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Abstract 

This research study considered subsonic short air-air ejectors with multi-ring entraining diffusers. 

Many references can be found for the design of air-air ejectors with solid diffusers. However, a 

limited amount of work has been published specially addressing the performance of short ejectors 

with entraining diffusers. This study was an experimental and computational investigation of how 

ejector performance is affected by ejector geometry (i.e. nozzle, mixing tube and diffuser), flow 

inlet swirl conditions and flow temperature. Ejector performance was quantified in terms of 

pumping, pressure recovery, wall temperature and velocity and temperature distribution at the 

diffuser exit. 

 The experiments were conducted on one cold flow wind tunnel and one hot gas wind tunnel. 

In total, eight ejector systems were tested for this research. Five different swirl conditions and 

two primary air flow temperatures were studied. Ejector inlet conditions were measured using 

four fixed 7-hole pressure probes in the annulus. Ejector exit flow conditions were measured 

using a traversing 7-hole pressure probe with a thermocouple.   

 A parallel computational study was conducted along with the experimental study. The 

commercial CFD packages, Gambit 2.3 and Fluent 6.2, were selected for meshing and flow 

solutions. The objective of the computational study was to determine the utility of RANS based 

CFD model for predicting device performance as design changes were implemented. The 

computational study was intended to provide practitioners with guidance as to when CFD will 

provide practical answers to specific questions relating to the ejector performance including 

ejector pumping, pressure recovery, wall temperatures and velocity and temperature distribution 

at the diffuser exit.  
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 In total, twenty-six complete cold flow experiments and twenty complete hot flow 

experiments have been completed. A detailed CFD model study has been performed to select the 

suitable computational domain, mesh density, boundary conditions, turbulence model and near 

wall treatment. Twenty-four CFD cases were selected to compare with the corresponding 

experimental data. 

 The experimental results showed that the inlet swirl conditions and the diffuser bent angle 

had significant effects on the ejector performance. In general, the maximum ejector performance 

was achieved with the 20° inlet swirl condition. This level of swirl enhanced pressure recovery in 

the ejector. As the diffuser bent angle increased, the total pumping decreased due to the flow 

impingement in the diffuser. The oblong ejector generally had better flow mixing performance 

than the round ejector. 

 For the CFD simulations, the Realizable k-ε turbulence model was found to give reasonable 

predictions for most of the bulk flow properties such as the total pumping, velocity profiles, swirl 

levels and back pressure. These were achieved at a reasonable cost in terms of the human efforts 

and computational resources. The RSM was able to give slightly improved predictions but at a 

much higher cost in terms of the efforts and computing resources. All of the turbulence models 

had difficulty predicting the pressure recovery in the mixing tube and diffuser because of their 

inability to accurately predict flow separation in the core of the swirling primary flow. As a result 

of this, the turbulence models considered in this work overpredicted the pumping of the mixing 

tube and underpredicted the pumping of the entraining diffuser. This unresolved issue with the 

CFD models is an important consideration when designing such devices. 
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Chapter 1 

Introduction 

1.1 Background 

Air-air ejectors are simple mechanical devices used to pump a low momentum fluid by mixing it 

with a higher momentum fluid. Ejectors have no moving parts, and require no power input. 

Because of this, they can be easy to design, build and maintain. Ejectors can be found in many 

industrial applications for the purposes of pumping air, mixing gases, driving ventilation air or 

heating or cooling spaces. Ejectors are widely used in the exhaust systems of gas turbines. They 

are typically used for engine space ventilation and exhaust gas cooling. The improvement of the 

efficiency of gas turbines is of considerable interest to industry due to the widespread usage of 

gas turbines. Improved efficiency results in reduced fuel consumption, reduction in operating cost 

and pollution.  

