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Abstract 

This research project compared the performance of two subsonic air-air ejectors with multi-ring 

entraining diffusers. The first ejector system was investigated by Qi Chen in his thesis. It consists 

of a nozzle, mixing tube, and a Full Entraining Diffuser. The Full Entraining Diffuser was found 

to cause drag forces in an airplane because it protrudes out of the engine cowling. In order to 

make a streamline fit in the engine cowling, the Full Entraining Diffuser needs to be cut. The 

second ejector system was then designed by the author to investigate the effect of cutting the 

diffuser on a 30
o
 incline on the performance of the ejector. This study involves experimental and 

numerical investigation on how cutting the diffuser affects the performance of the ejector.  

The experiments were conducted at the Hot Gas Wind Tunnel (HGWT) at Grant Timmins Lab. 

Both ejector systems were tested, but the Ejector with Full Diffuser was only tested under 20
o
 

inlet swirl condition to compare with Chen’s experimental data. Four different inlet swirls (0
o
, 

10
o
, 20

o
, and 30

o
) were applied on the Ejector with Cut Angled Diffuser.  

Numerical studies using Computational Fluid Dynamics (CFD) were also conducted for both 

ejector systems. Gambit 2.4.6 and Fluent 6.3.26 were used to generate mesh and run the CFD 

simulations for all cases. The numerical studies were conducted to conclude which flow features 

CFD can or cannot predict and how important they are in terms of predicting the overall ejector 

performance (pumping, pressure recovery, velocity and temperature distributions at the diffuser 

outlet).  

The experimental results showed that the inlet swirl had similar effect on the Ejector with Cut 

Angled Diffuser to the Ejector with Full Diffuser. In general, cutting the diffuser on a 30
o 
incline 

does not affect the overall performance of the ejector. For the CFD simulations, RNG k-ε with 
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Enhanced Wall Function was found to give reasonable prediction on the bulk flow properties, 

such as total pumping, pressure recovery in the diffuser, wall temperature, and velocity profiles 

at the diffuser outlet. 
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Chapter 1 - Introduction and Scope of Current Study 

1.1. Introduction 

In some gas turbine applications, the engine, its enclosure and exhaust duct must be cooled to 

limit the temperature to reduce stress and fatigue. There are various methods of cooling a gas 

turbine and using an air-air ejector is one of them. A subsonic air-air ejector is a simple pump 

with no moving parts. It uses turbulent mixing and viscous force of higher momentum fluid to 

pump a low momentum fluid. An ejector consists of a driving nozzle, a mixing tube, and a 

diffuser (see Figure 1-1). This makes air-air ejector an attractive option for gas turbine cooling 

since it offers lower manufacturing and maintenance cost compared to a mechanical pump.  

Due to the widespread use of gas turbine engines and the simplicity of an ejector, improving the 

performance of the gas turbine through design of specialized exhaust ejectors is of extensive 

interest for the industry. Improvements in the efficiency of a gas turbine result in a reduction in 

fuel consumption and pollution. The primary driving nozzle and entrainment of secondary air in 

the mixing tube causes backpressure on the gas turbine engine. Keeping the backpressure to a 

minimum is essential in order to increase the pressure recovery. Increased pressure recovery 

means less fuel is needed to get the same amount of power and this reduces turbine inlet 

temperature, which increases engine life.   

The design of ejector is a mature field of engineering. Based on past research and published 

literature, a near ideal ejector with ideal pumping and mixing could be designed. However, 

usually this requires a very long ejector. Practical exhaust duct are often restricted by the engine 

installation space and weight requirements, which keeps it from being ideal in size and shape. 



2 

 

There are several ways of overcoming this issue, such as using a hypermixing nozzles or an 

entraining diffuser to compensate for the shorter ejector system. 

There is very limited data for the performance of entraining diffusers that allow airflow through 

the diffuser wall. Andrew [1] studied the effect of the entraining diffuser geometry on the total 

pumping ability. For a ringed entraining diffuser, the pumping ratio increased as divergence 

angle (2α) decreased. Presz and Werle [2] studied multi-staged ejector systems with an 

alternating lobed nozzle and found that the four-staged system gave the most benefit in terms of 

lowering backpressure and increase mixing and pumping.  In this current study, the performance 

of two entraining diffusers was compared experimentally and numerically. The first entraining 

diffuser (see Figure 1-1) was investigated by Chen [3]. The full diffuser was found to cause drag 

since it protrudes from the engine cowling (see figure 1-2). In order to reduce drag, the full 

diffuser was cut in a 30
o
 incline (see figure 1-3), so that it fits the engine cowling in a more 

streamline manner. The main theme in this research is investigating the effect of cutting the 

diffuser on the overall ejector performance. It is to be expected that a reduction in diffuser 

pressure recovery would result by cutting the diffuser in an incline. 
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Figure 1-1: Flow schematic inside the Ejector with Full Entraining Diffuser  

 

 

Figure 1-2: W.R. Davis Full Entraining Diffuser installed on CASA CN-235 (IR suppressor) 
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Figure 1-3: Flow schematic inside the Ejector with Cut Angled Diffuser 

1.2. Objective 

The objective of this research was listed as follow: 

1. Obtain flow properties (velocities, temperature pressure) from the ejector systems 

experimentally 

2. Perform a RANS based CFD study of the ejector systems 

3. Validate the CFD results with experimental results for both ejector systems 

4. Compare the experimental and CFD results of both ejector systems 

5. Determine the effect of cutting the Entraining Diffuser on a 30
o 

incline  

6. Confirm that important features of the flow could be resolved by the CFD 

1.3. Scope and Contribution of Current Study 

This research project involved the experimental and computational study of two types of ejector 

systems. The two ejector systems that were considered in this current study are: 

1. Round straight ejector with Full Entraining Diffuser 

 Experiment and CFD with 20
o
 inlet swirl to compare to Chen’s data 
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2. Round straight ejector with Cut Angled Entraining Diffuser (Experiment and 

CFD) 

 Experiment and CFD  (0
o
, 10

o
, 20

o
, 30

o
 inlet swirl) 

Experiments were carried out at the Hot Gas Wind Tunnel (HGWT) at Grant Timmins lab. The 

inlet swirl was generated using multiple swirl vanes upstream of the nozzle inlet. Computational 

studies were carried out with RANS based turbulence models with Enhanced Wall Functions. 

The Ejector with Cut Angled Diffuser system was compared with the Ejector with Full Diffuser 

to investigate the effect of cutting the diffuser on the ejector performance experimentally and 

numerically (CFD). Some performance parameters that are considered are listed below:  

1. Pumping and mixing 

2. Backpressure  

3. Velocity and Temperature profiles at the diffuser outlet 

4. Diffuser and Mixing Tube wall temperatures 

5. Separation length  

6. Flow structure inside the ejector, such as core separation 

7. Diffuser pressure recovery  

8. Effects of inlet swirl on all of the above 

Some existing instrumentation and software was used to obtain flow properties data in the hot 

gas wind tunnel. Computational studies were performed with Fluent 6.3.26 and Gambit 2.4.6. 

Fluent User Defined Functions (UDF) were developed to generate the flow properties at the 

nozzle inlet.  
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Chapter 2 - Theory and Literature Review 

2.1. Background 

The subsonic air-air ejector is a device that mixes the high velocity primary fluid stream with the 

secondary fluid stream. This process is mainly dominated by turbulent mixing and viscous 

interaction of the high velocity primary stream with the secondary stream [4]. This process is 

known as entrainment. Ejectors have no moving parts and acts like a pump, therefore, it is easy 

to build and maintain. The purposes of ejectors are to increase pressure rise, mixing of two 

streams, and pumping. Some of the ejector applications are found in aerospace industry (IR 

suppression, thrust augmentation, and exhaust duct cooling), HVAC systems, and industrial 

processes.  

An ejector contains a driving nozzle, a mixing tube, and a diffuser to convert maximum kinetic 

energy to pressure head [5]. Figure 2-1 shows the schematic of an ejector with conical diffuser. 

Past research has shown that a number of factors can influence the ejector overall performance. 

These include standoff distance, s, and geometric variations, such as nozzle outlet diameter (dne) 

mixing tube length Lmt, inlet treatment and mixing tube diameter, Dmt, diffuser exit diameter, Dde 

and length [3], diffuser angle (2α) and shape of mixing tube and diffuser. 
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Figure 2-1: Schematic of the flow inside ejector with conical diffuser 

 

Ejector performance is a function of the ejector geometry [6]. It is dependent on various 

parameters, such as, nozzle outlet diameter (dne), nozzle shape (round, lobed, oblong, notched, 

etc), mixing tube geometry, standoff (s, distance between nozzle and mixing tube), diffuser angle 

(2α), diffuser outlet diameter (dde), mixing tube and diffuser shape, and inlet flow condition.    

An ideal air-air ejector could be designed based on past research. However, in order to reach an 

ideal performance, the ejector usually requires a very long mixing tube to let the primary stream 

completely mix with the secondary stream. The problem is that the requirements of the engine 

installation limits the length and weight of the mixing tube and thus prevents the ejector system 

from being near ideal. The length available for the mixing tube is usually much shorter than 

needed for efficient mixing. Advanced hyper-mixing nozzles (oblong, lobed shaped nozzle) 

could be used to improve the ejector performance on a short mixing tube. A nozzle with 

triangular tab has also been used in the past to improve mixing [7].  
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The exhaust duct of a gas turbine must be cooled to meet the temperature limitation criteria. The 

temperature limitation is required for structural integrity, space usage and infrared suppression. 

When a passive cooling system is required, the ducts can be cooled by ejectors with multi ring 

entraining diffuser (see figure 1-1) that could provide film cooling. The addition of an entraining 

diffuser at the end of the mixing tube causes tertiary entrainment into the diffuser. This tertiary 

flow is mixed with the stream from the mixing tube to provide further cooling. An entraining 

diffuser typically has a poorer pressure recovery than a conical diffuser [6].  

The primary nozzle flow needed for pumping in the mixing tube causes back pressure on the 

engine [4]. Reducing back pressure in the exhaust system is important to keep the pressure ratio 

across a gas turbine high, which leads to higher power of the gas turbine for the same turbine 

inlet temperature. Better flow control and diffusion in the exhaust system results in a decrease in 

back pressure on the gas turbine engine. 

2.1.1. Nozzle 

A converging nozzle is usually added at the end of the gas turbine exhaust to increase the 

fluid velocity for the ejector. The flow pattern at the nozzle exit which significantly 

affects the ejector performance is a function of the nozzle geometry. A conventional 

round nozzle generally needs a very long mixing tube to achieve an efficient mixing 

between the primary hot flow and entrained secondary flow because of slow shear layer 

growth.  

Toulmay, Skebe et al. and Presz et al. [5, 8, 9] suggested that substantial increases in 

pumping performance with a circular lobed shaped nozzle could be achieved with a 

shorter mixing tube. The presence of large scale streamwise vortices at the nozzle exit of 
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the lobed nozzle (see figure 2-2) are known to cause rapid mixing with little loss [8]. 

Their results showed that with the advanced design lobed nozzle, pumping was double 

that of conventional nozzle while the mixing tube length was reduced by a factor of two 

or more.  

Hu et al. [10] tested seven rectangular lobed ejector / mixer systems, which were the 

combinations of four rectangular lobed nozzles with three rectangular mixing tubes. From 

his results, it was found that the ejector/mixer system with rectangular lobed nozzle can 

improve pumping ability by 200%-300% at a reduced mixing tube length to ½ to ⅓ 

compared to a conventional ejector with the round nozzle. Furthermore, with the 

rectangular lobed nozzle, the required pressure recovery distance along the mixing tube 

length is reduced to ½ to ⅓ of round nozzle. Similar result was also achieved by Liu and 

Wu [11].   



10 

 

 

 

Figure 2-2: Lobed nozzle diagram and Laser Induced Fluorescence flow picture at the nozzle exit (Re = 6000) 

for circular nozzle (left) and lobed nozzle (right) [12]  

 

Lobed nozzles have been used for military application, such as in the American 

helicopter RAH-66 “Comanche” and the stealth fighter F-117, to reduce the infrared 

radiation signal [10]. However, the disadvantage of lobed nozzles is the high 

manufacturing cost. Nozzles with triangular tabs (see Figure 2-3) could be an alternative 

since it produces similar performance with low manufacturing cost. McBean [7] 

investigated the performance of a nozzle with four triangular tabs using CFD and 

experimental methods. Counter-rotating streamwise vortices were present at the nozzle 

exit and mixing was improved by 20% to 30%. Nozzle with 135
o
 tabs was found to have 

the optimum effect on mixing.  Zaman et al. [13] also found that a pair of counter-
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rotating streamwise vortices generated by a tabbed nozzle was able to enhance mixing 

with a small thrust penalty. Carletti and Rogers [14] investigated the effect of introducing 

half delta wing vortex generators at the nozzle exit for an ejector system with a 

cylindrical mixing tube. They found that the vortex generator increased entrainment by 

up to 40% over a conventional circular nozzle.  

 

Figure 2-3: Schematic of ejector with tabbed nozzle [7] 

 

Ho and Gutmark [15] reported mixing and entrainment enhancements of jets from elliptic 

nozzles due to axis switching phenomenon. Axis switching results from faster growth 

rate of the jet shear layers in the minor axis plane compare to the major axis plane, such 

that at some point downstream the major and minor axes are interchanged [16]. Chen 

[17] did an experimental study on ejector with an oblong nozzle, mixing tube, and a 

diffuser with swirl. It was found that unlike the round ejector, where the pumping was 

reduced at 30
o
 swirl, the pumping for oblong ejector kept improving up to 30

o
 swirl.  
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Wlezien and Kibens [18] reported enhanced entrainment from a notched nozzle from the 

‘cut’ part, shown in figure 2-4. In the case of Cut Angled Diffuser, some entrainment 

could also occur in the ‘cut’ section of the diffuser. 

 

Figure 2-4: (a) Notched and (b) Stepped Nozzle [18]  

2.1.2. Mixing Tube 

The mixing tube is the flow channel where the mixing between the hot and cold flow 

occurs. The transfer of momentum from the primary hot flow to the secondary cold flow 

causes decay in the centerline velocity of the primary hot flow. The dynamic pressure is 
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reduced and static pressure is increased along the mixing tube. Some important 

geometrical parameters of the mixing tube are shown in figure 2-5.  

 

Figure 2-5: Simple Ejector with Mixing Tube 

 

The length of the mixing tube, Lmt, determines the amount of mixing and pressure rise in 

the ejector. There is an optimum length where the optimum mixing occurs depending 

upon the flow and geometry parameters. Below the optimum length, mixing is not 

optimal and above this length efficiency starts decreasing because of viscous losses. The 

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

the ejector is almost atmospheric so the longer mixing tube will produce higher pressure 

rise provided the length does not exceed the optimum length.  

A study of a round nozzle in subsonic flow with cylindrical mixing tube by Toulmay [5] 

determined that the optimum length of the mixing tube to be Lmt/Dmt = 5 [5]. Blevins [19] 

and Meakhail [20] suggested that the optimum Lmt/Dmt is around 5 to 7, whereas Vyas 

Rri 
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and Kar [21] suggested that the optimum length of the mixing tube is 44 times the nozzle 

exit diameter (Dne). McBean reported that for nozzle with tabs the optimal mixing tube 

length is 3.5 to 4.5 Dne [22]. Manganiello and Bogatsky reported that the optimum mixing 

tube length using rectangular jet without tabs is 8 Dne
 
[23].  

Ejector performance can be improved by increasing the standoff distance. Standoff, s, is 

the axial distance between the nozzle exit and mixing tube inlet (see Figure 2-5). CFD 

studies by the author were performed on the effect of standoff. Mixing length is the 

distance between the nozzle exit and the mixing tube outlet. The addition of standoff 

increases the mixing length of the ejector without adding mixing tube length. Overall 

weight of the ejector could be reduced by having a standoff. However, increasing the 

standoff also brings the pressure at the nozzle exit towards atmospheric pressure, which 

reduces pressure recovery and increases backpressure on the turbine. Vyas and Kar found 

the optimal s/dne lay between 0.8 and 2 [21].    

