different swirl angles. The exit centreline velocity profiles show the 

degree of mixing of the two flows. The experimental data and CFD model results show that the 

perfect mixing was not achieved at the exit of the ejector. This was already expected due to the 

short length of the mixing tube. It may be noted that the experimental velocity profile of the 0° 

case was shifted to one side due to the misalignment of nozzle and the mixing tube. The nozzle 

and mixing tube were aligned by using laser beams and plum bobs but perfect alignment was not 

achieved. 

The CFD model results of mixing of the momentum can be divided into two categories. 

• Prediction of low swirl number in the primary flow (0 and 20° case) 

• Prediction of high swirl number in the primary flow (40° case) 

In the 0° swirl case of the straight ejector, the CFD model successfully predicted the 

velocity profile at the exit of the ejector. The CFD model velocity profile coincided with the 

experimental data in most of the area except for the centre of the ejector. There was a small 

depression in the CFD model velocity profile which was not observed in the experimental data. 

This depression is the sign of the annular region before the nozzle. 

At the exit of the nozzle there was a velocity deficiency region because of the annular 

flow upstream of the nozzle. This velocity deficiency was found in the mass balance tests while 

traversing the 7-hole probe at the exit of the nozzle. Figure 6.6 shows the velocity profile at the 

exit of the nozzle in which the velocity deficiency region is clear. By the time the primary flow 

reaches the exit of the mixing tube the central velocity deficiency region vanishes in the 

experimental observations. This is due to the mixing of the primary jet. 
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Figure 6.30:  Horizontal centreline axial velocity profile at the exit of the straight ejector, 
CFD model results vs. experiments (a) 0° swirl, (b) 20° swirl, (c) 40° swirl (Sr1) 
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In the 20° swirl case the experimental measurements showed the presence of a velocity 

deficiency due to the centrifugal force of the primary jet which keeps the flow from moving 

radially inward after the annular to circular transition bullet. The CFD models show a bigger 

depression in the velocity profile compared to the measurements. The excessive velocity 

deficiency predicted by the CFD models is due to the following reasons. 

• The turbulence models predict too slow a recovery downstream of a wake as shown 

by references [64] and [65]. This slow recovery of the velocity in the wake region 

causes the velocity deficiency seen at the end of the mixing tube in the CFD model 

predictions of the 0 and 20° swirl cases. 

• In the 20° swirl case the velocity deficiency is further increased due to the 

excessive radial diffusive transport of the momentum, which was pointed out in the 

previous studies e.g. reference [57] and [83]. 

• In the 40° swirl case, on the other hand, a totally opposite behaviour of the CFD 

model predictions is obtained with regard to the mixing. CFD model results 

showed a better mixed combined flow at the exit of the ejector compared to the 

experimental data. The reason appears to be due to the formation of a central 

recirculation bubble because of the high swirl phenomenon. Although in this study 

the size of the central recirculation bubble was not experimentally measured but the 

overprediction of the pumping and mixing suggest that the CFD models 

underpredict the size of recirculation bubble in the 40° swirl case which is in 

agreement with the results of Dixon et al. [51]. The central recirculation regions 

predicted by various turbulence models are shown in Figure 6.17. 

 



 

183 

6.5 Test Series 2 

Non circular jets have enhanced mixing and entrainment properties compared to circular jets, 

particularly in the near field see e.g. Gutmark and Grinstein [1]. This property of jets is well 

utilized by ejectors in the aerospace industry. Rectangular exhaust ducts can also save space 

compared to circular ducts. It was therefore considered important to investigate the performance 

of oblong ejectors with bends in the geometry. 

Test series 2 included four ejectors of oblong cross-section. This series included ejectors 

with 22.5, 35 and 67.5° bends along with a baseline straight ejector. Geometry detail of the 

ejectors is provided in Section 4.2.2. The ejectors were tested with four swirl and two temperature 

conditions in the primary flow. A total of 32 tests were performed in this series using different 

swirl angle and the temperature of the primary flow. Table 6.7 shows the test matrix of series 2. 

Table 6.7:  Test matrix of series 2 

Swirl angle 
Ejector # Bend 

angle, (°) 

Primary 
flow 
temperature 0° 10° 20° 30° 

2-1 0 
Cold 

Hot 

 

 

 

 

 

 

 

 

2-2 22.5 
Cold 

Hot 

 

 

 

 

 

 

 

 

2-3 35 
Cold 

Hot 

 

 

 

 

 

 

 

 

2-4 67.5 
Cold 

Hot 

 

 

 

 

 

 

 

 

 

Primary flow properties were measured by positioning a thermocouple and radially 

traversing four 7-hole probes upstream of the nozzle. Combined flow properties were measured 

by traversing a thermocouple and a 7-hole probe at the exit plane of the mixing tube. Wall 
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pressures were measured by installing pressure taps on the mixing tube walls. Ejector wall 

temperature was measured by an infrared thermal imaging camera. The detail of instrumentation 

and measurement methods is provided in Section 4.3. 

Primary flow properties were measured two annulus heights upstream of the nozzle and 

are given in Table 6.8. Reynolds number for the cold test cases ranged from 4.5 x 105 to 4.7 x 105, 

while in the hot cases the Reynolds number was in the range of 1.9x105 to 2.0x105. 

Table 6.8:  Primary flow properties during testing of series 2 

 Re1 Ma1 Tp (°C) Ts (°C) T*=Ts/Tp, (K/K) 

Cold test cases 4.5 x 105 to 
4.7 x 105 

0.22 39-42 27-30 0.96 

Hot test cases 1.9 x 105 to 
2.0 x 105 

0.27 460-464 23-31 0.41 

 

Mach number in the annulus was in the range of 0.22 in cold flow cases and 0.27 in the 

hot flow tests. The Mach number remained below 0.3 and therefore the flow was considered 

incompressible in all the cases. There was a small variation in the flow and ambient temperatures 

of the tests due to day to day temperature difference. 

6.5.1 Pumping Ratio (Sr2) 

Figure 6.31 presents the pumping ratio Φ as a function of mixing tube bend angle θ. The solid 

lines represent the tests performed with primary flow at ambient temperature (cold) and dashed 

lines represent the tests performed with primary flow at elevated temperatures (hot). The figure 

shows that the pumping is higher when the primary flow temperature is high. This observation is 

in agreement with the previous studies e.g. [8], [9] and [10]. Further investigation of the 

temperature effect on the pumping ratio is provided in later paragraphs. 
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Another feature, which is evident in this figure, is that the pumping ratio continuously 

decreases with the degree of bend. The drop in the pumping ratio is very small from 0-22.5° bend 

angle, and then it drops sharply after 22.5°. This behaviour was observed in both cold and hot 

flow testing. The test data shows that for bend angles of 22.5° or less the primary flow is not 

turned by the mixing tube. This will become further clear in the contours plots of the exit velocity 

shown in Figure 6.48. This means that small degree bends, will not divert the flow away from 

critical structural components of the aircraft when ejectors having large area ratios are used. 

In the hot flow cases the swirl has an interesting effect on the pumping ratio. In the 0° 

swirl case the trend of pumping ratio is similar to the cold flow cases. However, as the degree of 

swirl increases the step at 22.5° bend is gradually removed so at 30° swirl case the pumping ratio 

with the bend angle becomes a straight line with a constant negative slope. By looking at different 

curves for the hot flow cases in Figure 6.31 it is observed that, with the degree of swirl the 

pumping ratio of 35 and 67.5° bent ejectors increase. This shows that the swirl in the primary 

flow helps the flow to attach to the walls of the ejector leading to a smaller separation region on 

the convex wall. 

Figure 6.32 presents the same data with respect to the swirl angle of the primary flow. In 

the cold flow cases the pumping increases with the swirl angle and reaches a maximum at the 20° 

swirl angle. The pumping decreases slightly after the 20°swirl in all of the cold flow cases. These 

results are similar to the observations of cold flow cases with circular sectioned ejectors in test 

series 1. In the hot flow cases an improvement in pumping with the swirl is observed for all the 

test cases with 0 and 35° bent ejectors having higher pumping at the 30° swirl angle. This is due 

to the fact that higher degree of mixing is obtained especially in case of straight ejector which is 

also clear in Figure 6.45 showing velocity contours. 
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Figure 6.31:  Pumping ratio as a function of bend angle (Sr2) 
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Figure 6.32:  Pumping ratio as a function of swirl angle of the primary flow (Sr2) 
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6.5.1.1 Effect of Temperature on the Pumping Ratio (Sr2) 

The temperature difference between the primary and the secondary flow plays an important role 

in the pumping. The previous studies (e.g. [8] and [10]) correlated the cold flow testing with the 

hot flow by the following equation. 

∗Φ=Φ=Φ′ T
T
T

p

s  (6.4) 

or in a more general form we can write it as: 

( )n
n

p

s T
T
T *Φ=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
Φ=Φ′  (6.5) 

where the exponent ‘n’ is nearly equal to 0.5 

Figure 6.33 shows the variation of temperature adjusted entrainment ratio Φ´ with the 

bend angle θ°. For 0 to 20° primary flow swirl angles the difference between the adjusted 

temperature ratio of T* = 0.4 (hot) and T* = 1 (cold) is within the uncertainty associated with the 

tests. These observations are in agreement with the previous studies e.g. [8] and [10]. However, 

for the 30° swirl angle the adjusted pumping ratio slightly shifts away from Equation (6.4). The 

adjusted pumping ratio for 30° swirl case is plotted in Figure 6.34 according to Equation (6.5) 

with the exponent ‘n’ specific to the swirl angle of the flow. The value of the exponent varies 

from 0.5 for no swirl case to 0.62 for 30° swirl case. 

It is also observed (see Figure 6.35) that the hot flow (T* = 0.4) has less flow non 

uniformity compared to the cold flow (T* = 1). This figure indicates that with the higher degree 

of swirl the difference between the hot and cold flow pumping ratio increases. This effect may be 

due to: 

• the higher viscosity of the hot flow, which helps the flow to (i) attach more to the 

walls of the bend and (ii) mix better with the secondary flow. 
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• the higher turbulence kinetic energy of the hot flow helps the flow to attach to the 

mixing tube walls. Although the hot flow has slightly lower turbulence intensity 

compared to the cold flow because of the higher mean velocity, but the kinetic 

energy of the hot flow is much higher than the cold flow. 

The effect of temperature on the kinetic energy is discussed in Section 6.2.2. Both of the 

above two factors i.e. higher viscosity and the higher turbulence kinetic energy reduced the size 

of separation and recirculation regions.  
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Figure 6.33:  Temperature adjusted pumping ratio (a) 0°, (b) 10°, (c) 20° and (d) 30° swirl 
angles in the primary flow (Sr2) 
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Figure 6.34:  Adjusted pumping ratio according to Equation (6.5) with n = 0.62 for 30° swirl 
in the primary flow (Sr2) 

6.5.1.2 Kinetic Energy Flux Factor 

The bend in the ejector causes secondary flows and flow non uniformity, which reduce the 

performance of an ejector. The kinetic energy flux factor was used to measure the degree of non 

uniformity of the flow with respect to a plug flow profile. Figure 6.35 shows the kinetic energy 

flux factor at the exit of the ejectors with no swirl in the primary flow. This figure shows that the 

non uniformities in the flow increase with the bend angle of the ejector. The hot flow cases  

(T* = 0.4) have less flow non uniformities compared to the cold flow cases (T* = 1). This is due 

to a higher viscosity of the hot flow compared to the cold flow, which helps spreading and mixing 

of the jet from the primary nozzle. 

If we compare Figure 6.32 and Figure 6.35 it becomes clear that the decrease in the 

pumping ratio is due to the increasing kinetic energy flux factor arising from the bend.  

Figure 6.36 presents the adjusted pumping of different bent ejectors with the 0° swirl case as a 

function of their respective kinetic energy flux factors. This figure shows that the drop in the 

pumping was caused by the increase in the kinetic energy flux factor in the highly bent ejectors. 
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Figure 6.35:  Kinetic energy flux factor, α, at the exit of the ejector with respect to the bend 
angle with no swirl in the primary flow (Sr2) 
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Figure 6.36:  Adjusted pumping ratio in different bent ejectors as a function of kinetic 
energy flux factor (Sr2) 
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As the degree of bend increases the flow starts to detach from the convex (inner) wall and 

recirculate. Similarly, with the increase in the bend angle of the mixing tube, the primary flow 

hits the outer (concave) wall of the mixing tube and blocks the flow area for the secondary flow. 

The blockage also increases with the increase in the bend angle of the mixing tube causing a 

larger region of recirculation of the secondary flow near the concave wall. 

Figure 6.37 shows the recirculation regions on the convex and concave walls of the 22.5° 

and 35° bent ejectors. This figure is taken from the CFD results and presented here to show the 

variation of the recirculation regions with the degree of bend in the mixing tube. The size of 

recirculation on both the walls increases with the bend angle of the mixing tube. 

Sudo et al. [40] while studying the flow through 90° bends observed the influence of the 

bend up to 10 diameters downstream of the bend. It is therefore assumed that in the current study 

the effect of the bend can be seen at the exit of the ejector though the separation and recirculation 

region may not be present there. The kinetic energy flux factor is a relative measure of the effect 

of bend in the current study. Larger separation and recirculation regions formed by the bend angle 

of the mixing tube causes larger kinetic energy flux factor. The pumping is directly related to the 

area ratio of the ejector, the recirculation and separation region reduce the flow area of the mixing 

tube hence causing lower pumping. 

6.5.1.3 CFD Predictions of Pumping Ratio (Sr2) 

In this section the performance parameters obtained with the numerical computation are 

compared with the experimental data to evaluate the effectiveness of RANS based CFD models 

for the design of similar components. As in the CFD modeling of test series 1 all cases were 

initially solved using the R k-ε turbulence model in the test series 2. Some special cases were 

solved using other turbulence models depending upon the initial solutions. Results are compared 

with respect to the performance parameters in the following sections. 
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(a) 

 
 

  

(b) 

 
  

Figure 6.37:  Recirculation regions shown in the bent ejectors by plotting reversed z-wise 
velocity in the mixing tube for 0° swirl cold primary flow in (a) 22.5° bent and (b) 35° bent 
ejector (Sr2) 
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The experimental and numerical results for the pumping ratio are shown and compared in 

Figure 6.38. CFD studies were performed up to 40° swirl angle whereas experimental data was 

available up to 30° nominal swirl angle. The CFD model predictions show higher pumping ratio 

compared to experimental data for all of the test cases. The CFD simulations showed very less 

effect of swirl on the pumping of the straight and 22.5° bent ejectors and a significant effect of 

swirl on the pumping of 35 and 67.5  bent ejectors, This trend is similar to the one observed in the 

experimental measurements. 
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Figure 6.38:  Comparison of numerical results of pumping ratio with the experimental data 
of the four ejectors (Sr2) 

The CFD simulations showed continuous improvement in the pumping up to 40° swirl in 

the primary flow but the experiments showed improvement up to 20° swirl angle, after which the 
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pumping decreases. This is because of the core separation with the 30° swirl in the primary flow. 

The core separation due to 30 and 40° swirl is underpredicted by the CFD simulation. The 

velocity contours provided in Section 6.5.4 show the effect of core separation on the mixing tube 

exit velocity profile. By observing the experimental and CFD model velocity contours it is 

understood that the CFD simulations underpredicted the core separation. Underprediction of the 

core separation will lead to the overestimation of effective area of the mixing tube (and hence the 

ejector area ratio) causing the overprediction of the pumping ratio. 

It is expected that the false diffusion plays a major role in the Sr2 ejectors. The flow from 

the nozzle is at an angle to the computational grid. This leads to higher diffusion in the major axis 

causing overprediction of spreading and hence entrainment. 

6.5.2 Pressure Rise (Sr2) 

Figure 6.39 presents the pressure rise data of test series 2. The effect of bend angle of the ejector, 

swirl angle and temperature of the primary flow on the pressure rise can be seen in this figure. 

The pressure rise across the ejector is normalized by the dynamic pressure at the inlet of the 

nozzle (dynamic pressure of the primary flow). It may be noted that the dynamic pressure is 

based on the total magnitude of the velocity and not on the axial component. To distinguish 

between different data curves the error bars are provided only with the straight ejector data.  