 The design of gas turbine engines is a mature field of engineering. However, huge resources 

are spent around the world to make small improvements to the technology. An improvement of 

one percent in the efficiency could have a huge impact on fuel savings around the world. When 

an ejector is added to the exhaust system of a gas turbine, it might increase the back pressure on 

the turbine. In addition, a higher back pressure increases the fuel consumption by a few percent 

for the same power output. It also increases the turbine exhaust gas temperature that can reduce 
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the engine life. It is for these reasons that we are studying the detailed performance of air-air 

ejectors for gas turbine exhaust systems.  

 The pressure ratio across the turbine is increased by reducing the pressure losses in the 

exhaust system. This leads to an increase in the overall efficiency and power of the gas turbine. 

For example, some simple turbomachinery cycle calculations indicated that approximately 1% 

power loss was realized for every 1% of exhaust duct static back pressure increase [1]. 

 A near ideal air-air ejector can be designed based on published documents. However, the 

requirements of the engine installation (limited space, weight) prevent practical exhaust duct 

designs for gas turbines from being ideal. The length available for the ejector is usually much 

shorter than required for efficient pumping, mixing and diffusion. These non-optimum 

installations contribute to the higher back pressure or higher exhaust temperature than need for 

practical applications. 

 In some gas turbine applications, the exhaust system must be cooled to limit the temperatures 

inside the structure of the aircraft. The limitation on temperature may be required by structural 

integrity, space saving, and suppression of infrared signature. The ducts are usually cooled by 

ejectors with entraining diffusers. In many cases, the cooling system must be passive, i.e. without 

any external power supply. Entraining diffusers typically have poor pressure recovery and as a 

result, the ejector performance is affected. In this research, multi-ring type entraining diffusers 

(see Figure 1-1) have been considered. This work has been done to better understand the 

behaviours of ejectors with multi-ring type entraining diffusers and to identify ways of improving 

performance. 
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1.2 Air-Air Ejector 

Mixing Tube
Entraining 
Diffuser Nozzle

 

Figure 1-1: Schematic of a subsonic air-air ejector with an entraining diffuser. 

A typical subsonic air-air ejector is shown in Figure 1-1. It includes three essential components: a 

driving nozzle, a mixing tube and a diffuser. An ejector is a pumping device that uses a high 

momentum primary jet to entrain a secondary low momentum stream. In a subsonic flow, a 

converging nozzle transforms a high-pressure, low-velocity flow into a high-velocity, low-

pressure jet. The secondary fluid is entrained by the primary jet. These two streams mix in the 

mixing tube and the primary flow transfers its momentum to the secondary flow by turbulent 

mixing. If an entraining diffuser is added to the end of the ejector, the tertiary flow will be drawn 

into the diffuser and mixed with the stream from the mixing tube and the mixed flow is 

transformed from a high-velocity, low-pressure jet into a lower-velocity, higher-pressure flow. 

 The entraining diffuser is usually added so that the diffuser is self-cooled. The cool 

surrounding air provides film cooling of the diffuser rings as it is entrained by the device. The 

addition of the entraining diffuser makes the device much more complicated to design. The 

secondary and tertiary flows must be balanced to achieve high performance (such as pumping, 

cooling) for the overall device. 

Exhaust Gas 
(mp) 

Cooling Air 
(m3rd) 
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1.3 Scope and Contribution of Current Study 

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

subsonic air-air ejector systems that are representative of exhaust systems, which could be seen 

on the application platforms (such as helicopters). Three basic systems were considered in this 

work, including: 

i) round straight ejector with round entraining diffuser 

ii) oblong straight ejector with oblong entraining diffuser 

iii) round straight ejector with round bent entraining diffuser 

 These systems were considered because they present a challenge to designers when they are 

custom designed for a particular installation. The typical design cycle is to use the commercial 

RANS based CFD models for the design and then the devices are fabricated and tested in either 

hot or cold flow. The systems are then refined until acceptable performance is obtained. This 

cycle can sometimes be very short or it can be very long depending on how successful the CFD 

model phase is. From here, the device is mounted on an engine for testing before it is installed in 

the final application platform. 