The abrupt expansion at the mixing tube inlet causes separation at the wall of the mixing 

tube. The entrained secondary flow experiences adverse pressure gradient near the 

mixing tube inlet due to abrupt streamline curvature. Separation causes pressure loss and 

reduced mixing since it creates an effective blockage for the flow. Conical or small bell 

mouth inlet treatment (see Figure 2-6) could reduce separation and pressure loss. Blevin 

[19] shows that the pressure loss decreases as the radius of rounded inlet increases. With 

a conical inlet, pressure loss is minimized at θ = 60
o
 and a/D = 1. McBean [22] reported 

that with conical inlet, the separation length is reduced by 60% compared to rounded 

inlet. An improvement in mixing was not observed, but pumping improved 3% to 5 % 

due to this modification.  
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Figure 2-6: Rounded Inlet treatment (a) and Conical Inlet treatment (b) [19] 

2.1.3. Diffuser  

A subsonic diffuser is an expanding duct that decelerates the flow to recover the kinetic 

energy from the flow stream and turns it into static pressure. This process in turn, slows 

the flow even further when the diffuser is attached to the mixing tube. An efficient 

diffuser is the one which converts the highest percentage of the dynamic pressure or 

kinetic energy into static pressure given a restriction on the diffuser length or expansion 

ratio [19].  

In a diffuser, the pressure gradient opposes the flow, which causes the boundary layer to 

decelerate and thicken rapidly. The flow could also potentially separate from the diffuser 

walls to form large unsteady eddies that block the diffuser flow. The separation is called 

diffuser stall and it harms the diffuser pressure recovery. Diffuser performance is mainly 

a function of the inlet conditions, Reynolds number, diffuser geometry, and Mach 

number.  
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Optimum conical diffuser geometry could be designed using a performance chart based 

on data from Cockrell and Markland [24]. White [25] found that the minimum loss for a 

conical diffuser occurs at a divergence angle (2α) equal to 5 degrees. Reneau, Johnston, 

and Kline [26] found the maximum effectiveness, pressure recovery, and minimum loss 

occurred at 2α of about 7 degrees at a constant area ratios. A performance chart based on 

the diffuser area ratio and length ratio of two-dimensional diffuser was presented.  

One method to improve the performance of a short diffuser with large divergence angle 

was to install vanes inside the diffuser, as shown in figure 2-7. The diffuser is subdivided 

into several passages, which reduce the divergence angle and the area ratio. Stalled flow 

regimes inside wide angle diffusers could be converted into a series of unstalled diffusing 

passages with less severe pressure gradient. Thus, the addition of vanes can improve the 

poor vaneless diffuser performance to a near optimum pressure recovery [19]. Cochran 

and Klein [27] reported that the addition of vanes produce an increase of pressure 

recovery by a factor of 2 and produced a much steadier and uniform diffuser outlet flow.  
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Figure 2-7: Two-dimensional diffuser with three short vanes [19] 

 

2.2. Performance Parameters 

2.2.1. Averaging Methods  

In order to evaluate the average performance of non-uniform flows, an appropriate 

averaging method must be chosen carefully. During averaging process, it is required that 

each variable is given a weighting factor, which represents the significance of the 

variable. In fluid mechanics, two commonly used weighting methods are area weighted 

average and mass-weighted average.  

Area weighted average is the simplest way to average quantity χ given by the equation   

2-1 [28], 

     ̅̅ ̅̅ ̅̅ ̅  
∫   

 
 (2.1) 
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Mass weighted average is given by the equation 2-2 [28], 

              ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   
∫     

∫    
  (2.2) 

For averaging pressure where it is not dependent on density, an area-weighted average 

was used. For averaging temperature and non-isothermal velocity profile, where it is 

dependent on the density and mass flow, a mass weighted average was used.  

2.2.2. Pumping Ratio 

The entrainment of ambient cooling air by the primary jet exiting the nozzle is one of the 

most important parameter in the ejector performance. The jet entrainment in the mixing 

tube and diffuser are directly related to temperature and velocity reduction in the mixing 

tube outlet. The entrainment of the secondary ambient fluid is referred as the pumping 

performance of the ejectors. There are three pumping ratios discussed in this study-

secondary, tertiary, and total pumping ratios. Secondary and tertiary pumping ratios are 

determined as [6], 

     
 ̇   

 ̇ 
  (2.3) 

     
 ̇   

 ̇ 
  (2.4) 

where, ṁ2nd is the mass flow rate of the secondary flow, ṁ3rd is the mass flow rate of the 

tertiary flow, and ṁ1 is the primary hot flow.  The total pumping ratio was defined as [6], 

       
 ̇  

 ̇ 
  (2.5) 
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where, ṁde is the mass flow rate at the diffuser outlet.   

2.2.3. Back Pressure 

The back Pressure Coefficient, Cbp, is defined as the ratio of average static gage pressure 

at the nozzle inlet to the average dynamic pressure of the same spot. From Chen [6], Cbp 

is calculated using the following equation,  

ni

g

bp
q

niP
C      (2.6) 

At the mixing tube outlet, the static pressure is atmospheric (Pg = 0) and inside the 

mixing tube, the pressure is sub-atmospheric. Therefore, higher losses due to separation 

at the mixing tube inlet, leads to higher pressure at mixing tube and nozzle inlet for small 

standoff.   

2.2.4. Kinetic Energy Flux Factor (fke) 

Mixing of momentum and thermal energy is an important parameter that determines the 

effectiveness of an ejector. In an ideal ejector, the momentum and energy of the hot and 

cold flow are completely mixed at the diffuser outlet, such that velocity and temperature 

are uniform. However, this rarely occurs and incomplete mixing means that the flow at 

the diffuser outlet has high excess kinetic energy, dynamic pressure, and thermal energy. 

The kinetic energy which is not recovered is lost to the surrounding environment. High 

maximum local temperature at the diffuser outlet could cause tail boom heating or a large 

IR signature. Therefore, the velocity or temperature profile is not uniform (see Figure 2-

8).  
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Figure 2-8: Typical velocity and temperature profile at the mixing tube outlet 

The kinetic energy flux factor, fke, is the ratio of the actual kinetic energy flux to the 

uniform flow kinetic energy flux with the same mass flow rate. Mathematically, it is 

expressed as, [4]  

    ∫
(
  

 
)  ⃗⃗   ̂  

 ̇ ̅
 

 ⁄
  (2.7) 

where, U is the velocity, ρ is the density, and ṁ is the mass flow rate. For uniform flow 

the value of ƒke is equal to 1 and the value of ƒke is greater than 1 for non uniform flow.  

2.2.5. Temperature Uniformity Factor (ft ) 

The temperature uniformity factor (ft ) was defined as [6]: 

   
       

       
  (2.8) 
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where, Th is the temperature of the hot flow at the nozzle inlet, Tmax is the local maximum 

temperature at the diffuser exit, and Tavg is the average diffuser outlet flow temperature. 

The temperature uniformity factor shows how the diffuser outlet average flow 

temperature is close to the maximum temperature at the diffuser outlet. Similar to ƒke, the 

value of ƒt is equal to 1 for uniform flow and less than 1 for non-uniform flow.  

2.2.6. Effective Area Ratio (ARE)  

The effective area ratio is mathematically defined as [6],  

    
∫ (     

⁄ )  
 

 
  (2.9) 

The value of ARE is equal to 1 for uniform flow and less than 1 for non uniform flows. 

The kinetic energy flux factor and the effective area ratio are used to quantify mixing 

because flow uniformity is directly correlated with mixing.  

Different velocity profiles may have the same value of ƒke or ARE. Due to this reason the 

mixing will also be represented by plotting velocity and temperature profile at the 

diffuser exit and centerline velocity and temperature profiles, as found in many 

references like Mitchell and London [29].  

2.2.7. Separation length (Reattachment point) 

Separation is caused by excessive momentum or pressure loss near the wall in a boundary 

layer that tries to move against strong adverse pressure gradient (      > 0,       < 0, 

τw < 0) [25]. At the mixing tube inlet, the flow immediately separates for this reason (see 

Figure 2-9).  
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At some point at approximately 0.1Dmt to 0.3Dmt downstream of the mixing tube inlet, 

the separation reaches critical condition (τw = 0) and the flow reattaches to the mixing 

tube wall. The point where the flow starts to reattach is called the reattachment point. In 

CFD, by plotting the wall shear stress, τw along the wall, one can determine the 

reattachment length by measuring the axial length of the wall at which the wall shear 

stress, τw  < 0. Experimentally, the separation length was obtained by using McBean’s 

method [22] using soot and olive oil.    

 

 

Figure 2-9: Streamline curvature at the mixing tube inlet, colored circle shows the streamline at the edge of 

the separation region 

 

2.2.8. Diffuser Effectiveness 

The performance of the diffuser is quantified with the static pressure recovery coefficient, 

Cp. From Sovran and Klomp [30], for an ideal uniform flow at the diffuser exit with no 
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friction or pressure losses due to separation, the ideal static pressure recovery coefficient 

could expressed as,  

2

3

7 )(1
A

A
Cpideal 

  
(2.10) 

In most cases, ideal uniform flow is impossible to achieve. The static pressure coefficient 

is then experimentally determined as pressure rise from the diffuser inlet to outlet 

normalized by the dynamic pressure at the diffuser inlet [30], 

2

3

37

2

1
U

pp
Cp






   

(2.11) 

Hence, the diffuser effectiveness, ηD, is defined as the ratio of the experimental static 

pressure coefficient, Cp and ideal static pressure coefficient, Cp-ideal. In most practical 

cases, ηD will be below 1.0, since Cp is less than Cpideal due to pressure losses [30].  

ideal

D
Cp

Cp


  

(2.12) 

2.3. Nozzle Inlet Flow Conditions 

2.3.1. Swirl Angle and Number 

Swirling flow is a spiraling motion, which has a tangential velocity component. In this 

study, the swirling flow was generated by swirl guide vanes that were installed in the 

annulus. The primary purpose of swirl in a jet is to increase the angle of spread and the 

rate of decay of axial velocity [31]. The effect of swirl on the ejector performance is a 

correlation between the strength of the swirl and the geometry of the ejector (shape, 
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length, area ratio, diffuser divergence angle). The level of swirl is usually characterized 

by the swirl number, S, which is the ratio of the axial flux of angular momentum to the 

axial flux of the axial momentum. The swirl number is calculated by using equation 2-13 

[31].  

  
  

  
   

 

  (2.13) 

where,  

   ∫ |     |     

   ∫     
    

Dhy is the hydraulic diameter, uθ is the tangential velocity and w is the axial velocity. For 

complex flow where the direction of the tangential velocity varies over the integrated 

area, the absolute value of the tangential velocity should be used to represent the overall 

swirling level.  

The swirl angle, ψ, which represents the angle of absolute velocity with respect to the 

axial direction, was used to characterize the flow [6]. The swirl angle is appropriate to 

indicate the level of swirl for a flow that is uniformly rotating about the axial direction, 

such as vanes generated swirling flow. For axisymmetric flow, the velocity profile of the 

swirling flow are characterized mainly by the tangential velocity component (in 

cylindrical coordinates) as a function of radius, uθ = f(r). The tangential velocity 

distribution of a real swirling flow in a round duct can be described as a Rankine vortex 



25 

 

type. Rankine vortex is a combination of forced vortex flow (solid body rotation) near the 

central core region surrounded by free vortex, irrotational flow. The tangential velocity 

distribution of this Rankine vortex can be modeled as [31], 

   
        

 
[     ( 

  

  
 )]  (2.14) 

where, ro is the radius of the vortex core. The equation 2-14 above satisfies the forced 

vortex equation at small r and free vortex equation for large r, as shown in figure 2-10. 

Forced vortex flow is rotational and has the maximum velocity at the maximum radius. 

The velocity distribution can be modeled as               . Free vortex flow 

presents an infinite tangential velocity at the core center and can be expressed as    

        

 
.  
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Figure 2-10: Typical radial distribution of Rankine vortex velocity profile in swirling flow at the conical 

diffuser (2α = 16
o
, AR = 4) inlet [32]  

 

When the swirl flow enters the diffuser, the flow is forced toward the wall by the 

centrifugal force and wall boundary layer is less prone to separate even if the divergence 

angle of the diffuser is large, which results in a high pressure recovery. However, 

excessive amounts of swirl cause the axial velocity to decrease to a very low level near 

the centerline of the diffuser or even to a reversed flow region (core separation) and 

diffuser pressure recovery is reduced [33].   

The effects of inlet swirl on performance of conical diffusers were experimentally studied 

by McDonald et al. [34] and Senoo et al. [32]. The results of Senoo et al. [32] (see Figure 

2-11) showed that the pressure recovery of conical diffuser was highly improved as the 

diffuser inlet swirl was increased if the swirl level was kept moderate. Experimental data 
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from Senoo et al. (see Figure 2-12) also showed that the axial velocity of the diffuser 

centerline decreased as the swirl number increased. Furthermore, it showed that excessive 

amounts of swirl caused core separation. McDonald et al. [34] studied the effect of swirl 

on 24 different diffusers with total divergence angle (2α) from 4 
o
 to 32

o
. His result 

suggested that inlet swirl only had positive effect on the diffuser performance for 

diffusers that had some separation with axial flow. For certain diffuser geometry, there is 

a critical swirl level, which produces the optimum performance.  

 

Figure 2-11: Pressure recovery coefficient vs. swirl level for diffuser with various divergence angles [32] 
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Figure 2-12: Radial distribution of axial velocities downstream of a 16
o
 diffuser [32] 

 

Chen [35] investigated the effect of swirl on an ejector with an entraining diffuser 

(Ade/Amt = 2.13 and 2α = 20
o
). His results reported that flow uniformity in the diffuser 

exit was strongly improved with the addition of swirl. Pumping ratio was also improved 

up to 20
o
 swirl. Higher swirl level causes core separation, which reduced pumping. The 

best diffuser pressure recovery was observed with 30
o
 swirl because the swirl kept the 

flow attached to the entraining diffuser wall. Addition of swirl helped reduce flow 

separation in the diffuser walls.     

2.3.2. Turbulence Intensity 

The turbulence intensity, TI could be defined as the ratio of the square root of turbulent 

kinetic energy to a reference mean flow velocity Uref [36] : 
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  (2.15) 

The experimental studies of Bradley and Cockrell and Sajben et al. at various turbulence 

intensity were reviewed by Klein [37]. Bradley and Cockrell applied 3% to 7% TI at the 

diffuser inlet and Sajben et al. applied 1% to 3% at the diffuser inlet. For conical diffuser 

with larger area ratio (AR=2.43), the higher turbulence intensity shows increase in 

pressure recovery by up to 14%. Chen’s turbulence intensity measurement showed 

variation between TI = 7% to 5% at the nozzle exit for 0
o
 to 30

o
 swirl. The turbulence 

intensity was chosen to be 5% for all cases in this study.  

2.3.3. Reynolds Number Independence and Mach number 

For a subsonic ejector with a simple mixing tube, Vyas and Kar [21] determined that the 

primary jet entrainment rate is independent after Reynold number (Rene) greater than 2 x 

10
4
 based on the diameter of the primary nozzle. A similar result was also reported by 

Ricou and Spalding [38], where the entrainment became asymptotic at primary jet 

Reynolds number greater than 2.5 x 10
4
. Carletti and Rogers [14] stated that velocity 

decay for a vortex ejector is essentially independent of nozzle exit Reynolds number from 

1.5 x 10
4
 to 5 x 10

4
.  The primary jet Reynolds number in this numerical study was in the 

range of 3.5 x 10
5
 to 4.5 x 10

5
.  

For the mixing tube entrainment, the primary jet had achieved Reynolds number 

independence. However, the diffuser ring entrainment was not Reynolds number 

independent because the entrained flow in the small diffuser ring gap was initially 

laminar. 
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The mach number of the flow exiting the primary nozzle was measured to be in the range 

of 0.23 to 0.25. The flow was treated as incompressible fluid (Ma < 0.3).  