Figure 6.39 shows that the primary flow temperature has very little, if any, effect on the 

pressure rise across the ejector. This figure shows that the normalized pressure rise decreases with 

the degree of bend in the ejector which is due to the formation of secondary flows. These 

secondary flows increase the ejector losses. Another factor which contributes to the higher losses 

of the bent ejectors is the formation of a separation and recirculation region. This region reduces 

the flow area hence increasing the friction losses. 
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Figure 6.39:  Pressure rise as a function of primary flow swirl angle of different bent 
ejectors and primary flow temperature conditions (Sr2) 

The figure shows that the swirl has an unfavourable effect on the pressure rise across the 

straight and low degree bent ejectors but a swirl angle up to 20° improves the pressure rise of the 

highly bent ejectors. It appears that the counter rotating vortices formed due to the bend are 

somewhat reduced if the primary flow has a swirl component in it. The velocity contour plots at 

the nozzle and mixing tube exit show that there is no or very low momentum flow region at the 

centre of the nozzle and mixing tube in case of 30° swirl. This is similar to the separation region 

observed at the exit of round nozzle and mixing tube with 40° swirl angle of the primary flow. 

This low momentum region through the ejector is the main cause of the reduced pressure rise for 

all ejectors with 30° swirl. 

6.5.2.1 CFD Predictions of Pressure Rise (Sr2) 

Figure 6.40 shows the comparison of the CFD model predicted pressure rise with the 

experimental data. The CFD models underpredicted the pressure rise in all of the four ejectors 

because of the overprediction of the pumping ratio. Both the CFD model and the experiments 
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show negligible difference between the pressure rise of the cold and hot flow cases. The CFD 

models were also successful in predicting the trend of the pressure rise with the swirl level. 
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Figure 6.40:  Comparison of numerical results of pressure rise with the experimental data 
of the four ejectors (Sr2) 

In the straight ejector the CFD model predictions showed a continuous decrease in the 

pressure rise with the increase in the swirl level as was observed in the experiments. In 22.5° bent 

ejector the predictions for the cold flow case showed an increase in the pressure rise from 0 to 10° 

swirl which is not seen in the experiments. The CFD predictions of 35 and 67.5° bent ejectors 

show the increasing pressure rise with the swirl up to 20° swirl angle after which it drops with the 

30° swirl angle. The CFD models underpredicted the pressure rise by an average of 30% with a 
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maximum deviation of 50% in the case of the 22.5° bent ejector with 0° swirl case and a 

minimum deviation of 10% for the 35° bent ejector with 30° swirl in the primary flow. 

6.5.3 Ejector Efficiency (Sr2) 

Figure 6.41 and Figure 6.42 show the efficiency as a function of primary flow swirl angle in cold 

and hot flow cases respectively. As could be expected the efficiency reduces with the degree of 

bend of the ejector. Efficiency of the cold flow is higher than that of the hot flow cases due to the 

higher dynamic pressure of the hot primary flow which is the driving force for the pumping and 

pressure rise. The variation of the efficiency with the swirl angle is similar to the variation of 

pressure rise. This is primarily due to the reason that the efficiency is defined as the increase in 

the flow work of the secondary fluid at the expense of the dynamic pressure of the primary fluid, 

where flow work is the product of the mass flow rate and the pressure rise. 
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Figure 6.41:  Ejector efficiency as a function of primary flow swirl angle for different bend 
angles; tests were performed at ambient temperature (T* =1) of the primary flow (Sr2) 



 

198 

0%

10%

20%

30%

40%

50%

0 10 20 30 40
Swirl φ°

E
ff

ic
ie

nc
y,

 η

0 hot
22.5 hot
35 hot
67.5 hot

Bend angle θ°
 

)(
)(

*
21

2

PPq
PP

T
a

a
E −−

−
Φ=η

 

Figure 6.42:  Ejector efficiency as a function of primary flow swirl angle for different bend 
angles; tests were performed at high temperature (T* =0.4) primary flow (Sr2) 

6.5.3.1 Prediction of Ejector Efficiency by CFD (Sr2) 

Ejector efficiency predicted by the CFD models of Sr2 is shown and compared with the 

experimental results in Figure 6.43. The CFD models underpredicted the efficiency due to the 

underprediction of the pressure rise. However, the variation of efficiency with swirl angle is 

successfully predicted by CFD models. Figure 6.43 shows that the CFD models also successfully 

predicted the variation of efficiency with the bend angle of the ejector. Both the experiments and 

the CFD modeling show that as the bend angle increases the ejector efficiency decreases. 

In these results it is seen that the predictions for the highly bent ejectors are better than 

the predictions of straight and slightly bent ejectors. This is due to the difference in the mixing of 

momentum along the minor axis of the ejector. The predicted spreading of the primary jet in the 

straight ejector is lower than the actual spreading rate measured in the experiments. On the other 

hand in the highly swirling flow or the highly bent ejector the spreading is close to the actual 

experimental data. The reason behind better mixing will be discussed in the next section however, 

it may be mentioned here that the better predictions in the bent ejectors performance parameters 

are related to the better predictions of the mixing of the momentum. 
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Figure 6.43:  Comparison of numerical results of ejector efficiency with the experimental 
data of the four ejectors (Sr2) 

6.5.4 Mixing of Momentum and Temperature (Sr2) 

Figure 6.44 presents the normalized velocity profile at the horizontal centreline of the ejector exit. 

Presented in the figure are the data of the cold and hot primary flow at no swirl and 30° swirl 

conditions. The figure shows that the velocity profiles obtained with the cold and hot flow are 

very similar to each other despite the fact that the velocity magnitudes are different. The mixing 

of hot flow is slightly higher than the cold flow, the effect of which was also seen in Figure 6.35 

where kinetic energy flux factor of hot and cold flow cases were compared. 

Figure 6.45 and Figure 6.46 show the velocity and temperature distribution at the exit of 

the straight ejector with different swirl cases. Also shown in Figure 6.45 are the vectors of cross-
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stream velocity, which help in the visualization of the transport of momentum and temperature. 

These figures show that the temperature spreads faster than the momentum. This is in agreement 

with the previous observations of Mitchell and London [9], and Landis and Shapiro [18]. The 

faster spread of temperature than momentum suggests that the average value of turbulent Prandtl 

number (PrT) of the flow was less than one in the current study. It has been discussed in the 

literature review that the turbulent Prandtl number is less than unity in many practical cases 

including jets and shear layers. 

The velocity and the temperature profiles are normalized with respect to the maximum 

values of the properties at the exit centrelines. Due to this the peaks of the velocity and 

temperature profiles reach the value of 1 in Figure 6.46. This is done to show the profiles with 

respect to each other in different test cases. Contour plots of actual values of the flow properties 

at the exit cross section are provided in Appendix A. 
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Figure 6.44:  Velocity profiles at the centreline of the exit plane of the straight ejector with 
different swirl and primary flow temperatures (Sr2) 
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(a) (b) 

  
(c) (d) 

Figure 6.45:  Contours of normalized velocity and temperature distribution overlaid by 
cross-stream velocity for hot primary flow in the straight ejector (a) 0° swirl flow-velocity, 
(b) 0° swirl flow-temperature, 30° swirl flow-velocity, (d) 30° swirl flow-temperature (Sr2) 
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Figure 6.46:  Temperature and velocity profiles at the centreline of the exit cross-section of 
the straight ejector (a) 0°, (b) 20° and (c) 30 ° swirl angle (Sr2) 
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The velocity contours with 0° swirl in Figure 6.45 show a high axial momentum region in 

the centre of the ejector due to the primary jet. The top and bottom sides of the ejector have the 

maximum axial momentum which is due to the flow from the nozzle going out in the vertical axis 

and impinging the ejector walls leading to the counter rotating vortices. Discussion of Figure 6.47 

and Figure 6.48 in the coming paragraphs provide a further explanation of this high axial 

momentum near the top and the bottom. Apart from the top and bottom sides, the thickness of the 

jet appears more in the centre than the sides. This is expected because of the higher growth rate of 

the jet in the minor axis compared to the major axis, which leads to the axis switching of the jet. 

Core separation appears due to the 30° swirl, causing the flow to attach to the walls of the 

mixing tube. Contrary to the no swirl case the centre region of the exit cross-section with 30° 

swirl case has a very low axial momentum because of the separation bubble after the nozzle as 

shown in Figure 6.47. The centreline velocity and temperature with the 0, 20 and 30° swirl cases 

are presented in Figure 6.46. The effect of swirl on the axial velocity shows that the axial 

momentum in the centre decreased continuously with the swirl level. The velocity profile with 

20° swirl shows a higher mixing than the 0 and 30° swirl cases. 

The temperature profiles of 20 and 30° swirl cases are nearly flat showing a completely 

mixed temperature on the horizontal centreline. However the contour plot of Figure 6.45 (d) 

shows a variation of the temperature along the major axis of the ejector due to the direction of the 

primary flow to the top and bottom sides of the ejector. The temperature profiles of Figure 6.46 

show that the mixing of the temperature is significantly improved by the swirl in the primary 

flow. 
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(a) (b) 

Figure 6.47:  Contours of axial (w) and vertical (v) velocity overlaid by cross-stream velocity 
at the exit of the nozzle in hot flow mass conservation tests with (a) 0° swirl and (b) 30° swirl 
in the primary flow (Sr2) 
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Figure 6.47 shows the contours of the axial and vertical velocities overlaid by the cross 

stream vectors at the exit of the nozzle. Cases with 0 and 30° swirl in the primary flow are shown 

for comparison. These contours were obtained by traversing a 7-hole probe at the exit of the 

nozzle during mass conservation tests. The primary nozzle of the ejector had a strong circular to 

oblong transition. Due to this transition the air was forced radially outward in the vertical (major) 

axis and radially inward in the horizontal (minor) axis to pass through the oblong exit of the 

nozzle. The regions near the top and the bottom of the nozzle had 50 m/s upward and downward 

velocity components. Similarly, the vectors also show the inward motion of the air near the centre 

on the minor axis of the nozzle. 

The contour plots of the nozzle (Figure 6.47) and mixing tube exit (Figure 6.45) for the 

30° swirl case show an area of no axial momentum at the centre of the nozzle exit. This is 

observed despite the fact that the flow is forced to converge on the minor axis due to circular to 

oblong transition of the nozzle. The low momentum region observed at the exit section of the 

mixing tube is an indication of the presence of the recirculation region associated with the high 

swirl number flows. This recirculation region is the cause of the lower pressure rise for all 

ejectors in the 30° swirl cases. 

Figure 6.48 and Figure 6.49 show the contours of normalized axial velocity and 

temperature at the exit of ejectors for 0° swirl hot primary flow. A discussion of the contour plots 

is provided below. In all of the contour plots the upper side of the mixing tube has a higher 

momentum than the lower side, which could be due to two reasons: (i) the mixing tube was not 

aligned with the nozzle (ii) the lighter hot flow rises up by the time it reaches the end of the 

mixing tube. Although extra care was given into aligning the mixing tube using the levels and 

plum bobs but the perfect alignment was practically not possible. 

Ejector 1 (Straight ejector, Figure 6.48 a): A region of high streamwise momentum is 

observed in the centre due to the primary flow from the nozzle. The regions of high and low 

momentum show that the flow was not completely mixed in the mixing tube before exiting the 
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ejector. The high momentum flow is attached with the top and bottom walls of the mixing tube. 

This is due to the strong circular to oblong transition of the nozzle as discussed earlier. The cross 

stream movement of the fluid continues downstream of the nozzle until the primary flow hits the 

top and bottom side walls of the mixing tube, where it forms two counter rotating vortices on 

each side. Little spreading of the jet was observed toward the mixing tube sides (minor axis) 

because of the initial inward primary flow. The low momentum flow, on the sides, was the 

entrained air. The maximum axial velocity measured was equal to 103 m/s. The temperature 

contours of Figure 6.49 show higher spreading of temperature than the momentum. 

Ejector 2 (22.5° bent ejector, Figure 6.48 b). The maximum axial velocity measured in 

this ejector test was also equal to 103 m/s. Similar to the straight ejector, the regions of high 

streamwise momentum were observed on the top and bottom sides with four counter rotating 

vortices. As would be expected, the high momentum primary flow is moved to the outer wall of 

the bend. A small area of zero axial momentum is present, which is a sign of flow separation from 

the inner side of the bend. Secondary flows were observed in the centre of the cross-section, 

moving towards the side walls of the mixing tube. The secondary flow velocity, moving to the 

outside of the bend, was considerably higher than the velocity of the flow moving inside. The 

cross stream pressure gradient due to the flow turning the bend is expected to be the cause of the 

secondary flow moving from the centre to the inner side of the bend. This explains that a portion 

of the flow fails to turn with the mixing tube and passes relatively straight due to the higher area 

ratio of the ejector. This flow appears to be moving outward when viewed from the exit plane of 

the ejector. The maximum axial momentum region is shifted off the centre to the outside of the 

bend due to the radial mass flux. 
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(a) (b) 

 
 

(c) (d) 

Figure 6.48:  Contours of normalized axial velocity overlaid by cross-stream velocity for no- 
swirl hot flow case for (a) 0°, (b) 22.5°, (c) 35° and (d) 67.5° bent ejectors (Sr2) 
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(a) (b) 

  
(c) (d) 

Figure 6.49:  Contours of normalized temperature distribution overlaid by cross-stream 
velocity for 0° swirl hot flow cases of (a) 0°, (b) 22.5°, (c) 35° and (d) 67.5° bent ejectors 
(Sr2) 
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Ejector 3 (35° bent ejector, Figure 6.48 c). The maximum axial velocity measured in this 

ejector was equal to 112 m/s. Counter rotating vortices, observed on the top and bottom sides of 

ejector 1 and 2, were not observed in ejector 3. A pair of streamwise counter rotating vortices was 

observed, which is well known from previous studies e. g. [84] and [85]. Small vortices on the 

top and bottom side are diminished due to the mutual interaction of this pair of vortices. Due to 

the higher degree of bend the high momentum primary flow is attached to the outside wall of the 

mixing tube due to the radial mass flux. As the entrainment ratio of the ejector decreases with the 

bend therefore the maximum to minimum velocity difference increases with the bend. 

One mechanism behind the smaller entrainment ratio could be the reduction in the mixing 

process between the primary and the secondary flow. Due to higher degree of bend the primary 

flow is forced into the outside wall of the bend reducing the shear surface between the primary 

and secondary flows. A similar trend was observed in the temperature contour plots. The 

difference between the maximum and minimum temperature increased compared to ejector 1  

and 2. 

Ejector 4 (67.5° bent ejector, Figure 6.48 d). The maximum axial velocity measured in 

67.5° bent ejector was equal to 117 m/s. The high momentum flow is further attached to the outer 

wall of the bend. The magnitude of the cross-flow increased compared to ejector 3. The two 

streamwise vortices were evident but the flow is not axisymmetric. Most of the high momentum 

flow is attached to the outer wall, which caused very low streamwise momentum region beside 

the inside wall. The difference between the maximum and minimum velocity was further 

increased for ejector 4. The centreline velocity and temperature profiles at the exit of the ejector 

will also show the degree of mixing of the two streams in Figure 6.50 and Figure 6.51. 

Figure 6.48 (c) and (d) show the velocity contours and vectors at the exit of 35 and 67.5° 

bent ejectors. The cross-stream vectors show flow direction from the higher momentum region to 

the lower momentum region, which is due to the cross-stream pressure gradient. Due to this  
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Figure 6.50:  Velocity profiles at the centreline of the exit section for different ejectors with 
0° swirl in the hot primary flow (Sr2) 
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Figure 6.51:  Temperature profiles at the centreline of the exit cross-section for different 
bent ejectors with 0° swirl in the primary flow (Sr2) 

cross-stream flow the effect of the bend fades away as the flow moves downstream after the bend. 

However, due to the short length of the ejectors of the current study the effect of separation from 

wall is observed at the mixing tube exit velocity profile. 
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Figure 6.50 and Figure 6.51 show the normalized velocity and temperature profiles at the 

horizontal centreline of the exit cross-section. As seen in the contour plots the high momentum 

primary flow is in the centre of the ejector in case of the straight ejector. As the degree of the 

bend increases the high momentum primary flow attaches to the outside wall of the bend. The 

flow non uniformity increases with the bend angle. The temperature profile is more uniform as 

compared to the velocity profile due to the reasons already discussed above. 