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

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

the accurate prediction of performance parameters are: 

• back pressure 

• pumping 

• balance of the pumping of the mixing tube and entraining diffuser 

• velocity and temperature profiles at the device exit 

• effects of bends on mixing and pumping 

• prediction of wall temperatures 
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• effects of inlet distortion and swirl on all of the above 

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

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

limited computing resources.  

 This project specifically focused on the above issues for the types of ejectors systems listed 

earlier. This work focused on the time-averaged properties of the flow including pressures, 

temperatures and velocities. Fluctuating components of these properties were not measured and 

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

quantities. 

 In this project, the primary nozzles were supplied with hot or cold air from an annular flow 

passage. The annular passage transitioned to a round passage just before the primary nozzle inlet 

by means of an elliptical bulb centre-body. Flow swirl was generated in the annulus using a 

multi-vaned swirler just upstream of the elliptical transition bulb.  

 Detailed flow data were obtained upstream the nozzle, at the diffuser exit and for some cases, 

at the nozzle exit. Surface pressures were measured in the mixing tube and diffuser. Velocities 

were also measured at some of the intake areas of the entraining diffuser. Limited surface 

temperatures were obtained under hot flow conditions using a thermal imaging system.   

 RANS based CFD models were used to simulate the entire flow field. Various turbulence 

models were considered but most of the simulations were conducted using the FLUENT 

implementation of the Realizable k–ε model. The predictions of the CFD models were then 

compared to the experimental results. The CFD models were used to try to understand the flow 

field where there was no instrumentation. 

 

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

conditions; 

ii) conduct RANS based CFD model studies of the devices; 

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

iv) evaluate the utility of the RANS based CFD models for the design of these devices; 

v) provide guidance and recommendations for further work to improve the design of 

these devices. 

 The following chapters provide the details of these efforts. 
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Chapter 2 

Theory and Literature Review 

Design of air-air ejectors with solid diffusers has been discussed in many published documents. 

However, performance of ejectors with entraining diffusers was rarely studied. Nevertheless, the 

on-going interest of industry suggests that this is an active area of research requiring further study. 

2.1 Air-Air Ejectors 

Ejector performance is a function of the ejector geometry. It depends on the nozzle exit diameter 

(Dne), nozzle shape (round, oblong, lobed and slot etc.), standoff (s, which is the distance between 

the nozzle exit and mixing tube inlet), mixing tube geometry (Lmt, Dmt, and shape), diffuser angle 

(2α), diffuser exit diameter (Dde), diffuser shape (round, oblong and conical etc.) and even the 

flow transition from the annulus end to round nozzle inlet. 

 For a conventional ejector, Vyas and Kar [2] found that the pumping volume ratio, Qs /Qp, 

was independent of Reynolds number based on the average nozzle exit conditions if Reynolds 

number was greater than 2x104. Pumping ratio increased with increasing diameter ratio of the 

mixing tube and the nozzle exit, Dmt /Dne, when Dmt /Dne was changed from 6 to 13.5. They also 

found that the volume pumping ratio decreased with the increasing s/Dne,, when s/Dne was 

increased from 2 to 6. Mueller [3], Reddy and Kar [4], Silvester and Mueller [5] and Bonnington 

and King [6] found the optimal s/Dne lie between 0.8 and 2. Blevins [7] stated that the optimal 
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ratio of nozzle diameter to mixing tube diameter, Dne /Dmt, ranged from 0.14 to 0.9. Silvester and 

Mueller [5] indicated that the typical ratio of Dne /Dmt was around 0.6. 

2.1.1 Nozzles 

In a subsonic air-air ejector, the fluid velocity was increased by the converging nozzle. The flow 

patterns at the nozzle exit, which had significant effects on the ejector performance, were the 

function of the nozzle geometry.  