2.4. Turbulence Model  

Above a certain Reynolds number, there is a transition in the flow from the laminar state to 

turbulent state. The behavior of the turbulent flow is noted by the random nature of the 

fluctuating properties, such as velocity and pressure [36]. These fluctuations cause mixing of 

transported properties, such as momentum and energy. Typical fluctuations of the instantaneous 

velocity, u, is shown in figure 2-13 [36]. The consequence of turbulent fluctuations for the mean 

flow equation is that the flow variables u and P is calculated by the sum of the mean and 

fluctuating terms, 

   ̅                                       (2.16)  

        (2.16) 

where, u is the scalar velocity term, u, v and w are the velocities in x, y and z component and p is 

the pressure. The time average velocity term,   is defined as, [36]  

  
 

  
∫       
  

 
  (2.17) 
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Figure 2-13: Turbulent instantaneous velocity fluctuation with time [36] 

 

Numerical simulation of the time dependent Navier-Stokes equation is computationally 

expensive and time consuming because of small scale high frequency fluctuations. Therefore, for 

most industrial application, the instantaneous governing equations are time-averaged or 

ensemble average to simplify the numerical computation. The instantaneous continuity and 

Navier-Stokes equations in Cartesian coordinate system for inviscid incompressible flow is 

shown below as, [36] 
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Substituting the sum of time average-velocity components and the fluctuating terms in the x, y, 

and z direction (equation 2.16) to the continuity and Navier-Stokes equations (equation 2.18 to 

2.21), yields the time average x, y, and z-momentum equation, [36] 

     ̅     (2.22) 
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The process of time averaging is known as Reynolds Averaged Navier Stokes equations 

(RANS). Extra terms on the right hand side are introduced due to this process. The terms involve 

products of fluctuating velocities and are associated with convective momentum transfer due to 

turbulent eddies. These terms are usually expressed on the right hand side to reflect their role as 

additional turbulent stresses as shown in equation 2.26 to 2.28, [36] 
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The extra terms result from six additional Reynolds stresses, which consist of three normal 

stresses and three shear stresses: 

     -      ;                                 -      ;                          -      

                ̅̅ ̅̅ ̅;                         ̅̅ ̅̅ ̅̅ ;                          ̅̅ ̅̅ ̅̅  

Note that the effect of density ( ) fluctuations are neglected since it is small enough that it does 

not affect the flow properties and turbulence up to Ma = 0.3 ~ 0.5 [36].  

2.4.1. Modeling Turbulence 

The six extra terms in the RANS flow equation appear due to interactions between 

various turbulent fluctuations. 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 

becomes computationally easier. The challenge is that six extra equations are also 

required to close the problem to solve the six extra terms. Several turbulence models are 

available to model these extra terms, but only three 2-equation k-ε turbulence models are 

used in this current study,  

1. Standard k-ε model 

2. Realizable k-ε model 

3. RNG k-ε model 

2.4.2. k-ε models 

k-ε is a two-equation model solving turbulence kinetic energy, k and turbulence 

dissipation rate, ε. The k-ε models attain the closure of the turbulent RANS based 
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equations based on the Boussinesq hypothesis. According to Newton’s law of viscosity, 

the viscous stresses are proportional to the rate of deformation of the fluid element, [36] 

     (
   

   
 
   

   
)  (2.29) 

Hence, in 1877 Boussinesq proposed that the Reynolds stresses are proportional to the 

mean rates of deformation as shown in equation 2.31 [36]. Turbulent stresses increase 

with an increase in the mean rate of deformation. 

             (
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       (2.30) 

where μt is the turbulent eddy viscosity with units of Pa-sec and k (m
2
/s

2
) is the turbulent 

kinetic energy per unit mass and expressed as, [36] 

  
 

 
        ̅̅ ̅̅     ̅̅ ̅̅ )   (2.31) 

The convention of the suffix notation is that i or j = 1, 2, 3 corresponds to the x, y and z 

direction respectively. The Kronecker delta, δij, ensures a correct expression for normal 

Reynolds stresses, τxx, τyy, and τzz.   

    {
                             
                             

 

The Boussinesq approach then implies that the turbulent viscosity, μt, and the normal 

Reynolds stresses are both isotropic scalar quantity, which is not applicable in swirling 

flows, flows with large rapid extra strains (e.g. highly curved boundary layers), flow with 

separation, flow with strong adverse pressure gradient and secondary flow that are driven 
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by anisotropic Reynolds stresses [36]. Under these conditions, equation 2.30 is not able to 

accurately compute the individual Reynolds stresses even though the turbulent kinetic 

energy is predicted to reasonable accuracy [36].  

The disadvantages mentioned above are associated with standard k-ε model. Several 

ways of overcoming these issues and improving the performance of standard k-ε, include 

modifying the turbulent viscosity term, such as in Realizable k-ε and RNG k-ε or by 

solving all of the transport equations of Reynolds stresses along with turbulence 

dissipation rate, ε, such as in Reynolds Stress Model (RSM). All of these turbulence 

models will be discussed further in section 2.4.3 to 2.4.7.  

2.4.3. Standard k-ε 

The standard k-ε model has two transport equations for k and ε. They are shown in 

equation 2.32 and 2.33 respectively, [36] 
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The turbulence eddy-viscosity, μt, is specified in terms of velocity scale, ϑ and length 

scale, Ɩ, 
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      (2.35) 



36 

 

          (2.36) 

              (2.37) 

Sij’ is the rate of the fluid deformation and expressed as,  
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)  (2.38) 

Finally, substituting the k and ε terms in equation 2.34 and equation 2.35, the turbulent 

eddy viscosity can be expressed by, 

For k-ε                                       
  

 
  (2.39) 

where,                    

Standard k-ε model is the most widely used and validated turbulence model in the heat 

transfer industry. The model is relatively robust, offers a reasonable accuracy and 

requires a modest computational power. It has achieved a lot of success in calculating a 

wide variety of thin shear layer and recirculating flows without the need for the 

adjustments of model constants. However, due to its isotropic eddy viscosity 

assumptions, it cannot accurately predict flow separation, strong adverse pressure 

gradient, swirling flow, and highly curved boundary layers. It only shows moderate 

agreement in unconfined flows and severely over-predicted the spreading rate of 

axisymmetric jets.  
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2.4.4. Realizable k-ε 

The weaknesses of the standard k-ε model have provoked developments of the k-ε model 

variants, such as RNG (Renormalization Group) k-ε and Realizable k-ε models to 

improve its performance.  

Realizable k-ε model uses the same transport equation for the turbulent kinetic energy, k. 

However, the model constant Cμ is no longer defined as a constant. It is a function of k, ε, 

mean strain, and angular velocity of the system rotation. The epsilon equation, ε, is also 

modified based on the dynamic equation for the mean square vorticity fluctuation to 

better represent the energy transfer.  

The Realizable k-ε model has been extensively validated for a wide range of flows 

including jet and mixing layers, boundary layer and separated flows. The performance of 

this model has been determined to be much better than the standard k-ε model with 

slightly more computational effort [36].  

2.4.5. RNG k-ε 

Other suggested improvement for the standard k-ε model is called the RNG k-ε. RNG k-ε 

is based on Renormalization Group theory and similar in form with standard k-ε model 

with several refinements [28], 

1. It contains additional terms in its ε transport equation to account for the effect of 

strain rates which significantly improves accuracy for rapidly strained flow. 

2. It includes swirl effect in the computation of turbulent viscosity,  t, which 

enhances the accuracy for swirling flows. 



38 

 

3. It provides an analytical formula for turbulent Prandtl numbers, where the 

standard k-ε models use user-specified constant value. 

4. It provides differential formula for turbulent viscosity, which better models the 

predictions for low Reynolds number effects.  

The ability of four RANS based turbulence models to predict flow field of 3D ejector 

with swirling level from 0
o
 to 80

o
 were investigated by Zhou et al [39]. All k-ε models 

can give good prediction for annular non-swirling flow and weak swirling flow. His 

results indicated the ability for RNG k-ε to predict the average flow fields’ better than 

standard and Realizable k-ε. Hah [33] mentioned that the standard k-ε model does not 

give good prediction for diffuser flow properties when strong swirl is present. Chen [3] 

reported that for the Ejector with Full Diffuser, Realizable k-ε model were able to predict 

total entrainment well, but for the wrong reason. It overpredicted the secondary 

entrainment and underpredicted the tertiary entrainment.     

2.4.6. Temperature Corrected k-ε model 

The 2-equation k-ε turbulence models are known to under predict mixing in the shear 

layer for high temperature jet flows in many cases. The effect of the large temperature 

(density) gradient during mixing of the primary jet flow and ambient air was not taken 

into account in the two-equation models. Abdol Hamid et al. [40] developed a 

temperature-corrected standard k-ε model to compensate for the deficiency in taking the 

large temperature gradient for high temperature jet flows into account. The turbulent 

viscosity constant, Cμ, which is a constant in standard and RNG k-ε model, was modified 
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to be a function of local total temperature. The equations used in the model are 

summarized below [40],  

          (2.40) 

   [  
  
 

           
] (2.41) 

Tg is temperature corrected function and derived from,  

   √(
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  (2.42) 

Mτ is turbulence Mach number,      
√  

 
 

         
     

             (2.43) 

         for incompressible flow, Mτ0 = 0.1  (2.44) 

where, Tt is the total temperature, c is the local speed of sound, and H(x) is the Heaviside 

step function (H(x) = 1 for x ≥ 0 and H(x) = 0 for x < 0). Their research showed that 

temperature corrected standard k-ε model had better agreement with experimental data 

for subsonic and supersonic jet flows at low and high temperature. In this current 

research the RNG k-ε turbulent viscosity constant, Cμ, was modified following the 

temperature correction model by using a FLUENT 6.3.26 UDF developed by Nathon 

Begg [41].  
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2.4.7. Reynolds Stress Model (RSM)  

More sophisticated turbulence model like RSM was developed to overcome the issues 

that arise from isotropic assumption in treating the turbulent viscosity. RSM is currently 

the most complex RANS-based turbulence model. It can better solve flow with 

streamline curvature, swirl, rotation, and rapid change of strain rate because it solves all 

of the turbulent Reynolds stresses along with the turbulent dissipation rate [28]. However, 

this means seven additional transport equations are required for 3-dimensional flow, 

which makes it more computationally expensive than the 2-equation k-ε models.    

Armfield et al. [42] (2D Diffuser model with 2α = 20
o
) and Hah [32] (2D Diffuser model 

with 2α = 16
o
) showed that RSM was able to give closer numerical prediction to 

experimental data than the k-ε models because of its anisotropic assumption in treating 

turbulent viscosity. Thus, the swirling flow could be better predicted.  

Due to its convergence difficulties in the current study, however, this was not chosen to 

be the turbulence model.  

2.5. Near Wall Modelling 

The mean velocity field is affected by the presence of walls due to no-slip condition at the wall. 

Past experiments have shown that the near wall region can be divided into three sub-regions, as 

shown in figure 2-14: [36] 

1. Linear or viscous sub-layer, this is a very thin layer, y
+
 < 5, shear stress is 

approximately constant and equal to wall shear stress τw. The non dimensional 

distance y
+
 is equal to u

+
. Wall shear stress, τw , y

+
 and u

+
 are defined as  
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    (
  

  
)  (2.45) 
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  (2.47) 

Friction velocity,    √
  

 
   (2.48) 

2. Buffer layer (30 < y
+ 

< 300) 

Molecular viscosity and turbulence effect are of equal importance. U
+ 

and y
+ 

are related by the following linear equation,  

   
 

 
       (2.49) 

for smooth walls:                   (2.50) 

3. Log-law region 

Turbulence dominates this region. 

κ = von Karman constant (= 0.42) 

U = mean velocity of fluid  

uτ = friction velocity 

y = distance from thewall 

μ = dynamic viscosity  

ν = kinematic viscosity 

E = empirical constant (= 9.793) 

 

 

The k-ε models are valid only for turbulent regions far away from the wall in the radial direction. 

Separate wall modeling is needed for turbulent high Reynolds number flow to link the fully 

turbulent core and the near wall viscous region. Accurate representation of flow features near the 
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wall, such as separation, is dependent on appropriate modeling of the near wall region. There are 

two options available in FLUENT 6.3.26 to overcome this issue, [28] 

1. Standard Wall Functions 

The viscosity affected inner region (viscous sub-layer) is not resolved. Semi-empirical 

formulas are used to bridge the viscosity affected region between the wall and fully 

turbulent region. The near wall mesh can be relatively coarse because the first cell 

centroid should be located within the log law layer (30 < y
+ 

< 300). 

2. Enhanced Wall Functions 

The turbulence models are modified to enable the viscosity affected region to be 

resolved with a mesh all the way to the viscous sub-layer. The near wall mesh first 

centroid should be located within the viscous sub-layer region (y
+
 < 5).  There 

should be at least 10 cells within viscosity affected near wall region (Rey < 200). 
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Figure 2-14: Turbulent boundary layer velocity logarithmic profile [28] 

 

Large computational cost and very fine mesh near the wall are required to apply the Enhanced 

Wall Function. Compare to standard wall function, enhanced wall function can better represent 

strong adverse pressure gradients and separation. Furthermore, based on the near wall treatment 

study in Appendix G, Enhanced Wall Functions were required to model the mixing tube inlet 

flow separation. RNG k-ε with Enhanced Wall Function was used as the primary turbulence 

model in all of the test cases.  
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Chapter 3 - Experimental Apparatus 

3.1. Wind Tunnel 

The Queen’s Hot Gas Wind Tunnel (HGWT) off campus testing facility on Grant Timmins 

Drive was used. This wind tunnel, shown in figure 3-1, can produce a temperature of up to 600
o
C 

and velocity of more than 100 m/s for various flow testing applications.  

 

Figure 3-1: Hot Gas Wind Tunnel Facility 

 

The schematic of the hot-gas wind tunnel is shown in figure 3-2. The wind tunnel was designed 

to simulate the flow conditions (mass flow rate, flow temperature, and swirl angle) at the exit of 

the gas turbine. It can produce approximately 1.4 kg/s at 500
o
C, which simulates the flow from a 

large gas turbine, such as the GE LM2500 at 1/8
th

 linear scale. The annulus had an inner radius 

of 57.2 mm, outer radius of 107.8 mm, annulus height of 50.6 mm, and total length of 35 annulus 
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heights. The inner wall was supported by four streamline struts at two location-17 and 35 

annulus heights upstream from the nozzle inlet. The average Mach number is 0.27 and the 

average Reynolds number is 2.7 x 10^5 for hot flow.  

 

Figure 3-2: Hot Gas Wind Tunnel schematic [6] 

 

The centrifugal blower is a New York Blower type 2512A centrifugal blow. It is a 40 hp blower 

that can supply airflow up to 2.2 kg/s at ambient temperature and around 1.8 kg/s at 500
o
C [43]. 

The air exits the blower, passes through the turning vanes, and is diffused into a settling chamber 

where an Eclipse “I” burner type 440 TAH-O heats the air to the desired testing temperature. The 

purpose of the diffusing section is to slow the airflow down to ensure that the flame is not blown 

out.  As the air is heated, the total temperature increases and the air is accelerated into an outlet 

pipe and exits out of the annulus and swirler where the auxiliary components are tested.  

3.2. Ejector Geometry 

A nozzle, a mixing tube, and two entraining diffusers, including Full Entraining Diffuser and 30
o
 

Cut Angled Diffuser were involved in this study to construct two air-air ejector systems. The full 

entraining diffuser was used in the previous study by Qi Chen [6]. Thus, only 20
o
 swirl condition 
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was tested using the Full Entraining Diffuser. The 30
o
 Cut Angled Diffuser is a modification of 

the full entraining diffuser, where it is cut on a 30
o
 incline. Four swirl conditions (0

o
, 10

o
, 20

o
, 

30
o
) were tested on the Cut Angled Diffuser.  

3.2.1. Nozzle  

The existing nozzle used in this research is shown in figure 3-3. This nozzle has an inlet 

diameter of Dni = 210 mm and outlet diameter of Dne = 172 mm. The nozzle length ratio 

Lnozz /Dne = 1.  

 

Figure 3-3: Nozzle schematic (units in mm) [6] 

3.2.2. Mixing Tube 

A round straight mixing tube, shown in figure 3-4 was used in this research. The mixing 

tube has a diameter of Dmt = 244. A small bell mouth inlet of radius Rri = 7 mm was used 

to reduce flow separation. Some dimensionless parameters are listed in table 3-1.  
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Table 3-1: Dimensionless parameters 

Ejector Area Ratio 

(Amt/Ane) 
2 

Length Ratio (Lmt / Dmt) 2 

Standoff Ratio (s/dne) 0.5 

 

 

Figure 3-4: Mixing Tube schematic (units in mm) 

  

3.2.3. Diffuser 

Two entraining diffusers (2α = 20
o
) were used in this research. They are one Full four 

ring Entraining Diffuser (see Figure 3-5) and one 30
o
 Cut Angled Diffuser (see figure 3-

6). Every diffuser ring is connected with struts which are spaced 22.5 degree apart. The 

same bell mouth inlet as the mixing tube was constructed at the entrance of each ring.  
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Figure 3-5: Full Diffuser schematic (units in mm) 

 

 

Figure 3-6: Cut Angled Diffuser schematic (units in mm) 
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3.2.4. Ejector with Cut Angled Diffuser and Ejector with Full Diffuser 

The schematics of the Ejector with Cut Angled Diffuser and Ejector with Full Diffuser 

are shown in figure 3-7 to 3-9.  