6.5.4.1 CFD Model Predictions of Mixing (Sr2) 

Figure 6.52 shows the predicted velocity contours and vectors at the exit of the nozzle 

and the mixing tube of the 30° swirling hot primary flow case of the straight ejector. The region 

in the centre of the nozzle had a velocity of 90 m/s. Similarly, at the exit of the mixing tube the 

velocity depression seen in the experiments was not completely resolved in the CFD model 

predictions. On the other hand, the streamwise vortices seen in the experiments at the exit of the 

nozzle are clearly resolved in the CFD model predictions. As in the test series 1 (round ejectors), 

the test series 2 (oblong ejectors) also had a core separation region associated with the high swirl 

numbers. This core separation region was not predicted by the CFD model, which led to 

continuous improvement of pumping with up to 40° swirl angles of the primary flow as seen in 

Section 6.4.1.1. 

Figure 6.53 to Figure 6.57 present the centreline velocity and temperature data at the exit section 

of the ejectors predicted by CFD models. The CFD model predictions are plotted along with the 

experimental measurements for comparison purposes. The velocity and the temperature are 

normalized by their respective maximum values on the centreline. Figure 6.53 shows the velocity 

and temperature profiles at the exit of straight ejector. 
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(a) (b) 
Figure 6.52:  Velocity contours overlaid by cross-stream velocity of 30°swirling hot primary 
flow at the exit of (a) the nozzle (b) the straight mixing tube (Sr2 CFD) 

Figure 6.53 to Figure 6.55 show the predicted spreading of momentum and temperature 

in the straight ejector with 0 and 30° swirl in the primary flow. The CFD models underpredicted 

the spreading of the velocity and the temperature in the straight ejector in no swirl case. In case of 

the straight ejector with 30° swirl the CFD model was not able to show the velocity depression in 

the centre of the ejector due to the swirl and hence overpredicted the mixing of the momentum. 

The spread in the temperature measured in the experiments and predicted by the CFD model 

show almost a flat temperature profile but it should be noted that the top and bottom sides show 

higher momentum and temperature in the contours plots presented in Figure 6.45. 

The spreading of the momentum and temperature is significantly underpredicted in the no 

swirl case. However, in the 30° swirl case the temperature and the velocity are overpredicted by 

the CFD model. This conflict can be explained on the basis of excessive radial diffusive transport, 

which was also observed by Yaras and Grosvenor [57] and Khodadadi and Vlachos [59] in the 

swirling flows. In case of the swirling flow the velocity of the primary flow is not aligned with 

the computational grid which leads to the diffusion of momentum and species in the transverse 



 

213 

direction. This false diffusion increases the spreading of the jet hence predicting the higher 

mixing. 

Figure 6.56 to Figure 6.58 show the spreading of momentum and temperature at the exit 

section of the higher degree of bend (67.5°) ejector. These results differ from the straight ejector 

with the CFD model predictions showing nearly the same spreading of momentum and a little 

higher spreading of temperature in the no swirl cases. In the 30° swirl cases the CFD model 

results show a higher degree of spreading than the experimental measurements. 

It may be noted here that due to the non symmetric flow and geometry the centreline data 

is not a complete representation of mixing. A better picture of the spreading is given in the 

contours plots of the velocity and temperature at the exit section of the ejector. The difference in 

the prediction of spreading is considered to be due to the following reasons: 

• In all of the cases the actual diffusion is underpredicted but when the flow is at an 

angle to the computational grid of the domain then the false diffusion starts playing 

a significant role and balances the underprediction in 35 and 67.5° bent ejectors. 

The direction of the flow issuing from the nozzle also plays a major role in the 

spreading of the jet in the major and minor axis of the ejector. The flow from the 

nozzle has a large component of the transverse velocity along the major axis of the 

ejector. As the computational grid is always aligned to the centreline of the mixing 

tube therefore false diffusion also exists in the straight and the 22.5° bent ejectors 

along the major axis. 

• Assumption of constant turbulent Prandtl number by the solver. Fluent by default 

assumes constant value of turbulent Prandtl number equal to 0.85. As it was seen in 

the literature review that the PrT varies along the cross-section and axial distance of 

a jet. Using constant PrT leads to a poor prediction of scalar properties [60]. 
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Figure 6.53:  Centreline velocity and temperature profiles at the exit section of straight 
ejector with no swirl in the primary flow (Sr2) 
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Figure 6.54:  Centreline velocity and temperature profiles at the exit section of straight 
ejector with 30° swirl in the primary flow (Sr2) 
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(a) 

  0° Experiment     0° CFD 
   

 

(b) 

  30° Experiment     30° CFD 
   

Figure 6.55:  Velocity contours at the exit of straight ejector with (a) 0° swirl hot primary 
flow and (b) 30° swirl hot primary flow, CFD vs. experiment 
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Figure 6.56:  Centreline velocity and temperature profiles at the exit section of 67.5° bent 
ejector with no swirl in the primary flow (Sr2) 
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Figure 6.57:  Centreline velocity and temperature profiles at the exit section of 67.5° bent 
ejector with 30° swirl in the primary flow (Sr2) 
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(a) 

   0° Experiment     0° CFD 
   

 

(b) 

 
   30° Experiment     30° CFD 

   
Figure 6.58:  Velocity contours at the exit of 67.5° bent ejector with (a) 0° swirl hot primary 
flow and (b) 30° swirl hot primary flow-CFD vs. experiment 
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The experimental centreline velocity profiles of the 67.5° bent ejectors with the 30° swirl 

case (Figure 6.57) has plateau in the centre. A similar profile was observed at the exit of the 35° 

bent ejector. The centreline profiles of 22.5 and 35° bent ejectors are given in Appendix A. The 

reason of this rise of the velocity profile becomes obvious by looking at the exit velocity contour. 

The experimental measurements and the predicted velocity contours at the exit of the 35° bent 

ejector with 30° swirl are presented in Figure 6.59. The pair of counter rotating vortices caused 

by the primary flow swirl and the bend angle of the mixing tube causes the high momentum 

primary flow to move to the centre of the mixing tube, which raises the centreline velocity 

profile. 

  

  (a)                (b) 
  

Figure 6.59:  Contours of exit velocity of 35° bent ejector and 30° swirling hot flow (a) 
experimental measurements (b) CFD predictions (Sr2) 

Raised velocity 
in the centreline 
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6.5.5 Wall Pressure and Temperature (Sr2) 

6.5.5.1 Straight Ejector Wall Pressure 

Wall pressure was measured on four sides of the mixing tube along the length and the 

temperature of each side was ploted as a separate curve as shown in Figure 6.60. Mixing tube 

wall temperature was measured by an infrared thermal imaging camera. The data for the 0 and 

30° swirl cases are shown in the following paragraphs and the data of 10 and 20° swirl cases are 

provided in Appendix A. The wall static pressure shows the pressure rise across the ejector, it 

also identifies areas of flow separation and the areas where the primary flow hits the ejector walls 

and produces the hot spots. 

In Figure 6.60 and Figure 6.61 it is seen that the primary flow hits the ejector walls on top 

and bottom at about 0.75L, where the static pressure reaches the maxima. This is the point where 

the wall taps register a component of the dynamic pressure when the flow impinges on the wall. 

After this point the wall pressure on top and bottom decreases showing the flow aligning with the 

wall. The wall temperature on the top and bottom increases a little before the centre of the mixing 

tube. The temperature spreads faster than the momentum, indirectly confirming that the peak of 

the wall static pressure is the region where primary flow hits the top and bottom wall. 

Static pressure across the ejector increases sharply from the inlet plane of the mixing tube 

to x = 0.25L. One main reason behind this is the inlet separation bubble experimentally observed 

by placing streamers along the inner sides of the the mixing tube walls. Another possible reason 

could be that the major driving force of the secondary flow is the pressure difference up to  

x = 0.25 L after which the viscous shear starts playing the role up to the end of the mixing tube. 

Further investigation to confirm this argument was beyond the scope of the current study. 
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Figure 6.60:  Wall surface pressure of straight ejector with 0° swirl cold flow (Sr2) 
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Figure 6.61:  Wall surface pressure of straight ejector with 0° swirl hot flow (Sr2) 
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Figure 6.62:  CFD prediction of wall surface pressure of straight ejector with 0° swirl cold 
flow (Sr2) 
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The top and bottom walls show nearly same pressure and the inner and outer walls have a 

similar profile. The pressure at the inlet of the mixing tube was lower in case of the hot flow 

because of the higher velocity of the primary flow at the exit section of the nozzle and the inlet 

section of the mixing tube (section 2). The static pressure at the exit plane was close but not equal 

to the atmospheric pressure. The inlet pressure of the ejector was not same on all sides of the 

mixing tube partly due to the downstream flow conditions and partly due to the slightly smaller 

gap between the mixing tube and nozzle walls on the sides than the top and the bottom 

(mentioned in chapter 4). 

Figure 6.62 shows the CFD model predicted wall pressures for the straight ejector with 0° 

swirl in the primary flow. The pressure contours show the gradual increase of the wall pressure as 

found in the experimental measurements of Figure 6.60 and Figure 6.61 respectively. This shows 

that the direction of the flow and the effect of the major flow structures are effectively predicted 

by the CFD models. Also the magnitude of the wall pressure is predicted within 10% of the 

experimental measurement at the inlet section of the mixing tube. 

Figure 6.63 shows the measured and CFD model predicted contours of velocity and static 

pressure at the exit of the straight ejector for the 0° swirl hot primary flow case. The CFD model 

results predict less mixing compared to the experimental measurements. However, the structure 

of the flow and the counter rotating vortices are clearly shown. 

The difference in the predicted and measured static pressure contours is expected due to 

the uncertainty in the measurement of static pressure by the 7-hole probe, which was higher (94 

Pa) than the range of static pressure shown in the predicted contours of static pressure. CFD 

model clearly showed the centres of the counter rotating vortices. 

The high values of the measured static pressure on some points were located on 

boundaries where a part of the 7-hole probe tip was in the flow and the other part was out of the 

flow. This caused large errors in the measurements of velocity and pressure on those specific 

points. These data points were outliers and not considered in the analysis of ejector performance. 
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(a) 

 

 

(b) 

 
   

  Experiment    CFD 
  

Figure 6.63:  Contours of (a) exit velocity and (b) pressure; of straight ejector with non- 
swirling hot primary flow, experimental measurements vs. CFD model (Sr2) 
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Figure 6.64:  Wall surface pressure of straight ejector with 30° swirl cold flow (Sr2) 
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Figure 6.65:  Wall surface pressure of straight ejector with 30° swirl hot flow (Sr2) 
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Figure 6.66:  CFD predictions of wall surface pressure of straight ejector with 30° swirl hot 
flow (Sr2) 
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Figure 6.64 and Figure 6.65 show the measured wall pressures for the straight ejector 

with cold and hot flow respectively with 30° swirl in the primary flow. The maximum pressure at 

the top and bottom sides occurred at x = 0.375L. This is because the nozzle exit velocity in the y-

axis in 30° swirl case is higher than the no swirl case (as shown in Figure 6.47) This causes the 

primary flow to impinge the ejector top and bottom wall with higher velocity, hence causing more 

pressure and localized heating of the ejector on the top and bottom walls. 

The wall pressure profiles of the cold and hot flow are similar except for the difference in 

the magnitude. The hot flow case shows a lower pressure at the inlet of the ejector due to the 

higher velocity of the jet at the nozzle exit and mixing tube inlet cross-section. Due to the same 

reason the peak in the top and bottom wall pressure has a higher magnitude compared to the cold 

flow. The 0 and 180° walls pressures show a little difference in the profiles. This may be caused 

by a slight flow asymmetry coming out of the nozzle or misalignment of the ejector. 

Figure 6.66 shows the pressure profile of the straight ejector with 30° swirling hot 

primary flow. Again like the no swirl case the CFD models effectively predicted the mixing tube 

inlet pressure. The peak positions of the wall pressure on the top and bottom was also predicted 

effectively however the peak magnitude was lower than the experimental measurements. Another 

difference is present near the end of the mixing tube. In the experimental measurements the top 

and bottom walls register decreasing pressure after the peak reaching values below the 

atmospheric pressure near z/L = 0.9, which may be due to the realigning of the flow after hitting 

the top and bottom walls. The CFD model predictions do not show this trend. 

6.5.5.2 Straight Ejector Wall Temperature 

Figure 6.67 shows the wall surface temperature of the ejector. The temperature of the flow in the 

annulus upstream the nozzle was equal to 460°C. The maximum temperature of the flow at the 

exit of the ejector was 277°C while the maximum temperature on the wall of the ejector was 

about 220°C. The thermal image of Figure 6.67 shows that the wall temperature starts increasing  
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(a) (b) 

Figure 6.67:  Wall temperature of straight ejector with 0° swirl hot flow (a) thermal image 
(b) wall temperature along the ejector length on the side and the top (lines marked in the 
thermal image (Sr2) 
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Figure 6.68:  Contours of predicted wall temperature of straight ejector with no swirl in the 
hot primary flow (Sr2) 

sharply from the centre of the wall (top and side) and then spreads throughout the width of the 

wall. 

The temperature of the side wall was higher than the top wall temperature near the inlet 

of the mixing tube, which was expected due to (i) the higher radiation effect and (ii) lesser 

thermal cushion on the side than the bottom. The side wall had higher frontal area facing the hot 

nozzle and the primary flow and lesser distance from the hot primary flow. The higher 



 

226 

temperature of the top wall near the end of the mixing tube was due to the fact that the primary 

flow hit the top and bottom sides raising the temperature at these points. 

The spreading rate of the jet along the major axis was due to the direction of flow issuing 

from the nozzle, as discussed earlier. The spreading rate on the short axis was attributed to the 

axis switching phenomenon associated with the non circular jets as described in Section 3.2.1 and 

Figure 3.6. However, it may be noted here that a complete axis switching of the jet was not 

necessary for the flow to touch the side walls rather a small increase in the minor axis would lead 

the jet to touch the mixing tube side walls. 

The comparison of the wall pressures of Figure 6.60 and Figure 6.61 show very small if 

any difference in the profiles of hot and cold flows. This along with the inner flow study 

performed with the CFD model results show that the sudden wall pressure rise from x = 0 L to  

x = 0.25 L has no relation with either the axis switching of the jet or the impinging of the jet on 

the walls. Moreover the side wall temperatures started increasing after the middle of the mixing 

tube length which shows that the wall pressures do not show any signs of jet impinging on the 

walls at x = 0.25L of the mixing tube. 

Figure 6.69 presents the thermal image of the straight ejector with 30° swirling primary 

flow at high temperature. The wall temperature started increasing before x = 0.25L. The wall 

temperature was higher than the temperature with no swirl case. The temperature of the side walls 

increased before the temperature of the top and bottom which showed the higher growth rate of 

the jet in the minor axis compared to the major axis of the jet. The temperature upstream of the 

nozzle was measured as 445°C. The temperature of the top and bottom sides reaches maximum 

values of 270 °C, which was higher than the no swirl case. This was caused by (i) the hot flow 

spread out and touched the mixing tube walls with the higher swirl number of the flow, (ii) the jet 

impinged the top and bottom walls with a higher velocity earlier than the no swirl case and (iii) 

due to high swirl number flow having very low axial momentum in the centre and the primary-  
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Figure 6.69:  Wall temperature of straight ejector with 30° swirl hot flow (a) thermal image 
(b) wall temperature along the ejector length (Sr2) 
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Figure 6.70:  Contours of predicted wall temperature of straight ejector with 30° swirl in 
the hot primary flow (Sr2) 

flow spreads out close to the mixing tube walls. The primary flow spreads out due to the 

centrifugal force and its effect reached the ejector wall before the 0° swirl case. This is confirmed 

by the wall pressure shown in Figure 6.64 and Figure 6.65. 

Figure 6.68 and Figure 6.70 show the wall temperature of the straight ejector for 0 and 

30° swirl cases respectively. These figures show that the hot primary flow spreads in the major 

axis of the mixing tube and impinged the upper and bottom walls producing hot spots for the case 

with no swirl in the primary flow. However, there was a very small increase in the side wall 
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temperatures. This was contrary to the experimental observations of Figure 6.67, which show a 

higher temperature on the side walls. Figure 6.67 (b) also shows that the side wall temperature 

was about 85% of the top and bottom side temperatures. This is due to the underprediction of the 

spreading in the minor axis as discussed in the Section 6.5.4.1. 

The predicted temperature of the primary flow does not spread up to the side walls to 

raise the wall temperature. Figure 6.70 shows the predicted wall temperature of the straight 

ejector with 30° swirl in the primary flow. The spreading to the side walls is increased but still the 

temperature was underpredicted on the side walls. Due to this lower prediction of mixing, the top 

and bottom side temperatures were higher than the experimentally measured values. 