 A conventional ejector, in general, needs a long mixing tube to get a proper mixing between 

the primary nozzle flow and entrained secondary flow since the mixing process was performed by 

a small scale viscous mixing in the shear layer [8]. However, a long mixing tube was not an 

appropriate option for some industrial applications due to the large wall friction loss, extra weight 

(space) and higher cost. A plenty of research has been done for seeking the methods to improve 

the mixing efficiency. Using a lobed or tabbed nozzle instead of a regular nozzle was one of them. 

 Hu et al. [9] compared the mixing process driven by the lobed nozzle and regular circular 

nozzle (see Figure 2-1). The flow visualization images shown in Figure 2-2 clearly illustrated the 

significant differences in the turbulence structures between these two kinds of jet mixing flow. 

The large scale vortices generated by the lobed nozzle highly enhanced the momentum and 

energy exchange between the primary flow and the entrained flow. The length of the potential 

core region in the lobed jet mixing flow was shortened to only 16% ~ 25% of that in the 

conventional circular jet flow. Hu et al. [8] also studied the performance of the ejector systems 

with rectangular lobed nozzle. They found that the pumping ability of the ejector, compared with 

a conventional circular ejector, was increased 200% ~ 300%, and the required mixing tube length 

was reduced to 33% ~ 50%. However, higher pressure loss caused by the lobed nozzle resulted in 

higher back pressure that reduced the engine performance and increased the fuel consumption. 

Therefore, the lobed ejector systems fit into the applications where higher pumping and enhanced 

mixing were the main concern and the pressure loss was considered less. 
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 Another shortcoming of the lobed nozzles was the high manufacturing expense. An 

alternative design to lobed nozzles was the tabbed nozzles (see Figure 2-3) that were favorable 

for their similar performance as the lobed nozzles, but low cost for the manufacture. The flow 

behaviors after the tabbed nozzle mainly depended on the tab shape, tab height, tab angle and 

number of tabs. 

 

Figure 2-1: The tested nozzles for Hu et al. [9]: (a) circular nozzle, (b) lobed nozzle. 

  

Figure 2-2: LIF (laser induced fluorescence) visualization (Re=6000) for: (left) circular 
jet mixing flow, (right) lobed jet mixing flow in the lobe peak slice. 
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Figure 2-3: Schematic of the tabbed nozzle [10]. 

 Zaman et al. [11] found that a pair of counter-rotating streamwise vortices produced by each 

tab could change the vortex and turbulence structures of the jet flow and enhance the jet mixing. 

The existence of the counter-rotating streamwise vortices was further confirmed by Hui et al. [10] 

through flow visualization method. A detailed research for the performance of the nozzle with 

four triangular tabs was studied experimentally and computationally by McBean [12]. He found 

that the ejector pumping was increased by 60% ~ 90%. 

2.1.2 Mixing Tubes 

A mixing tube is a flow channel where the mixing between two or more flows occurs. Inside the 

mixing tube, the size and centerline velocity of primary jet were reduced due to its momentum 

being transferred to the entrained flow. This caused a reduction of the flow kinetic energy and 
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resulted in a pressure rise along the mixing tube. It was well proven that increasing the mixing 

tube length in a certain range would improve the flow mixing, pressure rise and pumping. 

However, the friction loss would show the negative effects on the mixing tube performance if 

mixing tube length was too long. The optimum length was various due to the purpose of the 

ejector.  

 A study of a round nozzle with a cylindrical mixing tube from Toulmay [13] showed that the 

negative effects of friction loss were clear to be seen when Lmt /Dmt was larger than 5. The 

optimum length was suggested to be 4 and 5. Blevins [7], Bonnington and King [6], Reddy and 

Kar [4], Silvester and Mueller [5] and Mueller [3] concluded that the optimal ratio of mixing tube 

length to the diameter of mixing tube, Lmt /Dmt, was between 5.7 and 10. The typical ratio was 7. 