114.4

172

172
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R 7

244

488

14 x 4

112 x 4

28 x 4
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Figure 3-7: Schematic of the Ejector with Cut Angled Diffuser (units in mm) 
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Figure 3-8: Schematic of the Ejector with Full Diffuser (units in mm)  
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Figure 3-9: Cut Angled and Full Diffuser 

 

3.2.5. Geometric parameters summary  

Summary of some important dimensionless geometric parameters discussed above are 

listed in table 3-2.  
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Table 3-2: Summary of fixed geometrical parameters 

Geometric Parameter Description Value 

nozzle area ratio Amt/Ane 2 

standoff ratio s/dne 0.5 

mixing tube length ratio Lmt/Dmt 2 

diffuser angle 2α 20 

diffuser area ratio Ade/Amt 2.3 

diffuser gap ratio hg/Dmt 2/35 

overlap ratio Lo/hg 2 

 

 

3.3. Data Acquisition and General Instrumentation 

This section discusses the hardware and software used to obtain data from the experimental 

measurements. Figure 3-10 shows the general schematic of the experimental setup.  
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Figure 3-10: Schematic of the experimental set-up 

3.3.1. Software 

Labview 5.1 was used to convert the digital signal from the data acquisition. A modified 

version of pre-existing software developed by David Poirier was used to control the 

stepper motor, obtain temperature and pressure data, and calibrate the pressure 

transducer.  

3.3.2. Digital Acquisition System (DAQ) 

The digital acquisition system used in the experiment was Data Translation DT 3003 

Multifunction Card. It has 64 single ended analogue input channels.     
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3.3.3. Seven-Hole Probe 

The seven-hole probe (see Figure 3-11) was used to determine the three dimensional 

velocity components, velocity magnitude, dynamic and static pressure of a flow field. 

The seven-hole probe is able to accurately measure higher angle flow than other multi-

hole probe (three or five-hole probe) without having to null the probe. The flow variables 

could be calculated using four pressure readings. The calibration of the seven-hole probe 

was done using a modified Gallington method from James Crawford [44].   The 

measurement uncertainties from the calibration procedure were found to be ±1
o
 pitch 

error, ±0.8
o
 yaw error, ±11 Pa Ptotal error, and ±12 Pa Pstatic error, ±12 Pdynamic error.   

 

 

Figure 3-11: 7-hole probe schematic [42] 
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3.3.4. Thermocouples 

K-type thermocouple was used in this research to obtain temperature data during the 

experiment. The range of the thermocouple is between -200
o
C to 1350

o
C with 

uncertainties of 2.2
o
C or 2.2% (larger of the two) [45]. The DAQ has a thermistor wired 

into the system, such that ice bath reference junction is not necessary. Temperature data 

was taken at a rate of 900 samples/sec, which were averaged over a sampling time of 

approximately two seconds. The thermocouple is mounted to the 7-hole probe to measure 

the diffuser outlet flow temperature (see Figure 3-12).  

 

Figure 3-12: Thermocouple mounted on the tip of a 7-hole probe 

3.3.5. Pressure Transducer 

Three Omega PX139-001D4V pressure transducers were used to obtain pressure data 

during the experiment. They require 5 Vdc excitation voltages and they can measure up 

to ±1 psi. The measurement uncertainty is 0.3% of the pressure range [46]. Each pressure 

transducer used a sampling rate of 900 samples / sec. A pressure sampling time was 
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established in order to minimize the error associated with averaging transient readings 

(see Appendix D). Based on the observation by the author, a 2000 pressure sample 

(around 2 seconds sampling time) was sufficient to minimize the variance in pressure 

readings. The pressure transducer was calibrated using a procedure described in 

Appendix C.  

3.3.6. Data Conversion from Seven-Hole Probe and Thermocouple 

The temperature, total pressure and six static pressures were converted into three velocity 

components, a total pressure, a static pressure, and density. This was done using the 

calibration coefficient derived using the theory described in Appendix A and 

Converte.exe (FORTRAN90) program created by David Poirier and modified by James 

Crawford.  

3.3.7. Experimental Outlet Traverse 

The data acquisition software described in section 3.3.1, allowed the outlet traverse 

pressure and temperature measurements to be automated. A program made by Nathon 

Begg [41] was used to generate the x-y coordinates of the circular traverse plane, shown 

in figure 3-13. An x-y Arrick Robotics traverse was used to move the mounted 7-hole 

probe in the traversing grid (see Figure 3-14). The software moved the motor to the first 

coordinate, took the flow field and temperature measurements and repeated this process 

until the end of grid coordinate was reached. The diffuser outlet traverse was spaced at 8 

mm increment, which resulted in 1620 points.  
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Figure 3-13: Traversing grid for flow properties measurement with 7-hole probe at the diffuser exit 

 

Figure 3-14: Arrick Robotics x-y traverse system 
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3.3.8. Wall Pressure Taps 

The mixing tube and diffuser wall pressure was measured using surface pressure taps 

made of stainless steel. Holes were drilled at several locations at the mixing tube and 

diffuser wall with 1/16” drill bits and the stainless steel tubules are inserted into the hole. 

Silver solder was used to close the gap around the hole. All of the tubules were ground 

flush to the mixing tube and diffuser inner wall. It was important to ensure that there is no 

burr on the inner wall because it would cause flow separation and give an incorrect 

pressure reading. Wall pressure data was used to determine the pressure recovery inside 

the diffuser. In total 44 wall-pressure taps were used on the Ejector with Cut Angled 

Diffuser and 46 pre-existing wall pressure taps were used on the Ejector with Full 

Diffuser.  

3.3.9. Primary Mass Flow Rate  

The inlet mass flow rate was taken using a 7-hole probe located at 3.5 annulus height 

upstream from the nozzle inlet. The inlet flow conditions before the primary nozzle were 

measured at 5 mm increment from the wall of the annulus centre body to the annulus 

wall. Based on a hot flow properties study by Chen [6], the hot flow was treated as pure 

air in this study. It was found that calculation errors of the flow properties associated with 

this were within 3.3%.  

3.3.10. Secondary Mass Flow Rate  

The secondary mass flow rate (mass flow entrained at the mixing tube) was not measured 

directly. It was calculated by subtracting the primary mass flow rate (ṁ1) and tertiary 

mass flow rate (ṁ3rd) from the total mass flow rate at the diffuser outlet (ṁde).  
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3.3.11. Tertiary Mass Flow Rate (Hot Wire Velocity Anemometer) 

Hot wire velocity anemometer was used to measure the velocities in the diffuser gaps and 

calculate the tertiary mass flow. The inlet of the diffuser ring was divided into slots by 

the struts which were spaced at 22.5
o
 degrees apart. The velocity measurements at the 

ring inlet were performed at the slots during the experiment and the averages were taken. 

The hot wire velocity anemometer (dtube = 5 mm, see Figure 3-15) has a range of 0 to 30 

m/s with 3% error. 10-second time constant was set in the device to average the reading 

and 5 samples were collected at each point of measurement to find the average gap 

velocity. As described in Chen’s thesis [6], it was found that there were two limitations in 

using the velocity probe to measure velocity distribution at the diffuser gap,  

1. The actual measure point was 13 mm upstream from the gap inlet  

2. There was an unreachable region for the velocity probe due to the sensor location 

(see Figure 3-16)  

The tertiary mass flow rate (ṁ3rd) was calculated from the gap inlet velocity 

measurement. The tertiary mass flow was quantified with crude calculation due to the 

complexity in quantifying the velocity distribution in the diffuser gap and entrainment 

through the ‘cut’ section of the Cut Angled Diffuser. Thus, there was a large error 

associated with secondary and tertiary entrainment.  
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Figure 3-15: Hot wire velocity anemometer [6] 

  

  

Figure 3-16: Unreachable region in measuring the velocity in the diffuser gap inlet [6]  
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3.3.12. Diffuser and Mixing Tube Wall Temperature  

The mixing tube and diffuser wall temperature was measured by Infrared (IR) Imaging. It 

provides a better understanding of the film cooling effectiveness of the ejector system. 

The Inframetrics ThermaCAM SC1000 IR Camera was used to obtain thermal images. 

The thermal images were post-processed with the ThermaCAM Researcher 2001 

software package to get the temperature contour along the mixing tube and diffuser. This 

camera has a measurement range from -10
o
C to 1500

o
C with 2

o
C or 2% uncertainty (the 

larger one) [47]. In order to have uniform emissivity close to unity and eliminate 

reflections, the mixing tube walls were painted flat black.  

 

Thermocouples were spot welded (see Figure 3-17) onto the mixing tube to measure the 

temperature at that particular spot. The known temperatures were entered into the 

ThermaCAM software to determine what the emissivity was (ε = 0.97-0.99). There are 

four temperature ranges (65
o
C, 120

o
C, 250

o
C, and 450

o
C) in the IR camera and it is 

important to use the appropriate range for the best thermal image.   



61 

 

 

Figure 3-17: Spot welded thermocouples 

 

3.3.13. Swirler (0
o
, 10

o
, 20

o
, 30

o
) 

The swirl was used to simulate flow exiting the gas turbine. The swirl angle is 

approximately constant in the radial direction. The fixed blade swirler contained 16 

uncambered blades with equal radial spacing. In the hot gas wind tunnel, the swirler was 

installed 16 annulus height upstream from the nozzle inlet. Figure 3-18 shows the 10
o
, 

20
o
, 30

o
 swirlers cartridges. The Ejector with Full Diffuser was tested with 20

o 
swirl only 

in order to compare with Chen’s Ejector data. The Ejector with Cut Angled Diffuser was 

tested with 0
o
, 10

o
, 20

o
, 30

o
 swirl. 
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Figure 3-18: 10, 20, and 30 degree Swirl Blades [6] 

3.3.14.  Summary of Instrumentation 

Summary of the range and uncertainty of the instrumentations used during the 

experiments are summarized below in table 3-3.  

Table 3-3: Summary of instrumentation ranges and uncertainties 

Instrument 
Measurement 

Range 

Measurement 

Uncertainty 

Omega PX139 Pressure Transducer ± 7 kPa 0.3% of range 

K-type Thermocouple 
-200

o
C to 

1350
o
C 

larger of 2.2 C or 2% 

Hot Wire Velocity Anemometer 0-30 m/s 3% of range 

Seven Hole Probe 
0

o
 to 53.5

o 

flow angle 

± 1
o
 pitch  

 

±0.8
o
 yaw 

 

±11 Pa Ptotal 

 

±12 Pa Pstatic 

 

±12 Pa Pdynamic 

 

FLIR ThermaCAM SC1000 IR 

Camera 

-10
o
C to 

1500
o
C  

larger of 2.2 C or 2% 
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Chapter 4 - Numerical Computation 
 

4.1. Computational Domain 

The computational grid of the Ejector with Full Diffuser and 30
o
 Cut Angled Diffuser are shown 

in figure 4-1 to 4-4. The pressure near the mixing tube inlet and diffuser outlet is unknown. 

Therefore, the inlet and outlet plenum were made large enough such that the ambient boundary 

conditions could be specified far enough away from the mixing tube inlet and diffuser outlet. For 

the ejector with full diffuser, 45 degree slice of the model was made because the flow was 

assumed to be periodic. However, periodicity cannot be applied for the ejector with 30
o
 cut 

angled Diffuser due to ‘cut’ part of the diffuser. Thus, full 360
o
 model was constructed to model 

the flow inside the ejector.  
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Figure 4-1: Boundary conditions of Ejector with Full Diffuser 

 

Figure 4-2: Computational Domain of Ejector with Full Diffuser  
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Figure 4-3: Boundary conditions of Ejector with Cut Angled Diffuser 

 

Figure 4-4: Computational Domain of Ejector with Cut Angled Diffuser 



66 

 

4.2. Boundary Conditions 

The boundary conditions for the 45 degree slice ejector with full diffuser and cut angled diffuser 

geometry are set up as shown in figure 4-1 and 4-3. Velocity inlet was used at the entrance of the 

annulus part. Fluent User Defined Function (UDF) was used to model the tangential, radial, and 

axial velocity (uθ, ur, w) for the swirl velocity in cylindrical coordinates. Turbulence intensity 

was set at 5%. The Ejector with the Full Diffuser was only modeled with the 20
o
 swirl. The hot 

flow properties, such as specific heat, thermal conductivity and viscosity, were calculated using 

absolute-temperature-based polynomial equations. The density of the hot flow was calculated 

based on the ideal gas law. Periodic boundary was applied on all of the side faces of the 45 

degree slice as shown in figure 4-5. 

 

 

Figure 4-5: Periodic boundary condition on the side faces of the Ejector with Full Diffuser 

4.2.1. Wall 

An adiabatic no slip wall condition was used for the inner and outer face of the nozzle, 

mixing tube, and diffuser. The wall is assumed to be ‘smooth’ and all other inputs were 

left as default. 
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4.2.2. Pressure Inlet 

Pressure inlet boundary condition was used to define fluid pressure at flow inlets [26] 

when the velocity was unknown. It was used to simulate an atmospheric condition from 

which the entrained fluid is drawn. Pressure inlet condition was applied to all of the inlet 

plenum faces and some of the exit plenum faces, where the total pressure was defined to 

be at atmospheric pressure. Since the flow was forced normal to the boundary, the 

plenum boundary should be placed far enough away from the flow inlets to ensure it has 

no effect on the streamline curvatures or flow structures. Temperature was set to 300 K 

(ambient temperature) and turbulence intensity is set to 1% for stagnant air [28].  

4.2.3. Pressure Outlet 

Pressure outlet is similar to pressure inlet with a few exceptions. It was used to specify 

the static pressure instead of stagnation pressure. It is extremely important to specify the 

pressure outlet boundary condition far enough away from the diffuser outlet to avoid 

reversed flow and properly simulate the experimental conditions.  

4.2.4. Periodic 

Periodic boundary conditions are used when the physical geometry of interest and the 

pattern of the flow have a periodically repeating nature [28].  This boundary condition 

was applied to all of the side faces that represented the cut plane through fluid domain 

(see Figure 4-5).  
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4.3. Grid Structure 

The 3-D Ejector with Full Diffuser geometry and mesh were built and generated in Gambit 2.4.6. 

The grid structures of the Ejector with Full Diffuser are shown in figure 4-6 and 4-7. Only 

hexahedral and quadrilateral volume meshes were used for meshing in order to minimize the 

numerical diffusion and give better solution convergence. These types of cells also give better 

alignment with the flow. Figure 4-8 shows the detailed mesh of the rounded inlet and the slots in 

the entraining diffuser. Near the wall, the mesh was made sufficiently fine to fulfill the y
+
 

requirement for enhanced wall function (y
+
 ≤ 5). In the ejector with full diffuser, tetrahedral 

mesh was not used, so the mesh is 100% structured.    

 

Figure 4-6: Mesh structure in the nozzle exit and mixing tube inlet for the Ejector with Full Diffuser 
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Figure 4-7: Mesh structure in the Entraining Diffuser region 

 

Figure 4-8: Mesh structure around the mixing tube and diffuser rounded inlet 

 

The Ejector with Cut Angled Diffuser geometry and mesh were also generated with Gambit 

2.4.6. Unlike the Ejector with Full Diffuser, the Ejector with Cut angled Diffuser required the 

use of unstructured tetrahedral mesh in the ‘cut’ part of the geometry due to some non-

hexahedral volume shape. The unstructured mesh was still kept at a minimum to minimize 

numerical diffusion. Figure 4-9 and 4-10 show that the mesh was still kept structured 
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(hexahedral and quadrilateral) in most areas. The tetrahedral mesh around the ‘cut’ part is shown 

in detail in figure 4-11.  

 

Figure 4-9: Mesh structure in the Nozzle and Mixing Tube region for the Ejector with Cut Angled Diffuser 
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Figure 4-10: Mesh structure in the Cut Angled Diffuser region 

  

Figure 4-11: Tetrahedral mesh in the slot diffuser inlet 
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4.4. Convergence Criteria 

The convergence of the solution was determined by monitoring the following parameters: 

1. Scaled Residuals 

2. Average Exit Temperature at diffuser outlet 

3. Average Exit velocity at diffuser outlet 

4. Mass flow rate at diffuser outlet 

5. Average Wall Shear Stress at the Mixing Tube Wall 

 

All of the parameters mentioned above were monitored and plotted. The solution was assumed to 

reach convergence when the parameters fluctuated in the order of 10
-4

 after a few thousand 

iterations and the scaled residuals dropped under 10
-4

. Figure 4-12 and 4-13 show examples of 

the graphs of residuals and mass flow rate plotted against iteration number for the case where the 

solution has reached convergence.  
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Figure 4-12: Residual plot of 20 deg Swirl Cut Angled Diffuser Case 

 

Figure 4-13: Mass flow rate plot against iteration number for 20
o
 Swirl Cut Angled Diffuser Case 

0.52

0.522

0.524

0.526

0.528

0.53

27000 27500 28000 28500 29000 29500 30000 30500 31000 31500 32000

M
as

s 
Fl

o
w

 R
at

e
 (

kg
/s

) 

Iteration # 

Convergence history of Mass Flow Rate on 
diffuser outlet 



74 

 

4.5. CFD Solver  

The segregated pressure based solver calculates the governing equations sequentially and 

updates the flow field accordingly [28]. It is memory efficient because discretized equations are 

stored in the memory one at a time. This method requires shorter iteration times, but it is only 

suitable for flows where pressure and density are not coupled, such as in incompressible flow. A 

density based coupled solver calculates the governing equations simultaneously to ensure flow 

properties satisfy all equations [28]. Convergence takes longer and this is more suitable for 

compressible flow. The nozzle Mach number in this research fell in the range of approximately 

0.3, which meant the flow could be considered to be incompressible.  