6.5.5.3 22.5° Bent Ejector Wall Pressure 

Figure 6.71 shows the wall pressures of the 22.5° bent ejector with 0° swirl hot primary flow. The 

pressure along the outer (concave) wall reaches maximum at x = 0.85L showing the location of 

primary flow impinging on the outside wall of the bend. The pressure on the inside wall starts 

decreasing with the start of the bend and reaches minimum at x = 0.45L. This is due to the flow 

separation from the inner (convex) wall. The pressure on the top and bottom continuously 

increases and except for two points the pressure on both sides remains the same through out the 

length of the ejector. 

Figure 6.72 shows the CFD model predicted wall pressure of the 22.5° bent ejector with 

0° swirl hot primary flow. The CFD model predicted the wall pressure variation similar to the 

experimental measurements but with large errors in the magnitudes. The major differences from 

the experimental measurements are the following: 
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Figure 6.71:  Wall surface pressure of 22.5°bent  ejector with 0° swirl hot flow (Sr2) 
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Figure 6.72:  CFD model predictions of wall surface pressure of 22.5°bent  ejector with 0° 
swirl hot flow (Sr2) 

• The mixing tube inlet pressure was overpredicted leading to a lower pressure rise. 

This was also seen in the prediction of pressure rise in Section 6.4.2.1. The main 

reason of this underprediction is the over estimation of the pumping ratio of all of  

the cases for Sr2 (oblong ejectors). This same trend of underprediction of the 

pressure rise was observed in all of the Sr2 cases. 

• The valley in the pressure of the inner wall of the mixing tube was not effectively 

predicted in terms of position and magnitude. This is due to the underprediction of  
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Figure 6.73:  Wall surface pressure of 22.5°bent  ejector with 30° swirl hot flow (Sr2) 

-1600
-1400
-1200
-1000

-800
-600
-400
-200

0
200
400
600
800

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Mixing tube length, z/L

Pr
es

su
re

, P
a

0° (outer)

90° (top)

180° (inner)

270° (bottom)

 

 

 
Figure 6.74:  CFD model predictions of wall surface pressure of 22.5°bent  ejector with 30° 
swirl hot flow (Sr2) 

separation on the inner (convex) wall. The turbulence model estimates a higher turbulence kinetic 

energy on the convex walls of the bend which caused the underprediction of the separation 

region. 

The pressure profiles for the 22.5° bent ejector, with 30° swirl hot flow, are presented in 

Figure 6.73. Similar to the straight ejector, the pressure increases sharply from x = 0 to x = 0.15 L 

due to the reasons already discussed. The top and bottom walls show a high pressure at x = 0.3L 
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marking the location where the primary flow impinges the top and bottom side of the mixing tube 

due to the flow direction of the primary jet. 

Figure 6.74 shows the CFD model predicted wall pressures for the 22.5° bent ejector with 

30° swirl primary flow. Due to the reasons already discussed the magnitude of the maximum 

pressure of the top and bottom walls was overpredicted and the minimum pressure of the convex 

wall of the bend was also slightly overpredicted due to the underprediction of the wall separation. 

The size of the separation region was also apparently underpredicted due to the reasons already 

discussed. 

6.5.5.4 22.5° Bent Ejector Wall Temperature 

Figure 6.75 presents the wall temperature of the 22.5° bent ejector with no swirl in the primary 

flow. Figure 6.75 (a) is the view of the inner side of the bend with flow going from left to right 

and Figure 6.75 (b) is the view of the outer wall of the bend with flow going from right to left. 

The temperature profile drops down in some areas due to the fact that the view of the ejector is 

blocked from the thermal imaging camera by the stand or the plastic tubing. The temperature of 

the flow in the annulus upstream of the nozzle was equal to 460 °C. 

The temperature profiles (Figure 6.75c) show that top and bottom sides of the mixing 

tube are at higher temperature than the outside wall because of the primary flow moving in the 

direction of top and bottom walls. In the 22.5° bent ejector the flow was not forced against the 

outside wall (although it is shifted to the outer wall) so that the outside wall temperature was not 

as high as the top and bottom. 

The inner (180°) wall temperature remains the lowest among all walls. The top wall 

temperature was 17% higher than the bottom wall temperature which is expected due to the 

combined effect of buoyancy and misalignment between the nozzle and mixing tube. The 

maximum temperature on the wall was 50% of the temperature of the flow in the annulus at 

station 1 (T1). 
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Figure 6.75:  Wall temperature of 22.5° ejector with 0° swirl hot flow (a) thermal image of 
inner wall view (b) thermal image of outer wall view (c) wall temperature along the ejector 
length (Sr2) 

 
   inside wall ( 180°)    outside wall ( 0°) 

  
Figure 6.76:  Contours of predicted wall temperature of 22.5° bent ejector with no swirl in 
the hot primary flow (Sr2) 
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Figure 6.76 presents the CFD model predicted wall temperature of the 22.5° ejector with 

0° swirl. The spreading of the temperature in the minor axis (towards the side walls) is 

underpredicted by the CFD model. The maximum temperature on the top and bottom walls is 

overpredicted. This trend is similar to the wall pressure variation. The CFD model shows slower 

spreading of the temperature than the experimental measurement. This may be due to the default 

value of turbulent Prandtl number used by the Fluent solver. 

Figure 6.77 presents the wall temperature of the 22.5° bent ejector with hot primary flow 

at 30° swirl. Similar to the straight ejector the temperature of the ejector walls increases earlier 

than the no swirl case. The maximum temperature was higher than the no swirl case which was 

equal to 59% of the flow temperature measured at station 1. The maximum temperature was 

registered on the top wall of the mixing tube. The top side temperature was 16% higher than the 

bottom wall (based on top wall temperature). 

The outside wall temperature rose to 220°C at around x = 0.25L and then decreased. 

From the velocity contour plots (provided in Appendix A) and the thermal image it appears that 

the combined effect of the swirl of the primary flow and the bend produced two counter rotating 

vortices. These vortices drove the relatively cold secondary air to the centre of the outer wall 

reducing the temperature in the centre of the outside wall. 

The inside wall temperature rose to 190°C at x = 0.25L and then gradually decreased in 

the downstream direction. The temperature of the inside wall started increasing earlier than the no 

swirl case, which showed higher spreading of the jet in the minor axis due to the swirl. Due to 

this reason the inside wall also registered high temperature in the bend region. The rise of the 

temperature on the inside and outside walls is expected due to the faster spreading of the jet in the 

minor axis due to the counter rotating vortices. 

Figure 6.78 shows the CFD model predicted wall temperature of the 22.5° bent ejector 

with 30° swirl. CFD model was not able to effectively predict the higher spreading of jet in the  
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Figure 6.77:  Wall temperature of 22.5° ejector with 30° swirl hot flow (a) thermal image of 
inner wall view (b) thermal image of outer wall view (c) wall temperature along the ejector 
length (Sr2) 

  
inside wall ( 180°) outside wall ( 0°) 

  
Figure 6.78:  Contours of predicted wall temperature of 22.5° bent ejector with 30° swirl in 
the hot primary flow (Sr2) 
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minor axis, which is typical of the behaviour in the current study. Due to this lower spreading in 

the minor axis the peak value of the temperature obtained on the top and bottom walls was higher 

than the experimental measurements. 

6.5.5.5 35° Bent Ejector Wall Pressure 

Figure 6.79 presents the wall surface pressure of the 35° bent ejector with 0° swirl in the 

primary flow. The outside wall showed a peak in the pressure profile marking the location of 

primary flow impinging the outside wall at x ≈ 0.75L. The outside wall pressure indicates that the 

high wall temperature of the outside wall was due to impinging of the primary jet, which was also 

observed in the exit velocity contour plot of Figure 6.48. The inlet pressure on the outside wall 

was higher than the other sides due to the fact that the downstream flow conditions affected the 

upstream velocity and pressure. 

Figure 6.80 shows the predicted wall pressure profiles of the 35° bent ejector with 0° 

swirl. As seen in the earlier cases the magnitudes of the top and bottom sides are overpredicted 

and the peak on the outside is underpredicted along with underprediction of the separation region 

on the inner wall. The reasons have already been discussed earlier. 

Figure 6.81 and Figure 6.82 show the measured and predicted wall pressures of the 35° 

bent ejector with 30° swirl. The top and bottom walls show higher pressure and the outside wall 

register lower pressure than the no swirl case. The inner wall showed lower pressure in the bend 

region showing that the size of separation region has increased due to the swirl. 

CFD shows overprediction of the peak pressure on the top and bottom walls as seen in 

the previous cases. The peak pressure of the outside wall is effectively predicted. As like previous 

cases the magnitude and size of separation is underpredicted on the convex wall of the bend. 
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Figure 6.79:  Wall surface pressure of 35° bent ejector with 0° swirl hot flow (Sr2) 
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Figure 6.80:  CFD model predictions of wall surface pressure of 35° bent ejector with 0° 
swirl hot flow (Sr2) 
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Figure 6.81:  Wall surface pressure of 35° bent ejector with 30° swirl hot flow (Sr2) 
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Figure 6.82:  CFD model predictions of wall surface pressure of 35° bent ejector with 30° 
swirl hot flow (Sr2) 

6.5.5.6 35° Bent Ejector Wall Temperature 

Figure 6.83 presents the wall temperature of the 35° bent ejector with the 0°swirl in the primary 

flow. The maximum temperature was recorded at x ≈ 0.8L on the outside (0°) wall, which was 
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55% of the primary flow temperature, T1. Top wall temperature was 35°C higher than the bottom 

wall. The inner wall maximum temperature was 32% of T1. The maximum temperature on all the 

walls was at x ≈ 0.8L. 

Figure 6.84 present the CFD model predicted wall temperature of the 35° bent ejector 

with no swirl in the primary flow. The CFD model predicted the spread of the temperature on the 

mixing tube walls but the position of the maximum temperature was delayed. The inside wall 

registered a low temperature region in the centre of the bend similar to the experiment 

measurements. Also on the outer wall the maximum temperature was observed on the centre as 

was seen in the thermal images. It shows that the CFD model was able to predict the main flow 

structures inside the mixing tube but the spreading of the temperature was underpredicted. 

Figure 6.85 shows the wall temperature of the 35° bent ejector with 30° swirl in the 

primary flow. The effect of inlet swirl was observed in the temperature spreading to the mixing 

tube walls faster than the no swirl case. The maximum temperature was recorded at x ≈ 0.65L on 

the top wall, which was 62% of the T1. The maximum wall temperature in 30° swirl case was 

25°C higher than the maximum temperature recorded in the no swirl case. As seen in the earlier 

cases the top wall temperature was 30-35°C higher than the bottom wall of the mixing tube. The 

inside and the outside walls showed nearly same temperatures. This shows that the (i) the 30° 

swirl spreads the jet faster than the no swirl case and (ii) the swirl in the primary flow reduces the 

separation zone size on the inner wall of the bend and causes higher mixing leading the inner wall 

temperature to rise. 

The CFD model predictions of wall temperature are provided in Figure 6.86. This figure 

shows a better prediction of the temperature distribution but with underprediction of the 

temperature level on the inner wall of the bend and overprediction of the temperature level on the 

top and bottom walls. 
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Figure 6.83:  Wall temperature of 35° ejector with 0° swirl hot flow (a) thermal image of 
inner wall view (b) thermal image of outer wall view (c) wall temperature along the ejector 
length (Sr2) 

  
inside wall ( 180°) outside wall ( 0°) 

  
Figure 6.84:  Contours of predicted wall temperature of 35° bent ejector with no swirl in the 
hot primary flow (Sr2) 
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Figure 6.85:  Wall temperature of 35° ejector with 30° swirl hot flow (a) thermal image of 
inner wall view (b) thermal image of outer wall view (c) wall temperature along the ejector 
length (Sr2) 
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Figure 6.86:  Contours of predicted wall temperature of 35° bent ejector with 30° swirl in 
the hot primary flow (Sr2) 



 

241 

Similar data of wall pressure and temperature were obtained for the 67.5° bent ejector. 

CFD model predictions of the 67.5° bent ejector also showed the same behaviour as seen in the 

predictions of the 0 to 35° bent ejectors. The data and CFD model predictions of the 67.5° bent 

ejector are provided in Appendix A. In general, features of CFD model predictions of wall 

pressures and temperatures can be summarized as: 

• The CFD model was able to predict the variation of wall pressures and temperatures 

but the magnitudes were often not predicted accurately. 

• The CFD model showed a lower spreading of momentum and temperature along the 

minor axis and overpredicted along the major axis. 

• In the swirling flow the higher pressure and temperatures were observed on the top 

and bottom walls and CFD model overpredicted those peak values on the top and 

bottom walls. 

• The predictions of the inside (convex) wall pressure showed that the size of 

separation from the wall is underpredicted by the CFD models. 

These behaviours are in agreement with the CFD model behaviours observed in the 

prediction of performance parameters and also with the previous studies discussed in the 

literature review in Chapter 3. 

Table 6.9 lists the summary of the wall temperature data of the test series 2 experiments. 

The table presents the data of all swirl cases, while the thermal images and temperature profiles 

presented above were only for the 0 and 30° swirl cases. The thermal images of the 10 and 20° 

swirl cases are provided in Appendix A. The primary flow temperature of each test, measured at 

section 1, is listed as T1. The maximum wall temperature, Tw(max)  was normalized with the 

primary flow temperature. An interesting trend of the wall temperature was observed with the 

swirl angle of the primary flow. The maximum wall temperature observed at the ejector walls 

increases with the degree of swirl in the primary flow. 
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Table 6.9:  Summary of wall temperature data (Sr2) 

Ejector Swirl, (°) T1, K Tw(max), K Tw(max)   Location 
1

(max)

T
Tw  

Straight 0 735 473 Top/Bottom 64% 

Straight 10 725 503 Top 69% 

Straight 20 728 508 Top 70% 

Straight 30 718 543 Top 76% 

22.5° 0 733 503 Top 69% 

22.5° 10 727 519 Top 71% 

22.5° 20 723 529 Top 73% 

22.5° 30 716 533 Top 74% 

35° 0 734 523 Outer wall 71% 

35° 10 730 531 Top 73% 

35° 20 720 536 Top 74% 

35° 30 719 548 Top 76% 

67.5° 0 737 563 Outer wall 76% 

67.5° 10 731 563 Bottom 77% 

67.5° 20 742 568 Top 77% 

67.5° 30 726 563 Top 78% 

 

The location of the maximum temperature was also an important consideration with 

respect to the infrared signature of the hot ejector walls. It was observed that the maximum 

temperature always occurred on the top or bottom side (major axis) of the mixing tube in the case 

of the straight and 22.5° bent ejectors. This was due to the direction of flow coming out of the 

nozzle. In the 35 and 67.5° bent ejectors the maximum temperature was observed on the outer 

wall (0°) of the mixing tube for the no swirl case. 

The location of Tw(max) was moved to the top side of the wall with swirl in the primary 

flow. This happened due to the fact that the flow velocity of the jet in the y-axis increased with 

the swirl in the primary flow, as seen in Figure 6.47. As a result of this the primary flow impinges 

on the top and bottom walls of the ejector causing localised heating. In the above temperature and 
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pressure profiles it was observed that the location of the hot spot remained the same in all ejectors 

when the primary flow had a 30° swirl angle. 

From the above results it was observed that the 22.5° bent ejector has flow and 

temperature patterns similar to the straight ejector, while the 35 and 67.5° bent ejectors had 

similar flow patterns. This, in a way, suggests that the bend angles up to 22.5° can be categorized 

as low degree bend and 35° and above can be categorized as high degree bends for the ejectors. 

Figure 6.87 show the effect of swirl angle of the primary flow on the maximum wall 

temperature, Tw(max). Plotted in the figure is the normalized wall temperature against the swirl 

angle of the primary flow for different ejectors. This figure shows that the maximum temperature 

increases with the degree of bend in the ejector. This was a result of (i) lower pumping associated 

with the higher degree of bend and (ii) the higher degree of bend caused the primary flow to 

impinge the outside wall (in case of 35 and 67° ejectors – 0° swirl). 
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Figure 6.87:  Maximum wall surface temperature as a function of the primary flow swirl 
angle for different ejectors (Sr2) 



 

244 

Figure 6.87 also shows that the maximum wall temperature increases with the degree of 

swirl although the effect of swirl was nominal in the 67.5° bent ejectors. The data in the figure 

also suggests that in all of the ejectors the Tw(max) converges to 64% of Tp. This result could be 

related to the area ratio and hence pumping of the ejectors and the ambient conditions. Further 

studies needed to confirm these observations are beyond the scope of current work. 