Combining two typical ratios, Dne /Dmt = 0.6 and Lmt /Dmt = 7, a typical ratio of mixing tube length 

to nozzle exit diameter, Lmt /Dne, was around 11.7. However, Vyas and Kar [2] pointed out that the 

ratio, Lmt /Dne, should be greater than 44 for a proper mixing process.  

 Mateer [14] stated that, for an S-bend transition duct, extending the mixing tube length  

(Lmt /Dmt) from 2 to 3 could remove the reversed flow at the mixing tube exit and increase the 

pumping by 4% at the 0° swirl condition and 7% at the 20° swirl condition. 

 When the secondary flow was entering into the mixing tube, an untreated mixing tube inlet 

with sharp edge would cause a flow separation, which could block the mixing tube entrance, 

increase the pressure loss and reduce the mixing tube efficiency. An addition of inlet treatment 

was considered as an efficient way to reduce the level of flow separation. The performance of the 

inlet treatment is a function of the inlet geometry. For a rounded entrance shown in Figure 2-4, 

the negative effect on the entrained mass flow reached the minimum (1%) when the ratio of R/D 

was 0.2. Much bigger size for the cone inlet was required to achieve the some goal [7]. McBean 

[12] added a cone inlet (θ = 20°, a = 81 mm) beside rounded entrance (made by a ½˝ round bar) 

at the mixing tube inlet to investigate the effects of the inlet treatment on an ejector with tabbed 

nozzle. The data showed a 4~5% pumping improvement was achieved due to this modification 
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and the distance required for the separated flow reattaching to the mixing tube wall was shortened 

to 42% ~ 49%. 

 

Figure 2-4: Schematic of inlet treatments: (left) rounded inlet, (right) cone inlet [7]. 

 

2.2 Diffusers 

The major purpose of a diffuser is to increase flow static pressure by reducing flow dynamic 

pressure. The increasing static pressure along the length of diffuser can decelerate the boundary 

layer in a diffuser and might cause the flow separation from the diffuser walls. This separation is 

called diffuser stall. The severe separation can form large unsteady eddies and block the diffuser 

flow. As a result, the diffuser pressure recovery is reduced. The diffuser performance is mainly 

dominated by the onset and level of stall. An efficient diffuser should convert as much dynamic 

pressure into static pressure as possible within a given geometry [7]. 

 The stall states in a two-dimensional diffuser were summarized as four flow regimes by 

Blevins [7] (see Table 2-1). Diffuser performance is mainly the function of diffuser geometry, 

diffuser inlet flow conditions, Reynolds number and Mach number. 
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Table 2-1: Definition of diffuser stall regimes for the two-dimensional diffusers (two 
parallel walls and two diverging walls) [7]. 

Stall regime Features 

 
Unstalled 

• Flow fully attaches to the diffuser wall. 
• Flow is steady. 

 
Appreciable stall 

• Small unstable stall region occurs. 
• Flow generally attaches to the walls. 
 

 
Large transitory stall 

• Flow is unsteady. 
• Stalled regions with reversed flow occur 

and then break down. 
• N/W1 < 4: stall forms on one  

   diverging wall; 
 4< N/W1 < 12: stalls form on both  
     diverging walls; 
 N/W1 > 16: stalls form on parallel walls. 

 
Fully developed stall 

• Flow separates from one side of diverging 
wall and attaches on the other side. 

• A large, stable eddy with reverse flow 
forms. 

 
Jet flow 

• Flow separates from both diffuser walls. 
• Large fixed eddies generated on the 

diverging walls. 
• Flow is steady. 
• Pressure recovery is poor. 
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2.2.1 Geometry 

When a conventional diffuser area ratio was given, the pressure recovery was a function of minor 

pressure loss. Lower pressure loss resulted in higher pressure recovery. White [15] found that the 

minimum loss of the conical diffuser occurred as the diverging angle (2α) equaled to 5 degrees. 