4.5.1. Discretization Scheme 

A cell-centered discretization scheme was employed when face values between 2 

adjacent cell volumes need to be calculated by interpolating from the cell center values. 

Several discretization schemes are offered by Fluent 6.3.26, such as First Order Upwind, 

Second Order Upwind, Third-Order-MUSCL scheme, and Power Law. First Order 

Upwind discretization scheme is suitable when the flow is aligned with the grid in a 

simple geometry. When the flow is not aligned with the grids and for tetrahedral grids, 

first order upwind discretization scheme will give numerical diffusion error [36].  

For complex flows or geometry with tetrahedral and quad or hex grids, more accurate 

results are obtained by using Second Order Discretization scheme [28]. QUICK and 

MUSCL discretization scheme could provide better accuracy than the Second Order 

Discretization schemes for rotating and swirling flows [28]. However, convergence was a 

problem with the QUICK and MUSCL scheme in this study. Power Laws scheme 
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provides the same accuracy as the first order scheme. Second Order Upwind scheme was 

used for all test cases.  

4.5.2. Pressure Interpolation Scheme 

FLUENT offers five pressure interpolation schemes-Standard, PRESTO!, Linear, Second 

Order, and Body Force Weighted. The standard scheme is suitable where the pressure 

gradient is varied smoothly from cell centers to cell centers. The body force weighted 

scheme is recommended where the case involve large body forces. The linear scheme 

computes the face pressure as the average of the pressure values in the adjacent cells. The 

second order scheme behaves like second order upwind scheme to calculate the pressure. 

Some improvements are present with the second order scheme compare to standard and 

linear scheme. PRESTO! scheme should be used in flows involving high swirl numbers 

and flows with strong streamline curvature. PRESTO! and second order scheme caused 

convergence difficulties for the Cut Angled Diffuser cases with high inlet swirl due to 

unstructured region in the diffuser. In the Full Diffuser case, the simulation fully 

converged with second order scheme because the mesh consisted of only hexahedral 

cells. Thus, the standard scheme was selected for the Cut Angled Diffuser cases, whereas 

second order scheme was used for the Full Diffuser case. Numerical investigation with 

the Full Diffuser case revealed that changing the pressure scheme from second order to 

standard scheme did not have any effect on the important flow features.  

4.5.3. Pressure-Velocity Coupling 

SIMPLE, SIMPLEC, and PISO are provided for the pressure velocity coupling in Fluent 

6.3.26 [28]. SIMPLEC is known to accelerate convergence for laminar uncomplicated 
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flow where the grid is aligned with the flow. With SIMPLEC, the pressure correction 

under-relaxation factor is set to 1.0, which speeds up convergence. For complicated flow 

involving turbulence, swirl, separations and other physical models, SIMPLE algorithm is 

more suitable. PISO is highly recommended for transient flow calculations with large 

time-steps. Thus, SIMPLE was used for all cases in this computational study.  

4.6. Grid Sensitivity Studies 

Grid Sensitivity studies on the Ejector with Full Diffuser and Cut Angled Diffuser were 

performed using RNG k-ε with second order discretization schemes. Enhance Wall Function was 

used in most cases, except in the coarsest mesh. The CFD simulations were performed with 20
o
 

inlet swirl (T1 = 653 K, ṁ1 = 2 kg/s).  

4.6.1. Ejector with Full Diffuser  

The effect of grid density in the CFD simulations on the flow properties were 

investigated by constructing four different mesh schemes. The results shown in table 4-1 

and figure 4-14 to 4-16 indicate that the average magnitude and distributions of the 

important parameters (velocity, temperature, and static pressure at diffuser outlet) were 

not sensitive to the grid density. There is no significant change in average values and 

pumping ratio after 0.5 million cells. Based on the available computational resources and 

time required to reach converged solution, the mesh scheme with 0.5 million cells was 

chosen for further studies.  
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Table 4-1: Effect of mesh density of core and near wall region on the average diffuser performance at 

20
o
 swirl (Full Diffuser)  

 

 

 

 

 

 

 

 

Figure 4-14: Effect of mesh density in core and near wall region on the y-centerline velocity profiles 

at the diffuser exit for ψ = 20
o
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Figure 4-15: Effect of mesh density in core and near wall region on the y-centerline temperature 

profiles at the diffuser exit for ψ = 20
o
  

 

 

Figure 4-16: Effect of mesh density in core and near wall region on the mixing tube z-axis wall 

pressure recovery for ψ = 20
o
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4.6.2. Ejector with Cut Angled Diffuser 

Grid sensitivity study was also done in the Ejector with Cut Angled Diffuser. Since the 

full 360
o
 Cut Angled Diffuser domain was modeled for a reason discussed in section 4.3, 

the cell count was a lot higher than the Full Diffuser. Furthermore, a slight increase in the 

mesh density in core or near wall region increased the total cell count by a significant 

amount. Similar to the Ejector with Full Diffuser, four mesh schemes were compared to 

observe the effect of grid density on the flow properties. The results are shown in table 4-

2 and figure 4-17 to 4-19. Generally, the grid density in the core or near wall region did 

not affect the average values and distribution of the important parameters in this study. 

The backpressure coefficient (Cbp) remained the same. Small difference for the mixing 

tube pressure recovery at Z/Dmt = 0 to 0.5 was observed. Based on the available 

computational resources, the mesh scheme with 3.5 million cells was chosen for further 

studies. This mesh scheme has the same core and near wall meshes size as the Ejector 

with Full Diffuser.    
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Table 4-2: Effect of mesh density of core and near wall region on the average diffuser performance at 

20
o
 swirl (Cut Angled Diffuser)  

Cell Count 
Core 
Mesh 

Near Wall 
Mesh 

Near Wall 
Treatment 

Pumping 
Ratio (φt) 

V7avg T7avg Cbp P7avg 

2 million 
cells 

Coarse Coarse 
Standard 

Wall 
Function 

2.04 84.1 496 0.22 -109 

2.5 million 
cells 

Fine Fine 
Enhanced 

Wall 
Function 

2.02 85.1 497 0.22 -115 

3.5 million 
cells 

Finer Fine 
Enhanced 

Wall 
Function 

2.03 83.8 495 0.24 -118 

6 million 
cells 

Finest Finest 
Enhanced 

Wall 
Function 

2.04 84.8 496 0.23 -112 

 

 

Figure 4-17: Effect of mesh density in core and near wall region on the y-centerline velocity profiles 

at the diffuser exit for ψ = 20
o
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Figure 4-18: Effect of mesh density in core and near wall region on the y-centerline temperature 

profiles at the diffuser exit for ψ = 20
o
  

 

 

Figure 4-19: Effect of mesh density in core and near wall region on the mixing tube z-axis wall 

pressure recovery for ψ = 20
o
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4.7. Outlet Plenum Domain Independence Studies 

The domain independence study for the Ejector with Full Diffuser and Cut Angled Diffuser was 

performed using RNG k-ε with Enhance Wall Function. All of the simulation converged with 

second order discretization scheme. The outlet plenum domains for both ejector systems are 

shown in figure 4-20 and 4-21. The outlet plenum radius was kept constant. The inlet condition 

at the nozzle inlet was ψ = 20
o
 swirl, T1 = 653 K, and ṁ1 = 2 kg/s 

 

Figure 4-20: 2D view of the geometry of the computational domain for the Ejector with Full Diffuser (units in 

mm) 

 



83 

 

 

Figure 4-21: 2D view of the geometry of the computational domain for the Ejector with Cut Angled Diffuser 

(units in mm) 

 

4.7.1. Ejector with Full Diffuser 

Four different Outlet Plenum lengths (Lop = 0.2, 0.4, 0.5 and 0.6 m), as shown in figure 4-

20 were involved in the outlet plenum study with the Full Diffuser. The pumping ratio 

and averaged parameters (velocity, temperature, Cbp and static pressure) at the diffuser 

outlet were used as a comparison. The results are presented in table 4-3, and figure 4-22 

to figure 4-24. The data show that the outlet plenum length did not have a noticeable 

effect in the averaged diffuser performance and the velocity and temperature profiles at 

the diffuser outlet. The total pumping ratio (φt) and the averaged diffuser outlet 

parameters do not change after Lop = 0.5 m. The final plenum length, Lop for the Ejector 

with the Full Diffuser was chosen to be 0.5 m.  
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Table 4-3: Effect of Outlet Plenum length on the CFD simulation results (ψ = 20
o
) 

Outlet Plenum 
Length (m) 

Pumping 
Ratio (φt) 

V7avg T7avg Cbp P7avg 

0.2 2.08 83.7 490 0.23 -140 

0.4 2.15 83.2 489 0.22 -137 

0.5 2.15 83.1 489 0.22 -136 

0.8 2.15 83.2 490 0.22 -138 

 

 

Figure 4-22: Effect of Outlet Plenum length on the y-centerline velocity profiles at the diffuser outlet 

at ψ = 20
o
 (Full Diffuser) 
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Figure 4-23: Effect of Outlet Plenum length on the y-centerline temperature profiles at the diffuser 

outlet at ψ = 20
o
 (Full Diffuser) 

  

Figure 4-24:  Effect of Outlet Plenum length on the y-centerline dynamic pressure profiles at the 

diffuser outlet at ψ = 20
o
 (Full Diffuser) 
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4.7.2. Ejector with Cut Angled Diffuser 

Similar to the Full Diffuser, four different Outlet Plenum lengths (Lop = 0.2, 0.4, 0.5 and 

0.6 m), as shown in figure 4-21 were involved in the Cut Angled Diffuser outlet plenum 

study. The results are presented in table 4-4, and figure 4-25 to figure 4-27. Similar 

outcome as the Full Diffuser outlet plenum length study was concluded. The total 

pumping ratio (φt) and the averaged diffuser outlet parameters do not change after Lop = 

0.5 m. The final plenum length, Lop for the Ejector with the Cut Angled Diffuser was 

chosen to be 0.5 m.  

Table 4-4: Effect of Outlet Plenum length on CFD simulation results (ψ = 20
o
) 

Outlet Plenum 
Length (m) 

Pumping 
Ratio (φ) 

V5avg T5avg Cbp P5avg 

0.2 2.04 85.26 497 0.23 -117 

0.4 2.04 85.33 497 0.23 -120 

0.5 2.03 83.8 495 0.24 -118 

0.8 2.03 83.6 495 0.23 -116 
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Figure 4-25: Effect of Outlet Plenum length on the y-centerline velocity profiles at the diffuser outlet 

at ψ = 20
o
 (Cut Angled Diffuser) 

 

Figure 4-26: Effect of Outlet Plenum length on the y-centerline temperature profiles at the diffuser 

outlet at ψ = 20
o
 (Cut Angled Diffuser) 
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Figure 4-27: Effect of Outlet Plenum length on the y-centerline dynamic pressure profiles at the 

diffuser outlet at ψ = 20
o
 (Cut Angled Diffuser) 

4.8. Turbulence Model Studies 

The turbulence model study for both ejector systems were performed at ψ = 20
o
, T1 = 653 K and 

ṁ1 = 2 kg/s. All of the two equation k-ε models were used for comparison. Additionally, RNG k-

ε was coupled with the temperature correction model proposed by Abdol Hamid et al. as 

described in section 2.4.6.  

4.8.1. Ejector with Full Diffuser (φ = 20
o
) 

Chen [6] suggested that one of the criteria of selecting suitable turbulence model is to 

find a good prediction on the ejector pumping ability. Table 4-5 summarizes the 
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not the secondary (φ2nd) and tertiary pumping (φ3rd). Backpressure was underpredicted by 

all of the turbulence models.  

The y-centreline velocity profiles for all of the turbulence models are presented in figure 

4-28. It is apparent that at 20
o
 swirl condition, RNG k-ε was the only model that was able 

to predict the core separation at the diffuser outlet.  Mixing, pumping, and the spread of 

the jet were overpredicted by the other turbulence models.  

The data of wall pressure distribution along the mixing tube wall (see Figure 4-29) show 

that all of the k-ε models were not able to reasonably estimate the wall pressure recovery. 

RNG k-ε had the closest prediction to experimental data for mixing tube wall pressure. 

All of the turbulence models above took roughly the same amount of computational 

resources and time to reach convergence. RNG k-ε is superior to the other turbulence 

models in solving complex swirling flow and it is chosen as the main turbulence model 

for Ejector with Full Diffuser simulation in this research.  
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Table 4-5: Comparison of Experimental results and CFD results using various turbulence models 

(Full Diffuser) 

Turbulence Model 
Pumping 

Ratio (φt) 
Φ2nd Φ3rd Cbp 

Experimental 2.21 0.53 0.64 0.27 

RNG k-ε 2.15 0.56 0.51 0.23 

RNG k-ε Temp Corr 2.36 0.47 0.60 0.21 

Realizable k-ε 2.36 0.49 0.58 0.21 

Standard k-ε 2.36 0.55 0.52 0.24 

 

 

Figure 4-28: y-centerline velocity profiles for various turbulence models at ψ = 20
o
 (Full Diffuser) 
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Figure 4-29: Mixing tube axial wall pressure distribution for various turbulence model at ψ= 20
o
  

(Full Diffuser) 

4.8.2. Ejector with Cut Angled Diffuser (φ = 20
o
)  

The secondary, tertiary and total pumping ratios are summarized in table 4-6. It is 

apparent that the k-ε turbulence models had similar problems in predicting secondary and 

tertiary pumping in the Ejector with Cut Angled Diffuser.  

The y-centerline velocity profiles for all of the turbulence models are presented in figure 

4-30. Similarly, RNG k-ε was also the only model that was able to predict the core 

separation at the diffuser outlet for the Cut Angled Diffuser.  The data of wall pressure 

distribution along the mixing tube wall (see Figure 4-31) show that all of the k-ε models 

were also not able to reasonably estimate the wall pressure recovery. For the same reason 

discussed in section 4.8.1 above, RNG k-ε was also chosen as the turbulence model for 

the Ejector with Cut Angled Diffuser.  
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Table 4-6: Comparison of Experimental results and CFD results using various turbulence models 

(Cut Angled Diffuser) 

Turbulence Model 
Pumping 
Ratio (φt) 

Φ2nd Φ3rd Cbp 

Experimental 2.28 0.76 0.49 0.16 

RNG k-ε 2.03 0.70 0.45 0.24 

RNG k-ε Temp Corr 2.14 0.58 0.52 0.23 

Realizable k-ε 2.18 0.57 0.53 0.21 

Standard k-ε 2.13 0.61 0.49 0.24 

 

 

Figure 4-30: y-centerline velocity profiles at the diffuser exit for various turbulence model at ψ = 20
o
 

(Cut Angled Diffuser) 
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Figure 4-31: Mixing tube axial wall pressure distribution for various turbulence model at ψ= 20
o
  

(Cut Angled Diffuser) 
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data is shown in Appendix I. As shown in figure 4-34 and 4-35, the axial and tangential velocity 

was reasonably modeled by the Fluent UDF.  

The axial velocity contour at the nozzle inlet for ψ = 20
o
, shown in figure 4-33 indicates a low 

velocity (core separation) region in the centre of the flow. This was caused by the flow 

separating off the annulus centre body, as it transitioned from the annular flow to the nozzle 

flow. Depending on the strength of the swirl, this region will grow or shrink as the flow travels 

through the mixing tube and diffuser. The core separation region has an adverse effect on the 

pumping and pressure recovery of the ejector. Figure 4-36 shows comparison between 

experimental data and CFD prediction of the nozzle outlet axial velocity at ψ = 20
o
 (additional 

data is available in Appendix I). It is apparent that CFD was not able to accurately predict the 

size of core separation at the nozzle outlet. This contributed to CFD inability to predict the 

important flow features downstream of nozzle. 