6.6 Test Series 3 

Series 3 included testing of three oblong bent ejectors having entraining diffusers attached at the 

end of mixing tubes. Sr3 tests were performed with and without swirl in the primary flow. The 

testing was performed with hot and ambient primary flow temperatures. A total of 18 tests were 

performed in this series. The test matrix of series 3 is shown in Table 6.10. 

As shown in Figure 4-10 the ejector consisted of a mixing tube and a diffuser. The total 

length of the ejector was equal to 1193 mm, which included 785 mm for the mixing tube and 421 

mm for the diffuser. The diffuser and mixing tube dimensions are provided in Figure 4.10 and 

Figure 4.11. 

Table 6.10:  Test matrix of series 3 

Swirl angle 
Ejector # Bend 

angle, (°) 
Primary flow 
temperature 0° 20° 30° 

3-1 22.5 
Cold 

Hot 

 

 

 

 

 

 

3-2 35 
Cold 

Hot 

 

 

 

 

 

 

3-3 67.5 
Cold 

Hot 
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The primary flow quantities of test series 3 (Sr3) are provided in Table 6.11. The testing 

was performed in the Reynolds number independent region. Mach number was below 0.3 in all 

the cases therefore the flow was considered incompressible. There was a variation in the ambient 

temperature and the temperature of the primary flow due to day to day temperature difference. 

Table 6.11:  Primary flow properties during testing of series 2 

 Re1 Ma1 Tp (°C) Ts (°C) T*=Ts/Tp 

(K/K) 

Cold test cases 4.5x105 to 
4.8x105 

0.22 39-42 33-40 0.96 

Hot test cases 1.8x105 to 
2.0x105 

0.28 460-500 22-26 0.38 - 0.41 

 

6.6.1 Pumping Ratio (Sr3) 

Figure 6.88 presents the pumping ratio Φ as a function of the swirl angle φ of the primary flow. 

The figure presents the data for the bent ejectors with entraining diffusers tested with different 

swirl conditions and temperatures of the primary flow. In the cold primary flow case, the 

pumping of the ejectors with entraining diffusers increased slightly up to 20° swirl angle and then 

decreased sharply with the 30° swirl in the primary flow. In the hot flow cases the pumping 

varied slightly up to the 20° swirl angle and then increased sharply with the 30° swirl. 

These data are also presented with respect to bend angle in Figure 6.89. In the 0° cold flow case 

the pumping decreases with the bend angle from 22 to 35° bend and then remained constant with 

further increase in the bend angle up to 67.5°. In the 20 and 30° swirl case the pumping decreased 

slightly with the bend angle. In the cold flow cases maximum pumping was obtained with the 20° 

swirl case while in the hot flow cases maximum pumping was obtained with 30° swirl. 
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Figure 6.88:  Pumping as a function of. swirl angle of bent ejectors with diffusers (Sr3) 
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Figure 6.89:  Pumping as a function of. bend angle of the ejectors with diffusers (Sr3) 

Figure 6.90 shows the exit velocity contours plots of the 35° bent ejector with cold and 

hot 30° swirling primary flow. These contour plots show a similar flow pattern with the exception 

of velocity magnitude. This figure shows that the increase in the pumping ratio with hot flow and  
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(a) (b) 

  
Figure 6.90:  35° bent ejector exit velocity contours plots for 30° swirling (a) cold flow and 
(b) hot flow (Sr3), contour levels are set different to show the same flow pattern but 
different magnitudes 

decrease with the cold flow in the 30° swirl cases was not related to the flow structures. It was 

therefore expected that the higher viscosity of the hot flow plays an important role in driving the 

tertiary flow from the diffuser gaps. 

6.6.1.1 Pumping Ratio with and without Entraining Diffuser 

The total mass flow rate at the exit of the ejector of series 3 included (i) primary flow 

coming from the nozzle, (ii) secondary flow entrained through the gap between the nozzle and the 

mixing tube and (iii) tertiary flow entrained through the gaps between the rings of entraining 

diffuser. Total entrainment was increased by installing the entraining diffuser at the end of the 

mixing tube. 

Figure 6.91 illustrates the difference between the pumping ratio of the ejectors with and 

without entraining diffusers. The trend of pumping of the bent ejectors with the entraining 
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diffuser was similar to the pumping without the entraining diffuser. The pumping decreased as 

the bend angle of the ejector increased. Figure 6.92 shows the same data with respect to the swirl 

angle of the primary flow. The maximum pumping of the ejector without entraining diffuser was 

obtained with the 20° swirl angle, whereas the pumping of the ejectors with entraining diffusers 

have an opposite trend depending upon the temperature of the primary flow. In the cold flow 

cases the pumping followed the trend of the ejectors without the diffuser, however in the hot flow 

cases the pumping increased sharply after the 20° swirl case. 

Table 6.12 lists the pumping ratio of the ejectors with and without the entraining diffuser. 

The table shows that the percentage difference between the pumping ratio increased as the bend 

angle increased. This means that the presence of entraining diffuser has higher benefits in an 

ejector with higher degree of bend. This was because of the small pumping of highly bent ejector 

having only the mixing tubes. 

Table 6.12 shows the overall advantage of the entraining diffuser on the pumping of the 

ejector. There is a possibility that the increase in the total pumping of the ejector with the 

entraining diffuser has a contribution from increased entrainment through the mixing tube along 

with the entrainment through the diffuser. This can happen because of the change in the mixing 

tube inlet pressure with the presence of entraining diffuser. Individual measurements of 

entrainment from the mixing tube and the diffuser were beyond the scope of current study and 

were not the purpose of this work. However, for a rough approximation the difference between 

the total pumping of the two tests i.e. (i) without entraining diffuser and (ii) with entraining 

diffuser for same mixing tube and primary flow properties (temperature and swirl) is considered 

as an improvement in the pumping due to the entraining diffuser. 
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Figure 6.91:  Pumping as a function of. bend angle of ejectors with and without entraining 
diffusers (a) 10° swirl, (b) 20° swirl and (c) 30° swirl in the primary flow (Sr3) 
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Figure 6.92:  Pumping as a function of. swirl angle of ejectors with and without entraining 
diffusers (a) 22.5° bend, (b) 35° bend and (c) 67.5° bend (Sr3) 
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Table 6.12:  Difference between the pumping ratio with and without diffuser 

Bend (θ°) Swirl (φ°) Temp. Φmt Φmt+diff Φmt+diff - Φmt % 
difference 

22.5 0 Cold 0.69 1.21 0.520 75% 

22.5 20 Cold 0.71 1.25 0.543 76% 

22.5 30 Cold 0.66 1.13 0.469 71% 

22.5 0 Hot 1.02 1.78 0.759 75% 

22.5 20 Hot 1.08 1.70 0.623 58% 

22.5 30 Hot 1.06 1.88 0.815 77% 

35 0 Cold 0.52 1.05 0.529 101% 

35 20 Cold 0.62 1.24 0.617 99% 

35 30 Cold 0.58 1.12 0.543 94% 

35 0 Hot 0.85 1.70 0.846 99% 

35 20 Hot 0.98 1.69 0.708 72% 

35 30 Hot 0.98 1.80 0.826 84% 

67.5 0 Cold 0.38 1.04 0.660 172% 

67.5 20 Cold 0.60 1.20 0.609 102% 

67.5 30 Cold 0.50 1.09 0.587 117% 

67.5 0 Hot 0.62 1.53 0.905 145% 

67.5 20 Hot 0.93 1.58 0.656 71% 

67.5 30 Hot 0.87 1.74 0.862 99% 

 

Figure 6.93 shows the improvement in the pumping of the bent ejectors by installing an 

entraining diffuser at the end of the mixing tubes. In case of 0° swirl in the primary flow the 

pumping improvement increases with the bend angle which is a sign of an increase in the 

entrainment through the mixing tube. Similarly, the improvement in 35° bent ejector was always 

higher than the 22.5° bent ejector due to the same reason. 
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Figure 6.93:  Improvement in the pumping due to entraining diffuser as a function of. bend 
angle of the ejector 

6.6.2 Pressure Rise (Sr3) 

Figure 6.94 to Figure 6.96 present the pressure rise through the bent ejectors with and without 

entraining diffusers. The figures show that the pressure rise increased when the entraining 

diffuser was attached at the end of the mixing tube. This result was expected because of (i) the 

ejector length increased from 785 mm to 1193 mm (ii) the diffuser further increased the pressure 

at the expense of the dynamic pressure. However, the entraining diffuser did not function only as 

a pressure recovery device it also acted as a cascade ejector with each ring functioning as a small 

ejector. This increased the overall entrainment of the ejector as seen in the previous section. 

These figures also show the effect of bend on the pressure rise. The pressure rise 

decreased with the degree of bend of the ejector. Yet, the effect of bend on the pressure rise 

diminished at higher swirl angles. This was in agreement with the observations in test series 2 

where the pressure at the inlet of the ejector was affected by the swirl in the primary flow. The 

pressure rise of the ejectors without entraining diffusers is provided for comparison. 
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Figure 6.94:  Pressure rise as a function of the bend angle of ejectors with entraining 
diffusers with no swirl in the primary flow (Sr3) 
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Figure 6.95:  Pressure rise as a function of the bend angle of ejectors with entraining 
diffusers with 20° swirl in the primary flow (Sr3) 
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Figure 6.96:  Pressure rise as a function of the bend angle of ejectors with entraining 
diffusers with 30° swirl in the primary flow (Sr3) 

The total length of the ejector was increased from 785 mm to 1193 mm i.e. from L/Dm = 

2.5 to L/Dm = 3.8 by attaching the diffuser at the end of the mixing tube. It is known that the 

pressure rise through the ejector is a strong function of the ejector length, as pointed out by 

Manganiello and Bogatsky [7], therefore the pressure rise per unit length is plotted against the 

bend angle in Figure 6.97 to compare the effectiveness of diffuser. The data shown in Figure 6.97 

were only for cold flow cases. The difference between the cold and hot cases was already 

illustrated in Figure 6.94 to Figure 6.96. 



 

255 

0.0

0.1

0.2

0.3

0.4

0.5

10 20 30 40 50 60 70
Bend angle θ°

Π
 / 

L

0°, with diff 20°, with diff
30°, with diff 0°, without Diff
20°,  without diff 30°,  without diff

Swirl φ°, temp

 

Figure 6.97:  Pressure rise per unit length as a function the bend angle of the ejectors with 
and without entraining diffusers, cold flow data shown 

It is seen in Figure 6.97 that the pressure rise per unit length with the entraining diffuser 

was higher in the 0 and 30° swirl angles and less in 20° swirl angle. This is due to the fact that the 

20° swirl flows have overall better performance in the ejectors without the entraining diffusers 

(test series 2). 

6.6.3 Ejector Efficiency 

Figure 6.98 to Figure 6.100 show the difference between the efficiency of the ejector with and 

without entraining diffusers. The efficiency of the ejector increased significantly by attaching an 

entraining diffuser. The efficiency is higher because of the higher pumping and pressure rise 

obtained by attaching the entraining diffuser. As mentioned earlier the ejector length was 

increased by attaching the diffuser. 
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Figure 6.98:  Efficiency as a function of the bend angle of ejectors with entraining diffusers 
with no swirl in the primary flow (Sr3) 
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Figure 6.99:  Efficiency as a function of the bend angle of ejectors with entraining diffusers 
with 20° swirl in the primary flow (Sr3) 
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Figure 6.100:  Efficiency as a function of the bend angle of ejectors with entraining diffusers 
with 30° swirl in the primary flow (Sr3) 

The effect of bend on the efficiency was larger in the no swirl case than the swirling case. 

The swirl in the primary flow decreased the efficiency of the slightly bent ejectors but increased 

the efficiency of the highly bent ejectors. For cold flow cases the efficiency of the 22.5° bent 

ejector decreased from 78% with no swirl to 52% with 30° swirl, whereas the efficiency of the 

67.5° bent ejector increased from 26% with no swirl to 48% with 30° swirl. This is partly due to 

the fact that the efficiency is based on the dynamic pressure of the inlet primary flow. As the 

swirl angle increased the dynamic pressure increased for the same mass flow rate. Therefore for 

straight ejectors the numerator increased so efficiency decreased. Also the swirling flow had 

higher losses in a straight or slightly bent ejector which decreased the efficiency. On the other 

hand the separation region is decreased due to the swirl, which increased the flow area and 

decreased the losses in the bent ejectors. 
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6.6.4 Diffuser Wall Temperature 

6.6.4.1 22.5° Bent Ejector with Diffuser 

Figure 6.101 and Figure 6.102 show the wall temperature of the 22.5° bent ejector with diffuser 

with no swirl and 30° swirl respectively. The thermal images of the 22.5° bent ejector with 20° 

swirl are provided in Appendix A. A significant difference between the wall temperatures of the 

mixing tube and the diffuser is seen in Figure 6.101. Diffuser rings are visible in the thermal 

images of Figure 6.101 and Figure 6.102 (a) and (b) and the temperature of four sides of the 

diffuser is plotted in Figure 6.101 (d) and Figure 6.102 (c) for 0 and 30° swirl cases respectively. 

The temperature of each ring of the diffuser starts from near ambient and goes to the maximum 

making valleys and peaks in the centreline temperature profiles on all sides. Each valley marks 

the beginning of a ring and each peak is the temperature of the end of the diffuser ring. 

The temperatures of the four rings of the diffuser increased from the leading edge to the 

trailing edge. This is due to the fact that at the start of each ring the flow through the mixing tube 

was away from the ring and the flow coming through the gap of the ring, which was nearly at 

ambient temperature, was close to the diffuser ring and acted as a thermal cushion. Whereas on 

the trailing edge of the ring the hot temperature spread close to the wall and the entrainment air of 

that ring became hotter by mixing with the primary flow. 

The maximum temperature of the diffuser was 86 and 91°C in 0 and 30° swirl cases 

respectively, which was 33% of the maximum temperature of the mixing tube walls. TDw(max) in 

the 30° swirl case was a little higher than the no swirl case. The same trend was observed in the 

temperature of the mixing tube in test series 2 because of impinging of the primary flow on the 

walls due to the higher swirl angles of the primary flow. The temperature on the top and bottom 

sides was higher than the inside and outside walls of the bend. This is similar to the maximum 

temperature of the mixing tube of test series 2 as shown in the Section 6.5.5. 
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(d)  
  

Figure 6.101:  Wall temperature of the 22.5° bent ejector with diffuser, 0° swirl hot flow, 
thermal image of diffuser (a) inner wall view (b) outer wall view (c) complete ejector (d) 
wall temperature along the diffuser length (Sr3) 
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The peak temperature of each next diffuser ring was lower than the previous ring because 

of the continuous entrainment of air through the diffuser gaps, which reduced the overall 

temperature of the main flow and provided a cushion to the next diffuser ring. In some cases a 

sudden rise of the temperature profile near the end of a diffuser ring (e.g. 3rd peak of 90° side of 

Figure 6.101 (d)) was an indication of the view of the inside of the diffuser. This suggests that the 

ratio between the overlap (13 mm) to the gap (9 mm) of the diffuser rings should be increased to 

block the inside view of the diffuser for infrared signature suppression. Figure 6.103 shows the 

cross-sectional view of the diffuser along with the detail showing the overlap and the gap 

between the consecutive rings. 
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(c)  
Figure 6.102:  Wall temperature of 22.5° bent ejector with diffuser, 30° swirl hot flow, 
thermal image of diffuser (a) inner wall view (b) outer wall view (c) wall temperature along 
the diffuser length (Sr3) 
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Sectional view of the Diffuser 

 
Detail G showing overlap 

and gap between rings 
  

Figure 6.103:  Cross-sectional view of the entraining diffuser showing the overlapping rings 
and dimensions 

6.6.4.2 35° Bent Ejector with Diffuser 

Figure 6.104 and Figure 6.105 present the wall temperatures of the 35° bent ejectors with diffuser 

with 0 and 30° swirl respectively. The maximum temperature of the diffuser wall was 91°C i.e. 

38% of the mixing tube temperature in the 0° swirl case. The maximum temperature was 

recorded on the outside wall of the mixing tube and of the diffuser. The temperature of each next 

ring decreased up to the third ring while the temperature of the fourth ring was the maximum. 

This was due the fact that the trailing edges of the first three rings were covered by the next rings 

downstream. This hides the high temperature of the trailing edges from the thermal imaging 

camera. 