Smaller angles would cause larger frictional loss because of the additional length. Reneau et al. 

[16] found that maximum effectiveness, pressure recovery, and minimum loss occurred at 2α of 

about 7 degrees for constant area ratios. They concluded that the flow regime was not the only 

important factor for the diffuser performance. The inlet conditions affected the performance more 

than the flow regimes. They presented that a best area ratio existed for each diffuser length to 

reach the best recovery. Schlichting [17] also stated the existence of an optimum divergence 

angle for attaining the maximum efficiency. The optimum angle laid between 3° and 8° and 

decreased as the Reynolds number was increased. 

 Carlson et al. [18] tested three different wall shapes of the two-dimensional diffusers (straight, 

bell-shaped and trumpet-shaped) to find the effect of wall contouring. They found that the bell-

shaped wall showed slightly better pressure recovery than the straight wall when the diffuser flow 

was in the unstalled or lightly stalled regime. The trumpet-shaped diffuser caused lower pressure 

recoveries. In the stalled regime, they found that straight wall gave the best recovery. The other 

shapes caused an earlier stall occurrence. They concluded that the advantage of contouring the 

walls of two-dimensional diffusers was not noticeable. Dolan and Runstadler [19] did similar 

experiments on a conical diffuser. They stated that the straight conical diffuser was an excellent 

shape option compared with bell-shaped wall and trumpet-shaped wall. 

 Sometimes, a bent conical diffuser (with curved axis) had to be designed to fit an unusual 

geometric space. The losses in a curved axis diffuser were larger than straight axis diffuser. Fox 

and Kline [20] stated that the pressure recovery of curved axis diffuser was lower. In addition, the 

bending of the flow resulted in the misdistribution of the velocity profile at the diffuser exit with 
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higher flow velocities on the outside of the bend. Schlichting [17] stated a review on the work of 

Ackerer J. and Sprenger H. who carried out numerous experimental investigations on the 

characteristics of straight and curved diffusers. The results showed that the diffuser pressure 

recovery considerably decreased as the bend angle increased (see Figure 2-5). However, the study 

of Miller [21] showed that a curved axis diffuser could be more effective than the mixture of a 

straight axis diffuser and a bend. 

 Another technique to improve the performance of a short diffuser with big divergence angle 

was to install vanes inside the diffuser, as shown in Figure 2-6. The diffuser was subdivided into 

several passages, which have less divergence angle and smaller area ratio. The installation of 

vanes could change the flow condition inside a wide-angle diffuser from already-stalled flow 

regime to a series of stall-free diffusing passages. As a result, the near-optimum pressure recovery 

could be achieved [7]. The research of Cochran and Kline [22] showed that the performance of a 

badly installed diffuser was significantly improved by the addition of vanes. The pressure 

recovery was doubled and much more uniform and steadier flow pattern was obtained at the 

diffuser exit. 

 

Figure 2-5: Inlet boundary layer effect on the diffuser efficiency [17]. 
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Figure 2-6: A two-dimensional diffuser with three short vanes [7]. 

 

2.2.2 Diffuser Inlet Flow Conditions 

The research has shown that the diffuser performance was strongly affected by the diffuser inlet 

flow conditions, such as inlet boundary layer, distortion, swirl, and turbulence intensity. 

2.2.2.1 Inlet boundary layer 

The important effects of the turbulent boundary layer thickness at the diffuser inlet on the diffuser 

efficiency, which was defined in Equation (2.1), were revealed by the research of Ackerer J. and 

Sprenger H [17]. 
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 Figure 2-5 represented that the variation of diffuser efficiency (with round cross-sections) as 

a function of the inlet blockage factor, B=2δ11/D4. Here, the symbol δ11 was the displacement 

thickness at the diffuser inlet and D4 was the diffuser inlet diameter. For straight round diffusers, 
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ηd was 0.9 when B was 0.5% and ηd was 0.7 when B was 5%. Reneau et al. [16] also found that 

diffuser inlet conditions (boundary layer thickness, velocity profile) had more effect than flow 

stall regime on the diffuser performance. Increasing the inlet boundary layer thickness decreases 

the diffuser performance. 