Table 4-7: Experimental and CFD inlet nozzle swirl number 

Swirl Angle (Ψ) S (EXP) S (CFD) 
Actual Swirl 

Angle 

0o 0.21 0.18 3o 

10o 0.33 0.29 12.5o 

20o 0.40 0.37 23.5o 

30o 0.52 0.49 34o 

 



95 

 

 

Figure 4-32: Comparison between the nozzle inlet x-velocity contour between CFD and Experimental data 

at ψ= 20
o
 

 

Figure 4-33: Comparison between the nozzle inlet z-velocity contour between CFD and Experimental data 

at ψ= 20
o
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Figure 4-34: Experimental tangential velocity profile compared with CFD tangential velocity profile 

at the nozzle inlet for ψ = 20
o 

 

Figure 4-35: Experimental axial velocity profile compared with CFD axial velocity profile at the 

nozzle inlet for ψ = 20
o 
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Figure 4-36: Experimental and CFD Nozzle Outlet Axial Velocity Contour for ψ = 10
o 
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Chapter 5 - Result and Discussion 

The experimental results are compared with the CFD results in this chapter. Chen’s experiment 

and CFD with the Full Diffuser was repeated at ψ = 20
o
 for comparison to ensure similar flow 

conditions. Then, the experimental and CFD results of the Cut Angled Diffuser were compared 

with Chen’s Full Diffuser results at ψ = 0
o
, 10

o
, 20

o
, and 30

o
. The performance parameters listed 

below are discussed in detail, 

1. Temperature and Velocity profiles at the diffuser outlet 

2. Pumping Ratios (ϕt, ϕ2nd, and ϕ3rd) 

3. Flow Structure inside the ejector 

4. Axial wall pressure rise along the ejector 

5. Back pressure (Cbp) 

6. Diffuser Effectiveness  

CFD simulation results in this section were based on RNG k-ε with Enhanced Wall Function for 

reasons discussed in section 4.8.2.  

5.1. Experimental Mass Balance 

The first task in verifying experimental data was to ensure conservation of mass, momentum, and 

energy were satisfied for the control volume shown in figure 5-1. The conservation of mass, 

momentum, and energy that must be satisfied for the control volume are shown in equation 5-1 

to 5-3. 
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Figure 5-1: Cut Angled Diffuser control volume during the experiment 

 

Conservation of Mass:              

                                           (5.1) 

Conservation of Momentum:        
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The velocities, V, are mass weighted averaged in the conservation equations above. The total 

primary mass flow rate (ṁ1) upstream of the nozzle inlet was calculated using the method 
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described in Appendix B. The total mass flow rate at the diffuser outlet (ṁ7) was integrated from 

the traversed data of the 7-hole probe. The results of the mass balanced calculation for the 0
o
, 

10
o
, 20

o
, and 30

o
 Swirl Cut Angled Diffuser cases and 20

o
 swirl Full Diffuser case are 

summarized in table 5-1 below. The data showed that the difference between the calculated 

mass, momentum, and energy balance with the experimental ones are within 3%. This showed 

that the experimental procedure for acquiring the data was valid.  

Table 5-1: Conservation of Momentum and Energy 

 
%Difference 

Swirl Level 
Momentum 

Balance 
Energy Balance 

0 1.4% 1.7% 

10 3.2% 3.2% 

20 1.2% 3.3% 

20 FD 0.3% 1.3% 

30 5.0% 3.0% 

 

5.2. Flow Swirl Level  

The inlet swirl would change the flow features and properties inside the ejector, which also 

affected the ejector performance. The flow swirl level could be presented by using a swirl 

number (S). The swirl number, S, was expected to decrease due to increasing axial velocity at the 

nozzle exit and bigger diameter at the mixing tube. RNG and Realizable k-ε models were 

recommended by FLUENT [28] to simulate the flow when the swirl number is less than 0.5. The 
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highest swirl number in this study was found to be 0.2 at 30
o
 swirl. The flow swirl level at the 

nozzle inlet was reasonably predicted by the CFD. 

The degree of swirl was categorized as very weak swirl (S ≤ 0.2), weak swirl (S ≤ 0.4) and strong 

swirl (S ≤ 0.6) [31]. The experimental data showed that weak swirl was produced by inlet swirl 

angle up to 20
o
 and strong swirl was produced by ψ = 30

o
. Gupta et al. [31] stated that weak 

swirl could increase the width or confined jet flow. Thus, a slow and wider jet than non swirling 

flow would be produced and pumping was enhanced as the swirl level was increased. Stronger 

swirl causes a very wide and slow jet than the non-swirling flow, and as a result a core separation 

zone could be generated due to strong adverse axial pressure gradient. 

5.3. 20
o
 Swirl Full Diffuser (Author’s vs. Chen’s Results)  

Table 5-2: CFD simulation set up for Chen’s and Author’s CFD simulation 

CFD set-up Chen's CFD Authors CFD   

Pressure Scheme 2nd Order 2nd Order 

Density Scheme 2nd Order 2nd Order 

Pressure Velocity Coupling SIMPLE SIMPLE 

Near Wall Treatments Non-Equilibrium Enhance Wall Function 

Turbulence Model Realizable k-ε RNG k-ε 

 

Chen’s Full Diffuser (Ejector-3 in Chen’s thesis) [6] experiment and CFD simulation were 

repeated for comparison at ψ = 20
o
.  The simulation was set up to be similar to Chen’s CFD, as 

shown in table 5-2. However, in Chen’s simulation, the core separation at the diffuser outlet was 
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predicted by Realizable k-ε, whereas in the current study it was predicted by RNG k-ε (see 

section 4.8.1). The reason for this was unknown. The CFD simulation for the Full Diffuser was 

also performed with the Realizable k-ε and non-equilibrium wall function and no core separation 

at the diffuser exit was predicted. The author’s experimental and CFD temperature and velocity 

uniformity (ƒt and ƒke) at the diffuser outlet show reasonable agreement with Chen’s 

experimental and CFD results (see table 5-3). Author’s experimental and CFD pumping ratios of 

the Full Diffuser also show reasonable agreement with Chen’s results (see table 5-4). Both of 

Chen’s and Author’s CFD simulation overpredicted secondary pumping (ϕ2nd) and underpredict 

tertiary pumping (ϕ3rd). Furthermore, reasonable agreement was also found in the velocity and 

temperature distribution at the diffuser outlet (see Figure 5-2 and 5-3) between Author`s and 

Chen’s result. The axial wall pressure distribution is shown in figure 5-4. Small difference was 

observed in the mixing tube experimental wall pressure from Z/Dmt = 0 to Z/Dmt = 1.5.  

Thus, it is acceptable to assume similar flow condition between Chen’s experiment and Author’s 

experiment.  

Table 5-3: Experimental and CFD performance parameters comparison between Author's and Chen's Full 

Diffuser results 

  ƒke ƒt ARE 

Swirl Angle (ψ) EXP  CFD EXP CFD EXP CFD 

20o Author's Full 
Diffuser 

1.48 1.57 0.52 0.012 0.052 0.06 

20o Chen's Full 
Diffuser 

1.7 1.8 0.49 0.010 - - 
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Table 5-4: Pumping Ratios comparison between Author`s and Chen`s Full Diffuser result 

  φt φ2nd φ3rd 

Swirl Angle (ψ) EXP  CFD EXP  CFD EXP  CFD 

20o Author's Full 
Diffuser 

2.21 2.15 0.53 0.56 0.64 0.51 

20o Chen's Full 
Diffuser 

2.31 2.37 0.52 0.66 0.78 0.71 

 

 

Figure 5-2: Chen’s and Author’s Full Diffuser CFD and Experimental y-centerline velocity profile at ψ = 20
o
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Figure 5-3: Full Diffuser CFD and Experimental y-centerline temperature profile at ψ = 20
o 

 

 

Figure 5-4: CFD and Experimental Mixing Tube axial wall pressure profile at ψ = 20
o
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5.4. Performance Comparison 

5.4.1. Velocity and Temperature profiles at the Diffuser outlet 

Figure 5-5 shows the y-centerline dimensionless axial velocity (w/w1) at the diffuser 

outlet. The w is the local axial velocity at the diffuser outlet and w1 is the average nozzle 

exit velocity. It is apparent that the experimental results showed increasing distortion of 

the shape of the jet in the `cut` section of the diffuser with increased swirl. The size of 

core separation region increased with increasing swirl angle up to 20
o
 swirl. At 30

o 
swirl, 

the Cut Angled Diffuser seemed to increase the spread of the primary jet at the diffuser 

outlet, reduce core separation size, and help diffuse the flow.  The ability of the CFD 

turbulence model to predict the core flow behavior was poor up to 20
o
 swirl. At 30

o
 swirl, 

reasonable prediction of the core flow behavior in the `uncut` part of the diffuser was 

achieved. However, the CFD model was not as accurate in predicting the spread and 

distortion of the jet in the `cut` section of the diffuser. Additional experimental and CFD 

axial velocity contour data at the diffuser outlet are presented in Appendix J. The data 

show that CFD cannot reasonably predict the axial velocity contour at the diffuser outlet. 

The inlet swirl angle effects on the velocity uniformity (ƒke), temperature uniformity (ƒt), 

and effective area ratio (ARE) are shown in table 5-5. Better flow uniformities at the 

diffuser outlet are indicated by how close those values are to 1. Clearly, increasing inlet 

swirl angle for the Cut Angled Diffuser improved flow uniformities (mixing) at the 

diffuser outlet and enhance the primary jet core cooling. Experimentally, this is illustrated 

in figure 5-6, where the temperature of the hot core was increasingly flattened by 

increasing swirl angle. The CFD model was clearly unable to predict the temperature 
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distribution at the diffuser outlet for all swirl cases. The core temperature was 

overpredicted, which indicated that the flow mixing inside the Ejector with Cut Angled 

Diffuser was underpredicted because better flow mixing results in lower core 

temperature.  

Figure 5-7 to 5-14 show the experimental and CFD centerline velocity and temperature 

profiles of the Cut Angled Diffuser. The Cut Angled results were also compared with the 

Full Diffuser experimental results. The Ejector with Cut Angled Diffuser achieved 

similar velocity profiles and core separation size up to 20
o
 swirl with the Full Diffuser. At 

30
o
 swirl, experimental result showed that the Ejector with Full Diffuser had a much 

larger core separation at the diffuser outlet than the Ejector with Cut Angled Diffuser. 

The Cut Angled Diffuser then had better pumping and mixing than the Full Diffuser at 

30
o
 swirl.  

Up to 20
o
 swirl, the Cut Angled Diffuser had similar temperature profiles at the diffuser 

exit with the Full Diffuser. However, there is a large difference between the Cut Angled 

Diffuser and the Full Diffuser at 30
o
 swirl. The Cut Angled Diffuser appeared to perform 

much better than the Full Diffuser due to smaller core separation at inlet swirl higher than 

20
o
. The RNG k-ε with Temperature Correction model was clearly unable to properly 

capture the flow separation at all swirl level. It can slightly better predict the temperature 

distribution because it overpredicted mixing (no core separation) inside the Ejector with 

Cut Angled Diffuser.  
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Table 5-5: Velocity Uniformity (ƒke), Temperature Uniformity (ƒt), and Effective Area Ratio (ARE) at 

the diffuser outlet at various swirl angle  

 
ƒke ƒt ARE 

Swirl Angle (ψ) EXP CFD EXP CFD EXP CFD 

0 2.52 1.35 0.11 0.013 0.034 0.036 

10 2.40 1.33 0.27 0.013 0.042 0.037 

20 1.47 1.28 0.50 0.013 0.050 0.041 

30 1.37 1.18 0.59 0.102 0.062 0.051 

 

 

Figure 5-5: CFD and Experimental y-centerline velocity profile under various swirl conditions 
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Figure 5-6: CFD and Experimental y-centerline temperature profile under various swirl conditions 

 

Figure 5-7: CFD and Experimental y-centerline velocity profile at the diffuser outlet for ψ = 0
o 
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Figure 5-8: CFD and Experimental y-centerline temperature profile at the diffuser outlet for ψ = 0
o 

 

Figure 5-9: CFD and Experimental y-centerline velocity profile at the diffuser outlet for ψ = 10
o
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Figure 5-10: CFD and Experimental y-centerline temperature profile at the diffuser outlet for ψ = 10
o 

 

Figure 5-11: CFD and Experimental y-centerline velocity profile at the diffuser outlet for ψ = 20
o
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Figure 5-12: CFD and Experimental y-centerline temperature profile at the diffuser outlet for ψ = 20
o
 

 

Figure 5-13: CFD and Experimental y-centerline velocity profile at the diffuser outlet for ψ = 30
o
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Figure 5-14: CFD and Experimental y-centerline temperature profile at the diffuser outlet for ψ = 30
o 
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Figure 5-15: CFD axial velocity contour of the center plane for ψ = 0
o
 

 

Figure 5-16: CFD axial velocity contour of the center plane for ψ = 10
o
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Figure 5-17: CFD axial velocity contour of the center plane for ψ = 20
o 

 

Figure 5-18: CFD axial velocity contour of the centre plane at ψ = 20
o
 (Full Diffuser) 
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Figure 5-19: CFD axial velocity contour of the centre plane for ψ = 30
o
 

5.4.3. Pumping Ratio 

The effect of swirl on the pumping ratios, for the Cut Angled Diffuser and Chen`s Full 

Diffuser are shown in figure 5-20 to 5-22. The total pumping ratio, ϕt, for the Cut Angled 

Diffuser was reasonably predicted by the CFD at swirl angle up to 20
o
. However, the 

secondary and tertiary pumping ratios (ϕ2nd and ϕ3rd) were slightly underpredicted. CFD 

increasingly underpredicted total pumping at higher swirl, as it overpredicted the size of 

core separation.  

In both experiments and CFD, the secondary pumping in the mixing tube (ϕ2nd) was 

increased with increasing swirl angle. The increase in secondary pumping was due to 

increase in mixing in the mixing tube as the swirl helped mix the primary hot flow and 

entrained ambient air. Cut Angled Diffuser was clearly superior experimentally at all 
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swirl level in terms of secondary pumping, especially at 30
o
 swirl. This was perhaps due 

to large reduction in core separation size in the Cut Angled Diffuser compare to the Full 

Diffuser.   

Tertiary pumping in the Cut Angled Diffuser (ϕ3rd) was increased with increasing swirl 

angle because flow mixing in the diffuser was improved. Thus, the pressure gradient 

between the pressure inside the diffuser and ambient pressure was increased with 

increased swirl angle. This assisted in entraining the ambient air into the diffuser. Chen`s 

Full Diffuser yielded better performance in tertiary pumping than Cut Angled Diffuser 

experimentally. This is not surprising because it was expected that cutting the diffuser 

reduced the diffuser pressure recovery. Note that as mentioned in section 3.3.11, there 

was a large error associated with secondary and tertiary entrainment values.  

Experimentally, similar total pumping (ϕt) between the Cut Angled Diffuser and Full 

Diffuser at swirl angles up to 20
o
 were achieved. At 30

o
 swirl, the total pumping for the 

Cut Angled Diffuser continued to improve, whereas the Full Diffuser was severely 

affected. This was perhaps due to much smaller core separation in the mixing tube for the 

Cut Angled Diffuser compare to the Full Diffuser at 30
o
 swirl, which resulted in much 

higher secondary pumping.  

Generally, cutting the diffuser at 30
o
 angle does not give significant effect on the total 

pumping up to 20
o
 swirl. The reduced tertiary entrainment in the Cut Angled Diffuser 

was compensated by the increased secondary entrainment due to smaller core separation. 

At 30
o 
swirl, the Cut Angled Diffuser performed better than the Full Diffuser due to much 

smaller core separation than the Full Diffuser.  
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Figure 5-20: Total pumping ratio at various swirl angles 
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Figure 5-21: Secondary pumping ratio at various swirl angles 

 

Figure 5-22: Tertiary pumping ratio at various swirl angles 
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5.4.4. Axial Wall Pressure Distributions 

The experimental and CFD model for the dimensionless wall static gauge pressure along 

the mixing and diffuser wall are shown in figure 5-23 to 5-26. For the case of the low 

swirl angle cases (ψ = 0
o
 and 10

o
), experimental data showed that the wall pressure was 

recovering smoothly along the mixing tube and increases along the entraining diffuser 

almost linearly. Unlike the wall static pressure from Chen’s Full Diffuser experiment, a 

pressure drop from Z/Dmt = 1.5 to Z/Dmt = 2 (near the end of the mixing tube) was not 

seen in the Cut Angled Diffuser case. The pressure drop near the end of the mixing tube 

indicated some degree of core separation. Therefore, it could be concluded that there is no 

core separation at ψ = 0
o
 and 10

o
 cases for the Cut Angled Diffuser.  