A maximum temperature equal to 135°C was recorded on the inside wall of the diffuser 

in the 30° swirl case. The maximum temperature on the mixing tube was equal to 290°C, which 

was recorded on the top side wall of the mixing tube. The diffuser wall maximum temperature 

(TDw(max)) was 47% of the mixing tube wall maximum temperature (Tw(max)). A similar behaviour 

was observed in the 67.5° bent ejector with 30° swirl in the primary flow. The reason behind this 

high temperature on the inside wall of the diffuser was the interaction of counter rotating vortices 

due to the bend and the cross stream velocity components due to the swirl in the primary flow. 
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(c)  
Figure 6.104:  Wall temperature of 35° bent ejector with diffuser, 0° swirl hot flow, thermal 
image of diffuser (a) inner wall view (b) outer wall view (c) wall temperature along the 
diffuser length (Sr3) 

Figure 6.106 to Figure 6.109 show the velocity and temperature profiles at the exit of the 

22.5 and 67.5° bent ejectors with diffusers. Figure 6.106 and Figure 6.107 show the properties at 

the exit of the 22.5° bent ejector with diffuser with 0 and 30° swirl in the primary flow 

respectively. The velocity contours of the no swirl case show a high momentum primary flow in 

the central region showing the shape of the primary nozzle. The upper side of the diffuser exit 

shows a higher momentum region which may be due to the buoyancy of the hot flow as the 

contour plots of the cold flow through the same ejector, which are shown in Appendix A, 

exhibited a symmetric flow in the Y-axis. The temperature contours also show the similar 

structure with the hot primary flow in the centre and cold secondary and tertiary flow on the outer 

sides. 
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(c)  
Figure 6.105:  Wall temperature of 35° bent ejector with diffuser, 30° swirl hot flow, 
thermal image of diffuser (a) inner wall view (b) outer wall view (c) wall temperature along 
the diffuser length (Sr3) 

In the 30° swirl case the swirl of the primary flow had a dominating effect on the velocity 

and temperature contours as shown in the Figure 6.107. The swirl in the primary flow of the 

nozzle was broken and two semi-circular patterns on upper and lower sides of the diffuser exit 

were seen. As seen in the velocity vectors at the exit of the mixing tube the two counter rotating 

vortices were not symmetric because of the asymmetric flow from the nozzle and also due to the 

bend in the mixing tube. The temperature contours showed higher spread of the temperature than 

the momentum but the high temperature did not reach the sides due to the fact that the tertiary 

flow through the diffuser gaps acted as a cushion. 
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    (a)     (b) 

Figure 6.106:  22.5° bent ejector with 0° swirl hot flow, contours of (a) velocity magnitude 
overlaid by cross-stream velocity(b) temperature, (Sr3) 

 

  
    (a)     (b) 

Figure 6.107:  22.5° bent ejector with 30° swirl hot flow, contours of (a) velocity magnitude 
overlaid by cross-stream velocity(b) temperature, (Sr3) 
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Figure 6.108 and Figure 6.109 show the velocity and temperature contours at the exit of 

the 67.5° bent ejector with diffuser and with 0 and 30° swirl in the primary flow respectively. In 

the 0° swirl case the primary flow through the nozzle was shifted towards the outer (right side) 

wall of the diffuser but did not touch the wall due to the tertiary flow through the diffuser. The 

effect of buoyancy was also seen here just like the 22.5° bent case. As seen in all of the cases of 

the current study the spread of temperature was higher than the momentum. 

Figure 6.109 shows the 30° swirl case for the 67.5° bent ejector with diffuser. The flow 

structures were dominated by the combined effect of the swirl and the counter rotating vortices 

generated due the bend. The counter rotating vortices moved the high momentum and 

temperature primary flow to the inner side wall of the bend in the central region of the diffuser 

cross section. This high temperature flow raised the temperature of the inner (180°) wall of the 

diffuser, which is seen in Figure 6.105 and Figure 6.111. This again shows similar behaviour of 

the flow in the 35 and 67.5° bent ejectors. 
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    (a)     (b) 

  
Figure 6.108:  67.5° bent ejector with 0° swirl hot flow, contours of (a) velocity magnitude 
overlaid by cross-stream velocity(b) temperature, (Sr3) 

 
   (a)    (b) 

Figure 6.109:  67.5° bent ejector with 30° swirl hot flow, contours of (a) velocity magnitude 
overlaid by cross-stream velocity(b) temperature, (Sr3) 
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6.6.4.3 67.5° Bent Ejector with Diffuser 

Figure 6.110 and Figure 6.111 show the wall temperatures of the 67.5° bent ejectors with diffuser 

with 0 and 30° swirl respectively. In the 0° swirl case the maximum temperature was observed on 

the outside walls of the mixing tube and the diffuser. The TDw(max) was equal to 96°C and Tw(max) 

was equal to 283°C, hence TDw(max) was 34% of Tw(max). There was a peak of high temperature in 

the bottom side which was due to the inside view of the diffuser. 
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(c)  
Figure 6.110:  Wall temperature of 67.5° bent ejector with diffuser, 0° swirl hot flow, 
thermal image of diffuser (a) inner wall view (b) outer wall view (c) wall temperature along 
the diffuser length (Sr3) 
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(c)  
Figure 6.111:  Wall temperature of 67.5° bent ejector with diffuser, 30° swirl hot flow, 
thermal image of diffuser (a) inner wall view (b) outer wall view and (c) wall temperature 
along the diffuser length (Sr3) 

In the 30° swirl case the maximum temperature was observed on the top side (90°) wall 

of the mixing tube and inside (180°) wall of the diffuser. The TDw(max) was equal to 147°C, which 

was 51% of the mixing tube wall maximum temperature with Tw(max) equal to 290°C. The 

maximum temperatures of the diffuser top and bottom side walls were 70 and 62°C respectively. 

The reason behind the high temperature observed at the inside wall of the diffuser has already 

been discussed 
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Chapter 7 

Conclusions and Recommendations 

7.1 Conclusions 

An experimental and computational study of bent ejectors has been carried out. The effect of 

bend angle of the mixing tube, swirl and temperature of the primary flow were studied. The 

investigation was done with round and oblong sectioned mixing tubes and oblong mixing tubes 

with entraining diffusers. The conclusions are made on the basis of experiments and numerical 

computations. 

7.1.1 Experiments 

The following conclusions are made on the basis of experimental measurements. 

• The bend reduces the performance of an ejector by reducing the pumping ratio and 

the pressure rise. 

• Flow separation and recirculation on the mixing tube entrance, and in the bend region 

degrade the pumping and pressure rise. 

• Low degree of swirl improves the performance of bent ejectors. The swirl reduces the 

separation and recirculation regions. 

• High degree of swirl produces central recirculation region, which causes lower flow 

area hence decreasing the pumping ratio and pressure rise. 
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• The temperature ratio between the secondary and the primary flow has a significant 

effect on the pumping ratio. The difference between the pumping of hot and cold 

flow is higher for a highly swirling flow. The exponent n of equation for adjusted 

pumping ratio, ( )nT *Φ=Φ′ , does not strictly remain equal to 0.5. 

• Temperature has negligible if any effect on the pressure rise across an ejector. 

• The temperature spreads faster than momentum in the current study of air–air 

ejectors. 

• The high viscosity and turbulence kinetic energy of the hot primary flow improves 

the mixing of primary and secondary flows and reduces the separation. This 

improves overall performance of an ejector. However, the efficiency of the hot 

flow cases are lower then the cold flow cases because the driving force i.e. the inlet 

dynamic pressure, of the hot flow is much higher than a comparable cold flow case. 

• The maximum temperature of the ejector walls increased with the degree of swirl in 

the primary flow, which is due to the direction of flow issuing from the nozzle 

having circular to oblong transition. 

7.1.2 Computations 

A commercial CFD code, Fluent, was used for the numerical computation of the flow through 

ejectors with bent mixing tubes. Most of the computation was based on the so called realizable  

k-ε turbulence model presented by Shih et al. [14], however some cases are tested with other 

RANS based turbulence models available in the Fluent solver. The following conclusions are 

made with respect to the numerical computations. 

• The Realizable k-ε model is an effective tool for the numerical computations of air–

air bent ejectors however its performance decreases in a highly swirling flow with 

high streamline curvatures. 
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• The Spalart–Almaras and k-ω based turbulence models perform better for the 

prediction of wall separation but are not recommended for the modeling of such 

devices because of their poor performance in the core regions of the jets, especially 

when the primary flow has a high swirl number. 

• The RNG k-ε model provides better predictions of flow structures and performance 

parameters in highly swirling flows but it is computationally more expensive 

compared to the R k-ε model. 

• The Reynolds stress turbulence model was used for highly swirling flow with large 

streamline curvature. The solution obtained showed very small improvement for 

the extra computational effort involved in this model. 

 

7.2 Recommendations 

Based on the experimental testing and numerical computations of air–air ejectors with short bent 

mixing tubes the following recommendations are made for the future studies. 

• An in depth flow study should be made inside the ejectors looking at the 

streamwise vortices, mixing of two flows and the size and magnitude of flow 

separation at the entrance and the bend region for better understanding of flow 

structures and performance of the bent ejectors. 

• Numerical computations should be performed with finer mesh for (i) reducing the 

numerical diffusion and (ii) for implementing enhanced wall treatment. 

• The Reynolds stress model should be used with higher computational power along 

with checking the latest modifications in the k-ε model e.g. modified k-ε model 

presented by Thies and Tam [67] and total temperature correction modification of 
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Abdol-Hamid et al. [70] for the numerical computation of the bent ejector 

problems. 

7.3 Guidelines for the Design of Bent Ejectors 

The guidelines provided in this section are with reference to the study of: 

• degree of bend in the mixing tube of a short air-air ejector 

• effect of swirl on the performance parameters of tested bent ejectors 

• cold and hot flow testing of ejectors 

• use of modest numerical computational tools, including a general purpose 

commercial grid generation program and CFD solver, limited computational 

resources i.e. from one desktop computer to six processors connected for parallel 

processing. 

The experimentation was performed in a stagnant environment in which the secondary 

flow was drawn in from the stagnant ambient conditions. The magnitudes of the performance 

parameters may change due to the differences in the geometry or the surrounding conditions. For 

the effect of confined spaces on the performance of an ejector the interested readers are directed 

to a study done by Sarkar [86]. 

In the design process the position and location of the bend in the mixing tube of an 

ejector is a critical consideration. In this study the bend was located in the centre of the mixing 

tube with a straight portion of the mixing tube on both sides of the bend. 

If a small degree of bend is required in a short ejector then the area ratio between the 

mixing tube and the nozzle should be included in the considerations. In large area ratio ejectors 

the hot exhaust from the nozzle may not be completely diverted by the bend angle of the ejector. 

The ejector performance in such a case, in terms of pumping and pressure rise, will be close to the 
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performance of a straight ejector. On the other hand if a large degree of bend is required in the 

mixing tube then the pumping and pressure rise will decrease significantly. 

The swirl in the exhaust may help in increasing the pumping but it also forces the primary 

flow to move radially out and touch the mixing tube walls, causing higher wall temperatures 

compared to the no swirl case. This should be considered during designing an infrared signature 

suppressor. 

While designing the nozzle shape it may be considered that a strong transition will affect 

the flow coming out of the nozzle, which may lead to the formation of hot spots on the mixing 

tube walls. 

In the air-air ejectors the temperature of the hot primary flow spreads faster than the 

momentum, which should be included in the considerations for designing an ejector for infrared 

signature suppression. 

Separation was observed at the inlet of the mixing tube with a rounded inlet having radius 

in the range of 6 – 10 mm when the secondary air was coming from stagnant surroundings. This 

may on one hand require inlets with bigger radius wherever possible and on the other hand 

requires the designers to consider the presence of a separation bubble at the inlet of the mixing 

tube. A value for the minimum radius for the inlet of the mixing tube is not suggested in this 

study. 

It may be considered that if a CFD model with limited resources performs well for 

straight and slightly bent ejectors with varying degrees of swirl may not perform as well for the 

highly bent ejectors with highly swirling flows. 
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Appendix A 

Experimental Data 
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A.1 Sr1 Mass Conservation Test 

Table A.1: Summary of mass conservation test in Sr1 

 Annulus Nozzle exit 

Shape  Round 
Size (mm) OD = 152, ID = 81 Dn = 152 
Measuring instrument 3-hole probe 7-hole probe 
Mass flow (kg) 1.62 1.577 
Swirl (°) 0°  
Difference 2.6% 
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Figure A.1: Inlet profiles in the annulus, (a) velocity (b) pressure 
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Figure A.2: Contours at the exit of the nozzle, (a) velocity (b) pressure 
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A.2 Test Series 1 Data 
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A.2.1 Inlet Profiles for Sr1 Experiments 
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Figure A.3: Inlet velocity and pressure profiles in the annulus of 22.5° bent ejector (a) 0° 
swirl, (b) 20° swirl and (c) 40° swirl (Sr1) 
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Figure A.4: Exit velocity and pressure contours of straight ejector (a) 0° swirl, (b) 20° swirl 
and (c) 40° swirl (Sr1) 
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Figure A.5: Exit velocity and pressure contours of 22.5° bent ejector (a) 0° swirl, (b) 20° 
swirl and (c) 40° swirl (Sr1) 



 

287 

 

(a) 

 
   
   

 

(b) 

 
   
   

 

(c) 

 
   

Velocity  Pressure 
   

Figure A.6: Exit velocity and pressure contours of 45° bent ejector (a) 0° swirl, (b) 20° swirl 
and (c) 40° swirl (Sr1) 
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Figure A.7: Exit velocity and pressure contours of 67.5° bent ejector (a) 0° swirl, (b) 20° 
swirl and (c) 40° swirl (Sr1) 
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A.2.2 Mixing Tube Exit Velocity Profiles of Sr1 Experiments 

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

x /  R

w
 / 

W
m

ax

0 20 40

Swirl angle φ°

 
Figure A.8: Normalized axial velocity profile plotted on the exit centreline velocity 22.5° 

ejector by (Sr1) 

0

0.2

0.4

0.6

0.8

1

1.2

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

x /  R

w
 / 

W
m

ax

0 20 40

Swirl angle φ°

 
Figure A.9: Normalized axial velocity profile plotted on the exit centreline velocity 45° 

ejector by (Sr1) 
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Figure A.10: Normalized axial velocity profile plotted on the exit centreline velocity 67.5° 

ejector by (Sr1) 
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A.3 Test Series 2 Data 

A.3.1 Mixing Of Momentum and Temperature 
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Figure A.11:  Centreline velocity and temperature profiles at the exit section of 22.5°bent 
ejector with no swirl in the primary flow (Sr2) 
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Figure A.12:  Centreline velocity and temperature profiles at the exit section of 22.5° bent 
ejector with 30° swirl in the primary flow (Sr2) 



 

291 

0

0.2

0.4

0.6

0.8

1

1.2

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

x / R

V
 / 

V
m

ax

0

0.2

0.4

0.6

0.8

1

1.2
Exp. vel
CFD vel
Exp. temp
CFD temp

 

am b

am b

TT
TT
−

−

m ax

 

Figure A.13:  Centreline velocity and temperature profiles at the exit section of 35° bent 
ejector with no swirl in the primary flow (Sr2) 
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Figure A.14:  Centreline velocity and temperature profiles at the exit section of 35° bent 
ejector with 30° swirl in the primary flow (Sr2) 
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A.3.2 Exit Contour Plots 
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Figure A.15: Exit velocity and pressure contours of straight ejector with cold primary flow 
(Sr2) 
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Figure A.16: Exit velocity and pressure contours of straight ejector with hot primary flow 
(Sr2) 
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Figure A.17: Exit velocity and pressure contours of 22.5° bent ejector with cold primary 
flow (Sr2) 
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Figure A.18: Exit velocity and pressure contours of 22.5° bent ejector with hot primary flow 
(Sr2) 
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Figure A.19: Exit velocity and pressure contours of 35° bent ejector with cold primary flow 
(Sr2) 
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Figure A.20: Exit velocity and pressure contours of 35° bent ejector with hot primary flow 
(Sr2) 
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Figure A.21: Exit velocity and pressure contours of 67.5° bent ejector with cold primary 
flow (Sr2) 
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Figure A.22: Exit velocity and pressure contours of 67.5° bent ejector with hot primary flow 
(Sr2) 
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A.3.3 Wall Temperature for Sr2 Experiments 