2.2.2.2 Inlet distortions 

Many researchers have reported the important effects of inlet velocity profile on the diffuser 

performance. Shimizu et al. [23] did a study on a straight conical diffuser under five different 

types of inlet velocity profiles, which were generated by putting several pipe bends in front of the 

diffuser inlet. The data showed the significant influence of inlet velocity profiles on the diffuser 

pressure recovery with respect to various area ratios and divergence angles. For example, for the 

diffuser with 6° divergence angle and area ratio of 4, the pressure recovery coefficient varied in 

the range of 0.51 to 0.82. For the diffuser with 12° divergence angle, the coefficient changed 

from 0.32 to 0.7. 

2.2.2.3 Swirl 

Swirling flows include a tangential velocity component. The level of swirl in the flow can be 

described by the swirl number S, which is the ratio of axial flux of angular (or circumferential) 

momentum to axial flux of axial momentum. The quantity of swirl number can be calculated as in 

Equation (2.2) and (2.3) [24] [25]: 

 For a complex flow in which the direction of the tangential velocity varies over the integrated 

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

level. 

2hyz DG
GS θ=  (2.2) 
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 Dhy  is the hydraulic diameter, uθ is the tangential velocity and w is the axial  

  velocity. 

(2.3) 

 

 

 The swirl angle φ, which presents the angle of absolute velocity with respect to the axial 

direction, was also widely used by many researchers to characterize the flow. The swirl angle is 

appropriate to present the swirling level of the flow that is uniformly rotating about the axial 

direction, such as flow generated using swirl vanes [26]. However, for distorted rotating flow, 

swirl number is a better measure of the swirl degree in the flow. For axisymmetric flow, the 

velocity profiles of swirling flows are characterized by the tangential velocity as a function of 

radius, )(rfu =θ . Forced vortex flow or solid body motion can be expressed as 

constantru =θ  while the free vortex flow can be expressed as constantru =θ . Forced vortex 

flows are rotational and have the maximum velocity at the maximum radius. Ideal free vortex 

flows are irrotational and present an infinite tangential velocity at the core. A real swirling flow in 

a round duct, in general, can be described as a type of Rankine vortex, which is characterized by a 

free vortex surrounding a central forced vortex core. The tangential velocity distribution of this 

combined vortex can be described as following [25]: 
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where r0 is the radius of the vortex core.  

(2.4) 

 

 The description above has been identified by the experimental work of Senoo et al. [27]. As 

shown in Figure 2-7, the experimental data for the tangential velocity distribution at the diffuser 

inlet and exit had a good agreement with analytical form at various inlet swirling levels.  
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 When the swirl flow entered the diffuser, the flow was forced toward the wall by the 

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

of diffuser was large, as a result, a higher pressure recovery coefficient was expected to see. 

However, if the swirl level exceeded a certain amount, the axial velocity was decreased to very 

low level near the centerline of the diffuser or even a reversed flow region might be induced and 

diffuser performance might be reduced. As shown in Figure 2-8, experimental data from Senoo et 

al. [27] clearly illustrated the axial velocity at the centerline of the diffuser was reducing as the 

swirl number was increasing. The data also proved that the forced vortex core at the center of 

conical diffuser was developing with increasing swirl level. 