For the higher swirl cases (ψ = 20
o
 and 30

o
), a small pressure drop at Z/Dmt = 1.5 to Z/Dmt 

= 2 was observed. Chen’s Ejector wall pressure showed a larger pressure drop near the 

end of the mixing tube. This indicated a much smaller core separation in the mixing tube 

for the Ejector with Cut Angled Diffuser than Chen’s Ejector with Full Diffuser. This fact 

was supported by the secondary entrainment (φ2nd) experimental data and the 

experimental diffuser outlet velocity profiles. The Ejector with Cut Angled Diffuser had 

higher secondary entrainment than Chen’s Full Diffuser at all swirl cases (see Figure 5-

21).   
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On the mixing tube wall, Cut Angled Diffuser had better pressure recovery than the Full 

Diffuser due to smaller core separation at all swirl cases. On the diffuser wall, the Cut 

Angled Diffuser had poorer wall pressure recovery than Chen’s Full Diffuser at all swirl 

cases as expected. The core separation appeared to be reduced by poorer diffuser pressure 

recovery. Generally, CFD overpredicted the wall pressure recovery along the Ejector with 

Cut Angled Diffuser for all swirl cases.  

 

Figure 5-23: CFD and Experimental Axial wall Pressure for ψ = 0
o
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Figure 5-24: CFD and Experimental Axial wall Pressure for ψ = 10
o
 

 

Figure 5-25: CFD and Experimental Axial wall Pressure for ψ = 20
o 
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Figure 5-26: CFD and Experimental Axial wall Pressure for ψ = 30
o 

 

Table 5-6: CFD Diffuser Effectiveness for all swirl cases 

Swirl Angle (ψ) Cp ηD  

Sovran and Klomp [30] 
Cpideal Conical Diffuser 

0.81 - 

0o 0.10 0.12 

10o 0.12 0.14 

20o 0.17 0.20 

20o Full Diffuser 0.18 0.22 

30o 0.23 0.28 

 

The performance of the diffuser with respect to pressure recovery could be expressed 

with diffuser effectiveness, ηD. It is a measure of the ability of the tested diffuser to 
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recover static pressure compared with the theoretical ideal static pressure recovery 

(uniform flow at the diffuser outlet). The CFD results of the diffuser effectiveness for all 

swirl cases are summarized in table 5-6. CFD prediction shows that the diffuser 

effectiveness of the Cut Angled Diffuser increases with increasing swirl angle. 

Comparison between the Cut Angled Diffuser and Full Diffuser at ψ = 20
o 

showed no 

apparent difference in diffuser effectiveness.   

5.4.5. Reattachment point  

Table 5-7: Experimental and CFD separation length for all swirl cases 

 
EXPERIMENT CFD 

Swirl Angle (ψ) Separation Length (cm) RNG k-eps MT 

0 5 3 

10 3 1 

20 3 1 

20o Full Diffuser 3 1 

30 0 0 

 

A small separation bubble at the mixing tube inlet was observed experimentally at swirl 

angle up to 20
o
 (see Table 5-7). Similar results were achieved using similar mixing tube 

with rounded inlet by McBean [7] and Chen [6]. The RANS based CFD model 

underpredicted the size of the separation bubble at the mixing tube inlet and 

overpredicted the wall pressure recovery. Similar results were also presented by McBean 

[48] and Chen [6]. Cutting the diffuser in a 30
o
 incline did not affect the size of the 

separation bubble.     
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5.4.6. Backpressure Coefficient (Cbp) 

The backpressure coefficient decreases as swirl angle increases. The same trend was 

clearly reported by Chen. The back pressure of the Cut Angled Diffuser is lower than 

Chen’s Full Diffuser at all swirl level due to smaller core separation region as discussed 

in section 5.4.1. The CFD model underpredicted the backpressure, except for the 10
o
 and 

30
o
 swirl case.  

 

Figure 5-27: Backpressure coefficient, Cbp, as a function of swirl angle 
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to 5-32. It is apparent from the experimental and CFD results that the Cut Angled 
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There is no apparent improvement in the film cooling performance as the inlet swirl angle 

increased from 0
o 

to 30
o
. The comparison of Cut Angled Diffuser film cooling with the 

film cooling performance of a Full Diffuser at ψ = 20
o 

also shows no noticeable 

difference. Small hot spots appeared at the end of the 4
th

 diffuser ring as entrainment was 

reduced due to small pressure gradient between the pressure inside the diffuser at the 4
th

 

ring and the ambient pressure.  

The experimental and CFD mixing tube axial wall temperature profiles at all swirl level 

are shown in figure 5-33. In order to get the temperature profile on the mixing tube, a 

straight line was drawn on the side of the mixing tube using the ThermaCAM software. 

There was some difficulty to accurately locate the temperature line profile from the 

thermal images in the CFD models. So, only rough comparisons were performed with the 

CFD models. 

Experimentally, the mixing tube wall temperature was slightly increased by the swirl up 

to ψ = 20
o
 due to the stronger jet spreading. At 30

o
 swirl, the mixing tube wall 

temperature increased significantly due to the jet stagnating at the wall. This indicates 

that the jet spread was much stronger at 30
o
 swirl. CFD consistently underpredicted the 

wall temperature profiles in the mixing tube. This was most likely due to the fact that 

pumping and mixing were underpredicted by the CFD. The CFD wall temperature 

contour from CFD at all swirl level for the Cut Angled Diffuser are presented in figure 5-

34 to 5-37. CFD results showed a large hot spot area at 30
o 
swirl.        
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Figure 5-28: CFD and experimental diffuser wall temperature contour, ψ = 0
o 

 

 

Figure 5-29: CFD and experimental diffuser wall temperature contour, ψ = 10
o
 



127 

 

 

Figure 5-30: CFD and experimental diffuser wall temperature contour, ψ = 20
o 

 

 

Figure 5-31: CFD and experimental diffuser wall temperature contour at ψ = 20
o
 (Full Diffuser)  
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Figure 5-32: CFD and experimental diffuser wall temperature contour, ψ = 30
o 

 

 

Figure 5-33: Experimental and CFD mixing tube axial temperature profile (Ejector with Cut Angled 

Diffuser)  
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Figure 5-34: Mixing Tube Wall Temperature contour, ψ = 0
o
 (CFD) 

 

 

Figure 5-35: Mixing Tube Wall Temperature contour, ψ = 10
o 
(CFD)
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Figure 5-36: Mixing Tube Wall Temperature contour, ψ = 20
o
 (CFD)

 

 

 

Figure 5-37: Mixing Tube Wall Temperature contour, ψ = 30
o
 (CFD) 
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Chapter 6 - Conclusion 

Based on the experimental and CFD results and analysis presented in chapter 5 the following 

conclusion could be drawn:  

6.1. Experimental Results 

 The pressure recovery in the Cut Angled Diffuser was reduced compare to the Full 

Diffuser. This triggered smaller core separation in the Ejector with Cut Angled Diffuser, 

which in turn increased secondary entrainment to compensate for the tertiary entrainment.  

 In terms of total pumping and mixing, Ejector with Cut Angled Diffuser achieved similar 

performance as the Ejector with Full Diffuser up to 20
o
 swirl. At 30

o
, the Ejector with Cut 

Angled Diffuser performed better due to sizeable reduction of the core separation region.  

 There is a critical swirl angle for pumping that exists where a higher swirl would reduce 

the overall pumping of the ejector. The critical swirl angle for the Ejector with Cut 

Angled Diffuser cannot be determined from this current study because pumping 

continued to increase at the highest inlet swirl (ψ = 30
o
).   

 The overall ejector performance was affected by the inlet swirl level. There is a core 

separation region when the primary flow transitioned from the annulus region to the 

nozzle inlet at all swirl level. Core separation adversely affected pumping since it created 

a blockage that prevented the entrainment of the ambient air.  Wall pressure recovery was 

also adversely affected by the core separation. 

 From the mixing tube wall pressure and secondary pumping data, the size of core 

separation in the Ejector with Cut Angled Diffuser was smaller than the Ejector with Full 

Diffuser at all swirl level. The reduction in core separation was more significant at higher 
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swirl angle (ψ = 30
o
), where total and secondary pumping of the Ejector with Cut Angled 

Diffuser were much better than the Ejector with Full Diffuser.    

 There is a minor flow distortion at the cut part of the Cut Angled Diffuser. There is a 

tendency for the primary jet to curve towards the ‘cut’ part of the diffuser. The 

performance of the diffuser was not affected by this behavior. 

 The Cut Angled Diffuser was able to provide reasonable film cooling on the diffuser 

wall. The majority of the wall was kept around the ambient temperature with small hot 

spots at the 4
th

 ring due to loss of entrainment.  

6.2. CFD Prediction 

 With the current geometrical mesh in this study, RNG k-ε was the only turbulence model 

that could capture the core separation at the diffuser outlet at higher swirl angle.   

 Flow mixing was underpredicted by the CFD, which results in overprediction of the 

temperature and velocity at the diffuser outlet. The structure of velocity contour in the 

diffuser outlet was not properly predicted by the CFD.  

 Core separation was not predicted properly by the CFD models. It increasingly 

overpredicted the size of core separation with increased swirl angle.  

 The success of the CFD model is largely dependent on the prediction of the core 

separation size and location. So, its inability to properly predict it made the CFD unable 

to predict the other important flow features, especially at higher swirl.  

 Flow distortion at the diffuser exit was not properly captured by the CFD. All of the CFD 

results showed axisymmetrical velocity distribution, while the experimental results 

showed slight distortion.  
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 CFD overpredicted wall pressure recovery in the Ejector with Cut Angled Diffuser at all 

swirl cases.  

 The modified turbulence temperature correction model proposed by Abdol Hamid et al. 

[40] did not perform well in predicting the velocity distribution at the diffuser exit at all 

swirl angle. At 10
o 
to 30

o 
swirl, the core separation at the diffuser outlet was not predicted 

by the RNG k-ε when modified with the temperature correction model.  

 Table 6-1 summarizes the CFD ability to predict the performance of both ejector systems. 

Table 6-1: Summary of CFD ability to predict the ejector performance 

Performance 
Parameters 

Cut Angled Diffuser (RNG k-ε) 
Chen's Full Diffuser (Realizable k-ε) 

[6]  

φ2nd underpredict (estimate) overpredict 

φ3rd underpredict (estimate) underpredict 

φt fine at low swirl fine, except at 30o swirl 

Cbp underpredict underpredict 

Velocity Profiles at 
diffuser exit 

underpredict core separation underpredict core separation 

Temperature Profiles 
diffuser exit 

underpredict flow mixing underpredict flow mixing 

fke 
overpredict, better with 

increasing swirl angle 
overpredict, better with increasing 

swirl angle 

ft underpredict 
underpredict, better with increasing 

swirl angle 
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Chapter 7 - Recommendations 

The following recommendations are given:   

1. Cutting the diffuser at 30
o
 incline is acceptable. More experiments with more severe 

cut are needed to investigate the effect of cutting the entraining diffuser.  

2. More experimental studies are needed to determine the effect of the diffuser geometry 

on the size of core separation.  

3. Due to the unstructured tetrahedral region, CFD with RSM turbulence model was not 

able to converge. Efforts should be utilized to minimize or eliminate this unstructured 

region, so that simulations with RSM could be studied.   

4. The flow should be modeled starting from the nozzle outlet to enhance the accuracy 

of CFD prediction.  

5. In addition to the near wall region, refined mesh should be constructed around the 

shear layer between the core separation region and the primary flow to increase the 

accuracy of the CFD prediction of the location and size of core separation.  

6. More detailed measurements for the gap velocities using fixed instruments should be 

performed to get a more accurate assessment of the tertiary entrainment. The elliptic 

inclined Cut Angled Diffuser outlet should be traversed to quantify entrainment from 

the gap section.  
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Appendix A    - 7-Hole Probe Calibration  

Local flow field pressures, velocity magnitude, directionality in the experiments were measured 

by a seven-hole probe. This was performed by measuring the pressure differential between at 

least four of the seven pressure ports. The advantage of using 7-hole probe is that the flow 

parameters can be determined at flow angles up to 80
o
 relative to the probe in non-nulling mode.  

In this current research, a complex three dimensional flows was expected at the diffuser exit and 

nozzle inlet and outlet due to the swirlers. The Cut Angled Diffuser also creates some 

entrainment from the ‘cut’ part which adds to the complexity of the flow. Two seven-hole probes 

were used for mass flow rate measurement upstream of the nozzle and at the diffuser exit 

traverse. Since the diameter of the seven-hole probe is small (approximately 4 mm), it is 

sensitive to manufacturing process. Therefore, calibration process is necessary as no seven-hole 

probe is geometrically identical. The calibration method was based on the work by Gerner et al. 

[49] and Crawford [44]. 

The probe was calibrated using a small cold flow wind tunnel (see Figure A-1). The probe was 

rotated to a known angle and seven pressures (referenced to the tunnel wall static) were 

measured and recorded. The angular increment was determined to be 5
o
 (803 points). Ziliac [50] 

and Crawford [44] determined that angular increment of 5
o
 was satisfactory.  
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Figure A-1: 7-hole probe experimental set-up 

A.1. Definitions 

The configuration of the probe number system is shown in figure A-2. Based on the highest 

pressure among the probe holes, the calibration regions of the probes can be subdivided into 

seven sub-domains (see figure A-2). Two calibration regimes are determined as follows: 

1. Low flow angles: The centre hole has the highest pressure and the flow is fully 

attached to the surface.  

2. High flow angles: One of the peripheral ports has the highest pressure and the 

flow was separated at the downstream side of the probe.  

The flow angles and the mathematical relationship between the flow angles and velocity 

components are described in figure A-3 and table A-1 and A-2. 
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Figure A-2: Schematic of the 7-hole probe tip (Sector 7 as the low angle region, sector 1 to 6 as the high angle 

region) [49] 
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Figure A-3: Flow angle schematic for the 7-hole probe [49] 

 

Table A-1: Flow angle definition for the 7-hole probe [49] 

Angle Regime Definitions 

pitch, αT low angle angle between w and Y-Z projection of the velocity vector 

yaw, βT low angle 
angle between velocity vector and Y-Z projection of the 

velocity 

Cone, θ high angle angle between w and the velocity vector 

Roll, γ high angle 
angle between -v and the X-Y projection of the velocity 

vector  

 

Table A-2: Mathematical relationships between velocity component and flow angles [49] 

u = V sin β u = V sin θ sin γ  αT = tan (v/w) 

v = V sin α cosβ v = V sin θ cos γ  βT = tan (u/w) 

w = V cos α cos β w = V cos θ   
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A.2. Calibration  

Four unknown variables (two directional flow angles, total pressure and dynamic pressure) are 

being solved. Two angular coefficients, which were expressed as a function of dimensionless 

angular pressure coefficients defined from probe port pressures, were used to determine the local 

flow angles. Gerner [49] defined the low flow angle as the angle below 30
o
. At low flow angles, 

all of the pressures from the seven ports were used to determine the angular coefficients-CαT for 

pitch angles and CβT for yaw angles. At high flow angles, only pressures from four pressure ports 

in the attached flow region were used to determine the angular coefficients-Cθ for cone angle and 

Cγ for roll angle. Two pressure coefficients (Ct and Cq) , which were also expressed as a function 

of angular pressure coefficients, were used to calculate the local total and dynamic pressures.  

A.2.1. Low Angle Coefficients 

At low angle, flow angle is defined as pitch and yaw conventions. At each angle, four 

pressure coefficients-two angular coefficients, total pressure coefficients, and dynamic 

pressure coefficients were defined. The coefficients of the low flow angle were defined 

using the following equations [49]: 

Pitch angular coefficients:        
 

 
                (A.1) 

Yaw angular coefficients:       
 

√ 
           (A.2) 

where,  

    
     

       
 (A.3) 
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 (A.4) 

    
     

       
 (A.5) 

Average pressure:       ̅̅ ̅̅ ̅̅  
                 

 
  (A.6) 

Total pressure coefficient:     
     

       ̅̅ ̅̅ ̅̅ ̅
   (A.7) 

where, Pt is the actual total pressure. 

Dynamic pressure coefficient:    
       ̅̅ ̅̅ ̅̅ ̅

  
   (A.8) 

where, Pq is the actual local dynamic pressure. 

A.2.2. High Flow Angle Coefficients 

The coefficients of the high flow angle in the region n (port of the highest pressure) can 

be determined using the following equations [49]: 

Cone angular coefficient:    
     

     ̅̅̅̅
 (A.9) 

Roll angular coefficient:     
       

     ̅̅̅̅
 (A.10) 

where,       ̅  
       

 
  (A.11) 



145 

 

Pn+ is the pressure of the next adjacent hole and Pn- is the pressure of the previous 

adjacent hole.  