Table A.2: Summary of wall temperature 0°ejector-10°swirl 

Wall Min Max Avg. 
Side (0 & 180°) 66.0 202.6 149.8 
Top (90°) 51.6 228.4 151.5 
Bottom (270°) 53.4 233.6 156.0 
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Figure A.23:  Wall temperature of straight ejector with 10° swirl hot flow  

Table A.3: Summary of wall temperature 0°ejector-20°swirl 

Wall Min Max Avg. 
Side (0 & 180°) 67.2 167.0 134.4 
Top (90°) 55.0 235.5 210.4 
Bottom (270°) 54.5 233.3 201.3 
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Figure A.24:  Wall temperature of straight ejector with 20° swirl hot flow  
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Table A.4: Summary of wall temperature 22.5°ejector-10°swirl 

Label Min Max Avg. 
Outside (0°) 80.2 204.4 139.3 
Top (90°) 70.4 247.2 148.7 
Inside (180°) 73 179 127 
Bottom (270°) 70.0 232.4 131.7 
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Figure A.25:  Wall temperature of 22.5° bent ejector with 10° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 

 

Table A.5: Summary of wall temperature 22.5°ejector-20°swirl 

Label Min Max Avg. 
Outside (0°) 75.0 211.1 142.8 
Top (90°) 73.2 251.5 149.4 
Inside (180°) 70 197 134 
Bottom (270°) 68.8 241.1 136.6 
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Figure A.26:  Wall temperature of 22.5° bent ejector with 20° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 
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Table A.6: Summary of wall temperature 35°ejector-10°swirl 

Label Min Max Avg. 
Outside (0°) 70.0 204.7 131.1 
Top (90°) 80.1 262.9 194.9 
Inside (180°) 81.6 228.9 189.4 
Bottom (270°) 77.3 251.6 192.4 
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(a) (b) 

Figure A.27:  Wall temperature of 35° bent ejector with 10° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 

 

Table A.7: Summary of wall temperature 35°ejector-20°swirl 

Label Min Max Avg. 
Outside (0°) 138.8 172.8 157.0 
Top (90°) 130.0 263.7 223.3 
Inside (180°) 73.0 217 151 
Bottom (270°) 131.9 245.5 205.8 
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(a) (b) 

Figure A.28:  Wall temperature of 35° bent ejector with 20° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 
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Table A.8: Summary of wall temperature 67.5°ejector-10°swirl 

Label Min Max Avg. 
Outside (0°) 96.9 250.2 204.3 
Top (90°) 92.4 279.0 217.3 
Inside (180°) 69 214 149 
Bottom (270°) 94.9 290.0 224.8 
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(a) (b) 

Figure A.29:  Wall temperature of 67.5° bent ejector with 10° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 

  

Table A.9: Summary of wall temperature 67.5°ejector-20°swirl 

Label Min Max Avg. 
Outside (0°) 92.9 240.8 194.6 
Top (90°) 93.5 295.0 228.7 
Inside (180°) 77 244 165 
Bottom (270°) 88.3 285.9 220.8 
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(a) (b) 

Figure A.30:  Wall temperature of 67.5° bent ejector with 20° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 
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Figure A.31:  Wall surface pressure of 67.5°bent  ejector with 0° swirl hot flow (Sr2) 
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Figure A.32:  CFD predictions of wall surface pressure of 67.5°bent  ejector with 0° swirl 
hot flow (Sr2) 
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Figure A.33:  Wall surface pressure of 67.5°bent  ejector with 30° swirl hot flow (Sr2) 
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Figure A.34:  CFD predictions of wall surface pressure of 67.5°bent  ejector with 30° swirl 
hot flow (Sr2) 



 

306 

64.1°C

290.0°C

100

150

200

250

 67.2°C

310.9°C

100

150

200

250

300

 
(a) (b) 

 

0
25
50
75

100
125
150
175
200
225
250
275
300
325

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Mixing tube length, x/L

T,
 °

C

0° (outside)

90° (top)
180° (inside)

270° (bottom)

 

(inner)

(top)

270°

0°

90°

180°
(inner)

(top)

270°

0°

90°

180°

 

(c) 
 

Figure A.35:  Wall temperature of 67.5° ejector with 0° swirl hot flow (a) thermal image of 
inner wall view (b) thermal image of outer wall view (c) wall temperature along the ejector 
length (Sr2) 

T, °CT, °C

inside wall ( 180°) outside wall ( 0°) 
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Figure A.36:  Contours of predicted wall temperature of 67.5° bent ejector with no swirl in 
the hot primary flow (Sr2) 
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Figure A.37:  Wall temperature of 67.5° ejector with 30° swirl hot flow (a) thermal image of 
inner wall view (b) thermal image of outer wall view (c) wall temperature along the ejector 
length (Sr2) 
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Figure A.38:  Contours of predicted wall temperature of 67.5° bent ejector with 30° swirl in 
the hot primary flow (Sr2) 

 

 

 

 

 

 

A.4 Test Series 3 Data 

 



 

309 

 

 

0° swirl 

 

 

20° 
swirl 

 

 

30° 
swirl 

 
  Velocity   Pressure 
   

Figure A.39: Exit velocity and pressure contours of 22.5° bent ejector with diffuser with 
cold primary flow (Sr3) 
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Figure A.40: Exit velocity and pressure contours of 22.5° bent ejector with diffuser with hot 
primary flow (Sr3) 
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Figure A.41: Exit velocity and pressure contours of 35° bent ejector with diffuser with cold 
primary flow (Sr3) 
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Figure A.42: Exit velocity and pressure contours of 35° bent ejector with diffuser with hot 
primary flow (Sr3) 
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Figure A.43: Exit velocity and pressure contours of 67.5° bent ejector with diffuser with 
cold primary flow (Sr3) 
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Figure A.44: Exit velocity and pressure contours of 67.5° bent ejector with diffuser with hot 
primary flow (Sr3) 
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A.4.1 Diffuser Wall Temperature of Series 3 (20° Swirl Cases) 

 

Table A.10: Summary of wall temperature 22.5°ejector with diffuser, 20°swirl 

Label Min Max Avg. 
Outside (0°) 33 66 42 
Top (90°) 32 78 51 
Inside (180°) 45 70 54 
Bottom (270°) 42 93 56 
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(a) (b) 

Figure A.45:  Wall temperature of 22.5° bent ejector with 20° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 
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Table A.11: Summary of wall temperature 35°ejector with diffuser, 20°swirl 

Label Min Max Avg. 
Outside (0°) 42 80 56 
Top (90°) 44 96 63 
Inside (180°) 50 90 64 
Bottom (270°) 46 103 61 
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(a) (b) 

Figure A.46:  Wall temperature of 35° bent ejector with 20° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 

 

Table A.12: Summary of wall temperature 67.5°ejector with diffuser, 20°swirl 

Label Min Max Avg. 
Outside (0°) 36 102 61 
Top (90°) 33 70 48 
Inside (180°) 47 126 86 
Bottom (270°) 32 77 51 
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Figure A.47:  Wall temperature of 67.5° bent ejector with 20° swirl hot flow (a) thermal 
image of inner wall view (b) thermal image of outer wall view 
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Appendix B1 

Seven Hole Probe Calibration 

The advantage of using a 7-hole probe is that the flow parameters (such as, velocity fields and 

pressure) can be determined at flow attacking angles up to 60° relative to the probe axis in non-

nulling mode, which makes the measurement much easier and convenient than operating a probe 

in nulling mode, especially in the hot flow tests. 

Three-dimensional flow conditions were expected after the swirlers and at the exit of the 

ejectors, and the 7-hole probes were mainly used for the flow measurement at the nozzle inlet and 

the diffuser (or mixing tube) exit. In total, six 7-hole probes were involved in this research. One 

was used on the CFWT and was designed and calibrated by the previous researchers. The other 

five 7-hole probes were designed and calibrated for this study. As the 7-hole probes had to be 

made very small (about 3.76 mm in diameter) to minimize disturbance to the flow, they were 

sensitive to the manufacturing process. Therefore, each probe had to be calibrated before use. The 

calibration method presented here was mainly based on the work of Gerner et al. [87]. 

The probes were calibrated on the CFWT. They were positioned in a nearly uniform axial 

flow field with known velocity and local pressure, which were measured by a Pitot-static probe. 

The Reynolds number based on the probe diameter was in the range of 1.84x105, and the Mach 

number was below 0.3. Cunningham [88] summarized that the sensitivity of 5-hole probe 
                                                      

1 This Appendix is a combined effort of the author and Mr. Qi Chen who was a graduate student in the 

Department of Mechanical and Materials Engineering, Queen’s University at the time author was pursuing 

his degree. 
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calibration with respect to the Reynolds number and turbulence intensity was not primary concern 

when the Reynolds number was larger than 2x104. In addition, the effects of Mach number were 

also minimal. He also deduced that the sensitivity of 7-hole probe to these parameters was even 

lower than the 5-hole probe since the measurement of the 7-hole probe was not dependant on the 

holes in the separated region. 

In total, the probe was calibrated at 1809 points. Each point had a different cone and roll 

angle within the range of ±60°. At each measurement point, the pressures of all the probe holes 

were recorded for the post processing. 

B.1 Definitions 

The configuration of probe numbering system is shown in Figure B.1(a). According to 

the highest pressure among the probe holes, the calibration regions of probes can be divided into 

seven sub-domains (see Figure B.1 (b)); and, two calibration regimes can be determined: 

 Low flow angles: the center hole had the highest pressure and the flow was fully attached 

to the probe surface; 

 High flow angles: one of the circumferential holes had the highest pressure and the flow 

was separated at the downstream side of the probe. 

All kind of flow angles are illustrated in Figure B.2. The meanings are stated in Table B.1. The 

mathematical relationships between velocity components and flow angles are summarized in 

Table B.2 
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(a)       (b) 

Figure B.1: (a) Schematic diagram of probe number convention; (b) calibration regions:  
region 1 as low-angle region; region 2~7 as high angle region. 

 

 

Figure B.2: Definitions of flow angles for 7-hole probe 
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Table B.1: Definitions of flow angles for 7-hole probe. 

Angle Definition 

pitch, αT 
between the probe axial-axis (Z) and the projection of the velocity vector in the Y-
Z plane. 
 

yaw, βT 
between the probe axial-axis (Z) and the projection of the velocity vector in the X-
Z plane. 
 

cone, θ between probe axial-axis (Z) and the velocity vector. 
 

roll, γ between negative Y-axis and the projection of the velocity vector in the X-Y plane. 
 

 

Table B.2: Mathematical relationships between velocity component and flow angles. 

u = V sin β u = V sin θ sin γ αT = arctan (v/w) 

v = V sin α cos β v = V sin θ cos γ βT = arctan (u/w) 

w = V cos α cos β w = V cos θ  

 

B.2 Coefficients 

In total, four unknown variables (two directional flow angles, total pressure and dynamic 

pressure) needed to be solved. Two angular coefficients, which were expressed as functions of 

dimensionless pressure coefficients defined from probe port pressures, were used to determine the 

local flow angles. At low flow angles (typically less than 30 degrees [87]), all pressures of seven 

holes were used to define the angular coefficients, which were CαT for pitch angle, and CβT for 

yaw angle. At high flow angles, only pressures of the holes in the attached flow region were used 

to determine angular coefficients, which were Cθ for cone angle, and Cγ for roll angle. 

Two pressure coefficients (Ct and Cq), which were expressed as the functions of angular 

coefficients, were used to calculate local total and dynamic pressures. 
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B.2.1 Coefficients of Low Flow Angle 

The coefficients of low flow angle can be expressed by using the following equations: 

Pitch angular coefficient:  ( )
cba

CCCC T αααα −+= 2
3
1

 (B.1) 

Yaw angular coefficient:  ( )
cb

CCC T ααβ +=
3

1
 (B.2) 
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 where Pt is the actual local total pressure. 

(B.5) 

Dynamic pressure coefficient:  
q

q P
PPC 721 −−

=  

 where Pq is the actual local dynamic pressure. 

(B.6)  

 

B.2.2 Coefficients of High Flow Angle 

The coefficients of high flow angle in region n, where hole n had the highest pressure, can be 

determined by using the following equations: 

Cone angular coefficient:  
nn

n

PP
PPC

−
−

= 1
θ  (B.7) 

Roll angular coefficient:   
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−
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322 

 where,      
2

+− += nn
n

PPP  (B.9) 

and Pn- is the pressure of previous adjacent hole, and Pn+ is the pressure of next  

 adjacent hole. 

Total pressure coefficient:  
n

tn
tn PP

PPC
−
−

=
1

 (B.10) 

Dynamic pressure coefficient:  
q

nn
qn P

PPC −
=  (B.11)  

 

B.3 Calibration Constants 

According to the hole having highest pressure, the calibrated data points were allocated to the 

proper regions and the corresponding coefficients were calculated. The desired flow parameters, 

which were the functions of the angular pressure coefficients, were determined by using a fourth 

order polynomial expansion: 

 for low flow angles:  
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 where, A represents one of the flow parameters, αT, βT, Ct, Cq. The Ks are the 

   calibration coefficients 
 

 for high flow angles:  

  

in
A

nn
A

nn
A

nn
A

n
A

n
A

nn
A

nn
A

n
A

n
A

nn
A

n
A

n
A

n
AA

i

CKCCKCCKCCKCK

CKCCKCCKCK

CKCCKCKCKCKKA

]

[

4
15

3
14

22
13

3
12

4
11

3
10

2
9

2
8

3
7

2
65

2
4321

γγθγθγθθ

γγθγθθ

γγθθγθ

+++++

++++

+++++=

 

 

(B.13) 

 where, A represents one of the flow parameters, θ, γ, Ct, Cq.  
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For each region, a matrix (shown in Equation (B.14)) can be build from m data points. 

The items in matrix A can be determined in terms of known flow conditions of the wind tunnel. 

The items in matrix C can be calculated from the probe pressures. Therefore, the calibration 

constants, Ks, can be solved. A spreadsheet with programmed macros was used to divide 

experimental data into specific region. A FORTRAN program was developed to solve the matrix 

to obtain the constants. 
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With solved calibration constants, the 7-hole probe was ready to measure the unknown 

flow field. The process was simply listed as the following: 

1. Recorded the calibration test data; 

2. Allocated the data points to the proper regions; 

3. Calculated the angular coefficients by selecting the proper equations from Equation 

(B.1), (B.2), (B.7) and (B.8); 

4. Used Equation (B.12) or (B.13) to determine the flow parameters; 

5. Used Equation (B.5), (B.6) or (B.10), (B.11) to calculate the total pressure and dynamic 

pressure, and further calculation of the velocity components. 

Step 2 was finished by designed spreadsheet. Step 3~5 were done by the FORTRAN program. 
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Appendix C 

Error Analysis 

C.1 Uncertainties in Measurements 

Uncertainties associated with a measuring system can be determined by either experimental or 

analytical methods. Analytical methods are usually based on specifications provided by the 

manufacturer. In many cases these specifications are not described in terms of statistical 

properties therefore some approach is applied to identify measuring system errors. Taylor [89] 

proposed a procedure for extracting the error estimates from manufacturers’ specifications. As 

two of the main measuring systems were built and calibrated so there was enough calibration data 

for the error or uncertainty analysis. Calibration data and auxiliary experiments were used to find 

the uncertainty in the measurements of the instruments used with the exception of thermocouples 

where manufacturer’s data were available. 

In the experimental approach an end-to-end calibration is done to find the fixed and 

variable error of the measuring system. The readings of the measuring system are recorded 

against a known constant input of the variable e.g. velocity or the temperature. Offset of the mean 

reading from the known input shows the fixed error of the measuring system. Variable error was 

estimated from the variation in the instrument readings. 

In the current study the calibration data of each 3-hole and 7-hole probe gives the 

uncertainty estimate in the measurement of the velocity and the pressure. The uncertainty 

estimates obtained from the calibration data give the uncertainty in the bias error. Auxiliary 
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experiments were performed for the uncertainty in the precision error. The bias and precision 

errors were combined according to the method suggested by Moffat [80] to get the total error of 

the measurement. 

C.1.1 Measuring Instrument Uncertainties 

C.1.1.1 7-Hole Probe 

Velocity magnitude, direction, static, dynamic and total pressures were measured by the 7-hole 

probes. The bias errors in all the variables measured with the 7-hole probe were estimated by the 

calibration data of the 7-hole probes. The error estimates of the 7-hole probe measurements are 

noted in Table C.. 