Total pressure coefficient:       
     

     ̅̅̅̅
 (A.12) 

 Dynamic pressure coefficient:     
     ̅̅̅̅

  
 (A.13) 

A.3. Calibration Constants 

Based on the port with the highest pressure, the calibrated data points were allocated to the 

corresponding regions, where the coefficients were calculated. The flow paramaters, αT, βT, Ct, 

and Cq, which were a function of the angular pressure coefficients, were determined using a 

fourth order polynomial expansions. The calibration procedure taken from Appendix B of James 

Crawford thesis [44], involved rotating the probe to a known pitch and yaw angle and measuring 

the seven port pressures to determine the polynomial constants. The fourth order polynomial 

expansions could be expressed in the form of equation A-14 [49]. 

For low angle (α, β < 30
o
): 

      
    

       
       

    
    

          
    

  

  
    

    
    

       
       

     
    

     
    

  

   
    

        
    

    
     

       
     

    
    (A.14) 

where, Ai is one of the four flow parameters-αT, βT, Ct, and Cq, and K is the polynomial 

coefficients. For the high angle flow, the angular coefficient CαT and CβT were replaced with 
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Cθ and Cγ. The value Ai , the angular coefficients and the polynomial constants K were 

stored in matrix form as shown in equation below [49]. 

[

  
  
 
  

]  

[
 
 
 
 
              

           

             
           

 
 

    
 

    
 

   

             
                

 
]
 
 
 
 
 

[
 
 
 
   

 

  
 

 

  
 
]
 
 
 
 

 (A.15) 

Matrix algebra was performed to calculate the 15 polynomial constants Ki for each flow 

property. After the constants were determined, the seven hole probe is ready to be used on 

unknown flow fields to determine the flow directionality, total pressure, and dynamic 

pressure.  
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Appendix B    - Inlet Mass Flow Rate Calculation 

 

Figure B-1: Traversing grid for inlet mass flow measurement inside the annulus 
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Figure B-2: Staged Traverse for inlet mass flow measurement 

 

A 7-hole probe was mounted to a staged traverse (see Figure B-2) to calculate the velocity inside 

the annulus pipe (17.7 cm upstream of the nozzle) in order to measure the mass flow rate during 

the experiment. The traverse was located at θ = 180
o
 within the annulus and the flow properties 

data were taken by traversing the 7-hole probe with 5 mm space increment. This method divides 

the annulus cross sectional area into a series of annular strip (see Figure B-1). Assuming that the 

axial velocity was uniform tangentially, the inlet mass flow rate was then taken from the average 

axial velocity as described in the equation below, 

     ∫   ̅̅ ̅̅    
  

  
  (B.1) 

The temperature of the flow (density) was taken from the thermocouple mounted inside the wind 

tunnel using the LabView VI. The accuracy of this method was verified by integrating the data 

from a nozzle inlet traverse with the 7-hole probe (see Figure B-3) and comparing the mass flow 
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rate taken from the method described above. The result is presented in table B-1. It is apparent 

that the difference between the mass flow rate from full grid traverse and the mass flow rate from 

equation is within 4%.  

Table B-1: Comparison of inlet mass flow test results 

Swirl Level (ψ) 

ṁ1 ṁ1 
 

Staged Traversed 
Nozzle Inlet Full Grid 

Traverse 

Difference 

(%) 

0
o 

2.00 2.08 3.9 

10
o 

1.91 1.98 3.7 

20
o 

1.87 1.95 4.1 

30
o 

1.7 1.75 2.9 

 

 

Figure B-3: Schematic of inlet mass flow rate verification measurements 
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Appendix C    - Pressure Transducer Calibration  

The pressure transducer was calibrated using a standing water manometer. A bank of eight tubes 

was attached to the manometer to simultaneously calibrate 8 pressure transducers. The 

manometer is preloaded with known pressure reading and the pressure data was entered into a 

Labview 5.1 VI designed by David Poirier, which also recorded the corresponding transducer 

voltage reading. This process is repeated with a 2-inch increment in the water manometer. The 

VI will then create a linear curve (see Figure C-1) and produce the constants based on the 

pressure data and voltage reading. The calibration curve was then used to convert the voltage 

reading of unknown pressure fields into pressure.   

 

Figure C-1: Pressure transducer calibration curve  
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Appendix D    - Pressure Sampling Sensitivity Study 

The pressure transducer recorded the pressure measurements at a rate of 900 scans / s. The 

pressure measurements are then averaged over time to get a pressure datum. Figure D-1 below 

shows the fluctuation in the pressure data as the number of samples is increased. It is apparent 

that after 2000 samples, there is not much change in the average pressure datum. Thus, based on 

this observation, the sampling number was taken to be 2000 samples (~2 s sampling time).  

 

Figure D-1: Pressure data fluctuation at various numbers of samples    
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Appendix E    - MATLAB code (Mass Flow Rate Calculation)  

%This program is intended to calculate the mass flow rate 
%for the experiment with the Annulus 

 
clc 
clear  

  
%Generating density for each experiment 
rho0 = 0.5655; 
rho10 = 0.5655; 
rho20 = 0.5655; 
rho30 = 0.5847; 

 
%Average axial velocity for each swirl cases  
u30 = 128; 

  
u20 = 136;  

  
u10 = 139;  

  
u0 = 145.5;  

  
r = (linspace (57.2,105,200))./1000; 

  
%Mass Flow Rate 0 deg Swirl 
q0 = rho0*2*pi*trapz(r, r.*u0); 

  
%Mass Flow Rate 10 deg Swirl 
q10 = rho10*2*pi*trapz(r, r.*u10); 

  
%Mass Flow Rate 20 deg Swirl 
q20 = rho20*2*pi*trapz(r, r.*u20); 

  
%Mass Flow Rate 30 deg Swirl 

  
q30 = rho30*2*pi*trapz(r, r.*u30); 
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Appendix F    - Fluent UDF Code for Swirl Inlet Velocity 

F.1. 0
o
 Swirl 

#include "udf.h" 

DEFINE_PROFILE(x_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

real p1 =   8.861e+004 ;  

real p2 =  -2.526e+004     ; 

real p3 =   2228  ;  

real p4 = -57.19  ; 

 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = -1*(p1*pow(r,3) + p2*pow(r,2) + p3*pow(r,1) + 

p4);        

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(y_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

double p1 =   -6.124e+008 ;  

double p2 =  2.118e+008   ; 

double p3 =  -2.851e+007  ;  

double p4 =   1.852e+006  ; 

double p5 =   -5.708e+004 ; 

double  p6 =       640.8; 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 
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in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,5) + p2*pow(r,4) + p3*pow(r,3) + 

p4*pow(r,2) + p5*r + p6);      

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(z_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

double p1 =   1.337e+006 ;  

double p2 = -3.334e+005   ; 

double p3 = 2.594e+004;  

double p4 =  -497.8  ; 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

 

x1 = x[0]; 

y = x[1]; 

 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,3) + p2*pow(r,2) + p3*pow(r,1) + p4); 

} 

end_f_loop(f,thread) 

} 

 

F.2. 10
o
 Swirl 

#include "udf.h" 

DEFINE_PROFILE(x_velocity,thread,index) 
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{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

real p1 =   8.861e+004 ;  

real p2 =  -2.526e+004     ; 

real p3 =   2228  ;  

real p4 = -57.19  ; 

real p5 =      -8.106;   

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = -1*(p1*pow(r,4) + p2*pow(r,3) + p3*pow(r,2) + 

p4*r + p5); 

         

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(y_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

double p1 =   1.314e+007;  

double p2 =  -2.962e+006  ; 

double p3 =   2.384e+005  ;  

double p4 =  -7651 ; 

double p5 =   65.23  ; 

 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 
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r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,4) + p2*pow(r,3) + p3*pow(r,2) + 

p4*pow(r,1) + p5); 

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(z_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

double p1 =   -1.525e+011 ;  

double p2 =  5.228e+010   ; 

double p3 = -7.405e+009 ;  

double p4 =  5.563e+008 ; 

double p5 = -2.351e+007  ; 

double p6 =      5.329e+005; 

double p7 =  -4947; 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,6) + p2*pow(r,5) + p3*pow(r,4) + 

p4*pow(r,3) + p5*pow(r,2) + p6*r + p7); 

} 

end_f_loop(f,thread) 

} 
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F.3. 20
o
 Swirl 

 

#include "udf.h" 

DEFINE_PROFILE(x_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

real p1 =   3.591e+007 ;  

real p2 =  -1.466e+007  ; 

real p3 = 2.196e+006  ;  

real p4 =  -1.623e+005 ; 

real p5 =  6930 ; 

real p6 =        -201.9  ; 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = -1*(p1*pow(r,5) + p2*pow(r,4) + p3*pow(r,3) + 

p4*pow(r,2) + p5*r + p6);        

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(y_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

double p1 =  -1.747e+008;  

double p2 =  6.554e+007  ; 

double p3 =   -9.6e+006   ;  

double p4 =   6.819e+005 ; 

double p5 =   -2.293e+004  ; 

double p6 =       269  ; 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 
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in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,5) + p2*pow(r,4) + p3*pow(r,3) + 

p4*pow(r,2) + p5*r + p6);      

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(z_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.024; 

double p1 =   -4.5e+008 ;  

double p2 =  1.498e+008  ; 

double p3 = -1.893e+007 ;  

double p4 =  1.081e+006 ; 

double p5 = -2.493e+004 ; 

double p6 =       234.8 ; 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,5) + p2*pow(r,4) + p3*pow(r,3) + 

p4*pow(r,2) + p5*r + p6);   

} 

end_f_loop(f,thread) 

} 
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F.4. 30
o
 Swirl 

#include "udf.h" 

DEFINE_PROFILE(x_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.016; 

real p1 =  7.384e+009 ;  

real p2 =  -2.844e+009  ; 

real p3 = 4.386e+008  ;  

real p4 =  -3.459e+007 ; 

real p5 = 1.472e+006 ; 

real p6 =       -3.172e+004  ; 

real p7 =       184.5;   

 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = -1*(p1*pow(r,6) + p2*pow(r,5) + p3*pow(r,4) + 

p4*pow(r,3) + p5*pow(r,2) + p6*r + p7) ; 

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(y_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.016; 

double p1 =   1.559e+008;  

double p2 =  -4.249e+007   ; 

double p3 =    4.346e+006     ;  

double p4 =  -2.002e+005  ; 

double p5 =  3823  ; 

double p6 =      -26.06  ; 
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begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,5) + p2*pow(r,4) + p3*pow(r,3) + 

p4*pow(r,2) + p5*r + p6);  

} 

end_f_loop(f,thread) 

} 

DEFINE_PROFILE(z_velocity,thread,index) 

{ 

real x[ND_ND]; /* this will hold the position vector */ 

real y; 

face_t f; 

real r, x1; 

real del = 0.016; 

double p1 =  5.797e+006;  

double p2 =  -1.195e+006   ; 

double p3 = 5.738e+004 ;  

double p4 =   1594 ; 

double p5 = 3.24 ; 

 

begin_f_loop(f,thread) /* loops over all faces in the thread passed 

in the DEFINE macro argument */ 

{ 

F_CENTROID(x,f,thread); 

x1 = x[0]; 

y = x[1]; 

r = sqrt(pow(x1,2)+pow(y,2)); 

 if (r <= del) 

  F_PROFILE(f,thread,index) = 0; 

 else 

  F_PROFILE(f,thread,index) = (p1*pow(r,4) + p2*pow(r,3) + p3*pow(r,2) + 

p4*pow(r,1) + p5); 

} 

end_f_loop(f,thread) 

} 
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Appendix G    - Near Wall Treatment Studies 

The effect of near-wall treatment was investigated with RNG k-ε model (ψ = 20
o
, Cut Angled 

Diffuser), which is the main turbulence model in this study. The use of Enhance Wall Function 

where the viscous sub-layer is resolved completely requires a much more refined near wall mesh 

than the Standard Wall Function (see section 2.5). This causes the grid cell count for the ejector 

geometry to dramatically increases. In order to determine the reattachment point the axial wall 

shear stress in the mixing tube for both models were plotted and shown in Figure G-1.  

 

Figure G-1: Axial Mixing Tube wall shear stress value with two different wall functions 

It is apparent from the graph above that standard wall function was not able to predict the mixing 

tube inlet separation. From experimental data, it was determined that there is a small separation 
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bubble at the inlet of mixing tube for all swirl cases. Thus, the use of Enhance Wall Function in 

the computational modeling of the flow was necessary. 

Appendix H    - Uncertainties Calculations 

The uncertainties of the instruments during the experimental phase of this research are 

summarized in table 3-3. In this section, the measurement uncertainties were being propagated 

using the partial derivative method from Moffat [51] using Engineering Equation Solver (EES).   

The uncertainty in pressure data from the 7-hole probe was taken as the root sum square of the 

pressure transducer error and probe calibration uncertainty 

H.1. Mass Flow Inlet Staged Traverse 

The uncertainty in the mass flow inlet traverse axial velocity measurement using the 7-hole 

probe for one sample point is shown in figure H-1 below, assuming human alignment error of 

±3
o
 (ψ = 20

o
).  

 

Figure H-1: Mass Flow Inlet Staged Traverse Uncertainty (ψ = 20
o
) 
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H.2. Nozzle Inlet Traverse 

The uncertainty in the nozzle inlet traverse axial velocity measurement using the 7-hole probe for 

one sample point is shown in figure H-2 below, assuming human alignment error of ±3
o 

(ψ = 

20
o
).  

 

Figure H-2: Nozzle Inlet Traverse Uncertainty  (ψ = 20
o
) 

 

The uncertainty in the primary mass flow rate was calculated by taking the root sum square of 

the error in axial velocity and density. The integrated mass flow rate was found to be 1.87 ± 

0.05 kg / m
3
. 

H.3. Diffuser Outlet Traverse 

The uncertainty in the the diffuser outlet traverse axial velocity measurement taken using the 7-

hole probe for one sample point is described in figure H-3 below assuming human alignment 

error of ±3
o
 (ψ = 20

o
). 
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Figure H-3: Diffuser Outlet Traverse Uncertainty (ψ = 20
o
) 

 

The uncertainty in the diffuser outlet mass flow rate was calculated by taking the root sum square 

of the error in axial velocity and density. The integrated mass flow rate was found to be 4.26 ± 

0.05 kg / m
3
. 
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H.4. Secondary and tertiary mass flow rate 

The uncertainty in the tertiary and secondary mass flow rate (ṁ2nd and ṁ3rd) for ψ = 20
o
 are 

described below in figure H-4. The tertiary mass flow rate value was taken from the hot wire 

velocity anemometer data and assuming the temperature to be at ambient temperature. The 

secondary mass flow rate was calculated by subtracting total mass flow rate at the diffuser outlet 

with primary and tertiary mass flow rate.  

 

Figure H-4: Secondary and tertiary mass flow rate uncertainty (ψ = 20
o
)
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Appendix I    - Additional Nozzle Inlet and Outlet Data 

I.1. Nozzle Inlet 

 

Figure I-1: Experimental and CFD Nozzle Inlet Axial Velocity Contour for ψ = 0
o
 

 

 

Figure I-2: Experimental and CFD Nozzle Inlet Axial Velocity Contour for ψ = 10
o
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Figure I-3: Experimental and CFD Nozzle Inlet Axial Velocity Contour for ψ = 30
o
 

 

I.2. Nozzle Outlet 

 

Figure I-4: Experimental and CFD Nozzle Outlet Axial Velocity Contour for ψ = 0
o
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Figure I-5: Experimental and CFD Nozzle Outlet Axial Velocity Contour for ψ = 10
o
 

 

 

Figure I-6: Experimental and CFD Nozzle Outlet Axial Velocity Contour for ψ = 30
o 
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Appendix J    - Additional Diffuser Outlet CFD and Experimental Data 

 

Figure J-1: Experimental and CFD Diffuser Outlet Axial Velocity Contour for ψ = 0
o
 

 

Figure J-2: Experimental and CFD Diffuser Outlet Axial Velocity Contour for ψ = 10
o
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Figure J-3: Experimental and CFD Diffuser Outlet Axial Velocity Contour for ψ = 20
o
 

 

 

Figure J-4: Experimental and CFD Diffuser Outlet Axial Velocity Contour for ψ = 20
o 
(Full Diffuser) 
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Figure J-5: Experimental and CFD Diffuser Outlet Axial Velocity Contour for ψ = 30
o 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