Table C.1:  Bias uncertainty estimates of the measurements of 7-hole probe 

Velocity 
angle (°) 

Axial 
velocity (m/s) 

Velocity 
magnitude 

(m/s) 

Static 
pressure 

(Pa) 

Dynamic 
Pressure 

(Pa) 

Total 
Pressure 

(Pa) 

0.6 1.3 1.1 94 96 47 

 

Moffat [90] suggested auxiliary experiments for the estimation of uncertainties as Zeroth, 

1st and Nth order. As the measurements were done for the velocity, for which the system can not 

be held constant, therefore the experiments were not strictly designed according to Moffat’s 

suggestions. For the estimation of precision error of the 7-hole probes two types of auxiliary 

experiments were designed as: 

(i) repeated measurements of velocity and pressure were taken at a single point 

in flow with the traverse rig stationary 

(ii) repeated measurements were taken at the same point with the traverse rig 

moving and then coming back to the same point. By this way the variation 
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due to the instrument alone and the variation due the movement of complete 

measurement system was considered in two different experiments. 

The measurements were performed at the exit of 172mm diameter round nozzle. The 

uncertainty estimates from the auxiliary experiments are tabulated in  

Table C.2:  Precision uncertainty estimated by probe stationary 

 Axial 
velocity (m/s) 

Velocity 
magnitude 

(m/s) 

Static 
pressure 

(Pa) 

Dynamic 
Pressure 

(Pa) 

Total 
Pressure 

(Pa) 

2σ 1.7 1.7 17 131 140 

95 % CI 0.3 0.3 3 24 26 

% error 
based on CI 0.2% 0.2% 0.7% 0.36% 0.36% 

 

In the second auxiliary experiment the probe was moved to a new location and then 

brought back to see the effect of probe motion. The readings revealed no difference in the 

uncertainties from the uncertainties of the previous experiment. This showed that the traversing of 

the measuring instrument had no effect on the error of the 7-hole probe measurements. 

C.1.1.2 3-Hole Probe 

The bias error of the 3-hole probes was estimated from the calibration data. The precision error 

was estimated from statistical analysis of a sample of data. The calibration process was performed 

by a previous researcher and the computed estimated uncertainties are provided in Table C.3 

Table C.3:  Bias and precision uncertainties associated with the 3-hole measurements [91] 

 Velocity angle 
(°) 

Velocity 
magnitude (m/s) 

Static 
pressure (Pa) 

Total 
pressure (Pa) 

Bias 0.2 2.7 94 91 

Precision 1 1 40 30 
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C.1.1.3 Pitot Static Tube 

Auxiliary experiments were performed to obtain the estimates of uncertainties in the measured 

values of the Pitot tube. Table C.4 lists the uncertainties associated with the Pitot tube 

measurements. 

Table C.4: Precision uncertainty estimated for Pitot tube measurements 

 Velocity 
(m/s) 

Static 
pressure 

(Pa) 

Dynamic 
Pressure 

(Pa) 

Total 
Pressure 

(Pa) 

2σ 1.56 105 168 247 

95 % CI 0.3 19 30 45 

% error 
based on CI 0.3% 4.18% 0.62% 0.83% 

 

Table C.5: Precision uncertainties associated with the wall taps measurements 

 Inlet Taps Ejector wall taps 

2σ 13 28 

95 % CI 2 9 

   

 

C.1.1.4 Wall Static Taps 

Wall taps were used to check the primary flow pressure at the 7-hole measurement station 

upstream of the nozzle and at the ejector walls. Auxiliary experiments were performed to obtain 

an estimate of the precision error of the wall taps. 
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C.1.1.5 Thermocouples 

K-type thermocouples were used for the temperature measurement of the primary air, ambient air 

and the mixed stream. Bias uncertainty was obtained form the manufacturer’s specifications and 

the precision uncertainties were estimated from the auxiliary experiments. 

Table C.6: Bias and precision errors of thermocouples 

Precision 
Location Bias 

95 % CI 

Primary inlet 3.3° 1.3° 

Ejector exit 2.2° 0.9° 

Ambient 1° 0.1° 

 

The overall uncertainty in the measurement was calculated as the root-sum-square (RSS) 

combination of bias and precision uncertainties, similar to the suggestions of Moffat [80] for the 

Nth-order uncertainty. The Nth-order uncertainty interval is equivalent to the 95% confidence 

interval uncertainty but the value might be different because of the fact that the Nth-order 

uncertainty includes the effect of process unsteadiness. The overall uncertainty of the 

measurement is the root-sum-squared (RSS) of the individual uncertainties [80]: 

The overall uncertainties in the measured values are given in Table C.7. 
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Table C.7:  Overall uncertainties of measured values 

Instrument Variable/Station Total Uncertainty 

7-hole probe 

Velocity angle 

Axial velocity 

Velocity magnitude 

Static pressure 

Dynamic pressure 

Total Pressure 

0.60° 

1.3 m/s (1.51%) 

1.2 m/s (1.38%) 

94 Pa 

99 Pa 

54 Pa 

3-hole probe 

Velocity angle 

Velocity magnitude 

Static pressure 

Total pressure 

1.0° 

2.9 m/s 

102 Pa 

95 Pa 

Thermocouple 

Temperature (inlet) 

Temperature (exit) 

Temperature (ambient) 

3.6° 

2.4° 

1° 

Wall Taps 
Inlet static pressure 

Ejector wall pressure 

2 Pa 

9 Pa 

Pitot tube 

Velocity 

Static pressure 

Total pressure 

2 %† 

19 Pa 

45 Pa 

Laser Doppler 

Anemometer 
Turbulence Intensity 0.13% 

Thermal imaging 

camera 
Temperature 2% or 2°C † 

  †: Based on manufacturer’s data 

 

C.1.2 Uncertainty in Area 

The dimensional tolerance for the areas of the annulus and the ejector, uncertainty of the 

traversing system and the uncertainty due to the thermal expansion were considered. The 

uncertainties in area of the annulus and ejector exit are listed in Table C.8. 
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Table C.8: Uncertainty in area 

 Due to 
tolerance (m2) 

Due to thermal 
expansion (m2) Total (m2) 

Annulus 

(A=0.025 m2) 
0.00053 
(2.1%) 

0.00004 
(0.17%) 

0.000 53 
(2.1%) 

Ejector 

(A=0.076 m2) 
0.00078 
(1.0%) 

0.00006 
(0.077%) 

0.00078 
(1.0%) 

 

C.2 Uncertainties in Calculated Results 

The uncertainties in the measured values propagate into the calculated results. The uncertainties 

in the calculated performance parameters were estimated by the method suggested by Kline and 

McClintock [82]. They showed that the constant odd combination of the individual uncertainties 

represent the uncertainty in the result R with good accuracy. The constant odd combination is 

given as: 

For the current study the uncertainty in the result was calculated by Eq. (C.1)) for all the 

performance parameters. 

Table C.9 lists the uncertainties in the various parameters which were calculated based on 

the data of the 0° swirl hot flow test of straight ejector. 
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Table C.9: Uncertainties in the flow parameters 

Uncertainty 

Parameter Magnitude (based 
on Sr2 St-0swirl 

hot data) 
% 

Primary mass 
flow rate 0.045 kg 2.4% 

Total mass flow 
rate 0.08 kg/s 2.2 % 

Secondary mass 
flow rate 0.074 kg/s 4 % 

Pumping ratio 0.022 4.6 % 

Pressure rise 0.0183 5 % 

 

C.3 Thermocouple Response 

The thermocouple traversed at the exit section of the ejector moved from one temperature region 

to another. This was because of the incomplete mixing of the hot primary and the cold secondary 

flows. It was important to consider the response time of the thermocouple so that the temperature 

measured at a point do not have the influence of the temperature of the last point traversed. There 

were two ways of measuring the response time of the thermocouple (i) analytical and (ii) 

experimental measurement. 

The time required to hold the thermocouple at a point is based on the balance between the 

heat transfer to/from the thermocouple by convection and the rate of change of thermocouple 

temperature. The conduction and radiation terms were negligible in the current study and were 

not considered. 

( )pg TTAh
dt
dTcm −=  (C.2) 
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where m is the mass of the thermocouple tip, c is the specific heat, A is the surface area and h is 

the convective heat transfer coefficient, Tg and Tp are gas and thermocouple probe temperatures 

respectively. 

above equation can be written as: 

τ is called time constant of the thermocouple. The mass and specific heat of the thermocouple was 

found from the physical properties of Chromel and Alumel materials of the thermocouple. Area 

and volume were calculated by assuming the tip of the thermocouple as spherical in shape. 

Equation (C.3) can be integrated to 

Tp0 is the temperature of the thermocouple probe before coming to the new temperature location. 

A process is considered practically completed in five time constants [78]. Therefore it was 

considered to hold the thermocouple at the position for t = 5τ. 

One approach was to find the time constant by analytical methods and then keep the 

probe for 5τ at one position. Another method was to continuously monitor the temperature of the 

thermocouple with respect to time and mark the time when the temperature becomes constant 

with time. 

C.3.1 Analytical Method 

Analytical method included calculating the values of m, c, h, and A for the thermocouple to find 

τ. Following equations are used in the calculation of response time of the thermocouple. 

( )pg TT
dt
dT

−=⎟
⎠
⎞

⎜
⎝
⎛τ  (C.3)  

such that: 
Ah
cm

=τ  (C.4) 

( ) τ/
0

t
pggp eTTTT −−−=  (C.5) 
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where k is the thermal conductivity of air, d is the diameter of the thermocouple and average 

Nusselt number for a sphere is given as [92]: 

For calculating the time constant τ certain assumptions were made which were: 

• Thermocouple tip was assumed spherical in shape 

• A fixed velocity of the flow was assumed to find the heat transfer coefficient 

• Physical properties of the thermocouple were interpolated between the properties of 

Chromel and Alumel 

• Physical properties of air were taken on assumed temperatures of the flow and the 

temperature of the thermocouple probe 

The properties of the thermocouple are taken from the physical properties of Alumel and 

Chromel given in Table C.10. The diameter of the thermocouple was measured and found close 

to 1 mm. Flow and material properties of air assumed for the calculations are given in Table C.11. 

The velocity at the exit of the ejector varies hence; values of the time constant were obtained for 

different velocity magnitudes. The equations were solved in EES software package. A variation 

of time constant with the velocity is given in Figure C.1. 

Table C.10:  Thermophysical properties of thermocouple materials [93] 

Material k (Btu/s-ft-°R) c (Btu/lbm-°R) ρ (lbm/ft3) 

Alumel 0.0048 0.124 537 

Chromel 0.0031 0.106 545 

Source: NACA TN 2599 
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Table C.11:  Thermophysical properties of air 

Viscosity, μw 
at 210°C 

(N-s/m2) † 

Viscosity, μ∞ 
at 200°C 

(N-s/m2) † 

Thermal 
conductivity, k 

(W/m) ‡ 

Prandtl 
Number, Pr 

‡ 

Density, ρ 
(kg/m3) 

at 200°C † 

2.635 x 10-5 2.596 x 10-5 0.03886 0.685 0.7461 

 Sources: †- [23], ‡- [94] 
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Figure C.1: Thermocouple time constant as a function of flow velocity 

 

C.3.2 Experimental Method 

During the analytical method a number of assumptions were made due to which it was felt 

necessary to find the value of time constant experimentally. In the experimental method the 

thermocouple was brought from one temperature region to another temperature region and was 

held at the new location with a constant temperature for 20 seconds. The instantaneous 

temperature of the thermocouple was recorded and then plotted with respect to the time. The time 

at which the reading of the thermocouple became stable was the time required to hold the 
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thermocouple at a location to minimize the effect of thermocouple response. The temperature 

measured with respect to the time is plotted in Figure C.2. 
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Figure C.2: The instantaneous temperature measured by the thermocouple in the flow of 
constant temperature and velocity 

Figure C.2 shows that the temperature measured by the thermocouple increased as it is 

brought to the new location and then became stable after 2.5s. If this time is considered as the 

time at which the temperature of the thermocouple is 99% of the flow temperature when t = 4.6τ 

so that τ = 0.54 s-1. This value is close to the calculated value of τ at velocity magnitude of 100 

m/s in Figure C.1 

Based on this value of time constant the thermocouple was held at a location for 1.875s 

before taking the temperature reading. A Total of 900 samples were taken at a sampling rate of 

900 samples/s. The process of taking samples started 1.875 second after the probe reached at the 

new location and finished in 1 second. The average of 900 samples was considered the 

temperature of that point. 
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Appendix D2 

Inlet Mass Flow Measurement 

For the HGWT, to measure the mass flow rate before the nozzle inlet, four 7-hole probes, located 

at 0°, 90°, 180° and 270° direction within annulus, were traversed based on the inlet grid shown 

in Figure D.1 (a). Data were obtained at 12 radial locations with a total of 48 experimental data 

points. 

Due to the large bend radius of the seven-hole probe stem (see Figure D.2), the space 

between the first point (point-1) to the inner wall and the last point (point-12) to the outer wall 

could not be reached by the probe tip. A technique was needed to estimate the velocity at these 

two areas. As shown in Figure D.1 (b), the probe was traversed from point-1 to point-12 with a 3 

mm traversing step. From point-2 to point-11, each data point was treated to present the average 

velocity at the center of 90° sector area with 3 mm width. Based on a similar dividing 

methodology, one more point (point-0) was added at area-1, and four more points (point-13 ~ 

point-16) were inserted into area-2. 

The axial velocity profile at various swirl conditions (see Figure D.3) indicated that 

different methodologies should be used to estimate the velocity of new points based on the known 

information for the no-swirl condition and swirl conditions. Similar methods were used to 

calculate the mass flow rate with 3-hole probe data. The details have been presented by [91]. 

 
                                                      

2 This Appendix is a combined work of the Author and Mr. Qi Chen, a PhD student in the Department 

of Mechanical and Materials Engineering, Queen’s University from 2002-2007. 
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Figure D.1: Traversing grids for inlet flow measurement on HGWT. 
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Figure D.2: Photograph of 7-hole probe. 
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Figure D.3: Experimental axial velocity profile in the annulus, cold flow. 

 

D.1 Method for No Swirl Condition 

For the no swirl condition, the empirical power law function (Equation (D-1)) [95] was used to 

estimate the velocity profile at unknown region. The very thin viscous layer and overlap layer at 

near wall region were not considered and the power law was applied up to the wall. The exponent 

Large fillet radius is 
required to bend outer 
tube without hurting 
seven very small tubes 
inside. 
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n was estimated from the velocity of centreline points (average of point-7 to point-9) and point-1 

for the area-1, and point-12 for the area-2. The “n” for the area-1 and area-2 was different. 

n

centerline R
r

w
w

1

1 ⎟
⎠
⎞

⎜
⎝
⎛ −=  (D-1) 

Where:  

  r: distance from wall 

  R: distance from centreline to wall 

  w: velocity at distance “r” 

  centreline: annulus centreline velocity. 

 After “n” was calculated, the velocity profiles of area-1 and area-2 became known. The mass 

flow rate can be integrated directly by using Equation (D-2) for area-1 and Equation (D-3) for 

area-2: 
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D.2 Method for Swirl Condition 

At swirl conditions, in area-2, the axial velocity changes at a much slower rate than the no swirl 

condition (see Figure D.3). Instead of a power law, a linear profile developed from experimental 

data was assumed to estimate the velocities for the new added points. For example, the velocities 

of point-13 to point-16 were calculated from the linear equation, which was fitted from the data 

of point-8 to point-12. Similarly, the velocity of point-0 was calculated from the linear equation, 

which was fitted from the data of point-1 to point-5. 

D.3 Verification of Estimation Methods 

 A number of mass balance tests (cold flow) were run at various swirl conditions to verify the 

employed estimation methods. The test setup is illustrated in Figure D.4. The total mass flow rate 

before the nozzle inlet, minlet, was calculated by using the applied methods. The total mass flow 

rate at the nozzle exit, mexit, was integrated from data of another 7-hole probe, which was 

traversed at the nozzle exit with a fine traversing grid. The comparison results are shown in  

Table D.12. The data showed that the difference between the minlet and mexit was within 3%. This 

indicated that the inlet mass flow estimation was reasonably accurate for the current research. 
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Figure D.4: Schematic diagram of mass balance test rig. 

Table D.12: The results of mass balance tests. 

 minlet (kg/s) mexit (kg/s) 
difference based on 

mexit 

φ = 0° 2.26 2.30 1.6% 

φ = 20° 2.20 2.15 2.4% 

φ = 30° 2.08 2.04 2.4% 
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