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

McDonald et al. [28] and Senoo et al. [27]. The results (see Figure 2-10) showed that the pressure 

recovery of conical diffuser was highly improved as the diffuser inlet swirl was increased if the 

swirl level was moderate. Strong swirl might have a negative effect on the pressure recovery for 

some diffuser geometries.  
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Figure 2-7 (a) 

 

Figure 2-7 (b) 

Figure 2-7:  Radial distribution of circumferential velocities at: (a) conical diffuser inlet, 
(b) conical diffuser (2α=16°, AR=4) exit (dotted lines indicate Rankine 
vortices) [27]. 
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Figure 2-8:  Radial distribution of axial velocities at a downstream section (AR=4) for a 
16° diffuser [27]. 

 
Figure 2-9: Pressure recovery coefficient as a function of swirl angle for conical diffuser 

with 2α=8° and AR=4.48 [28]; 
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Figure 2-10: Pressure recovery coefficient as a function of swirl number for conical 
diffuser with AR=4 and various divergence angles [27] (Psw_di was the wall 
pressure at the inlet, Psw_de was the wall pressure at AR=4, disP _  was the 
mass averaged static pressure at the inlet). 

 

2.2.2.4 Inlet turbulent intensity 

In turbulent flow, the flow property ψ(t) (u, v, w, T, P etc.) is time dependent and can be 

expressed as the sum of a steady mean component Ψ (defined as ( )∫
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( ) ( )tt ψψ ′+Ψ= . In general, variance ( ( )2'ψ ) and root-mean-square (r.m.s) are used to describe 

the spread of fluctuation ψ’ about the mean value Ψ, the definitions are [29]: 

( ) ( )∫
Δ

Δ
=

t

dt
t 0

22 '1' ψψ  (2.5) 
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22 '1' ⎥
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t
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where Δt is the time period of the measurement and is large enough compared to the turbulence 

scale. 

 The r.m.s values of the velocity components present the average magnitude of velocity 

fluctuations, and can be easily measured with a velocity probe sensitive to the turbulence 

fluctuations (e.g. a hot-wire anemometer). The turbulent kinetic energy k (per unit mass) is 

defined as [29]: 

( )222

2
1 wvuk ′+′+′=  (2.7) 

 The turbulence intensity TI can be defined as the ratio of the root of the turbulent kinetic 

energy to a reference mean flow velocity Uref [29]: 

refU

k
TI 3

2

=  (2.8) 

 Hinze [30] stated another definition of turbulence intensity that was calculated by the ratio of 

r.m.s value of transient flow velocity to the mean flow velocity.  

U
uTI rms=  (2.9) 

 Klein [31] reviewed the experimental studies of Bradely and Cockrell (1971, applied TI as 

3% to 7% at the diffuser inlet) and Sajben et al. (1974, applied TI as 1% to 3% at the diffuser 

inlet). The conclusion was that, for the larger area ratio (AR = 2.43) conical diffuser, the higher 
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turbulence intensity showed a higher pressure recovery by a significant amount (up to 14%). 

However, it was not clear to see such a strong trend in the lower area ratio conical diffuser (AR = 

1.64). Hoffmann and Gonzalez [32] studied the effects of inlet turbulent intensity (0.48% and 

4.97%) on the performance of a two-dimensional diffuser with 2α at 9° and 20°. They concluded 

that the pressure recovery was improved by 10% when 2α was 9° and 22% when 2α was 20° by 

increasing the turbulent intensity. This was due to the higher turbulence causing the more 

efficient energy transmission from the free-steam to the diffuser boundary layer. As a result, the 

flow separation also could be delayed in the large angle diffuser. 

 

2.2.3 Reynolds Number and Mach Number 

Reynolds number is an important parameter for the ejector performance. The pumping and the 

flow mixing of the ejector became independent of Re after it reached some certain numbers. 

When Re was low, the thickness of the diffuser inlet boundary layer, which has significant effects 

on the diffuser performance, was a function of Reynolds number. Therefore, it was important to 

verify the impact of Reynolds number on the diffuser functions. Reneau et al. [16] stated that the 

flow conditions and performance of unstalled and slightly stalled diffusers were independent of 

Mach number and Reynolds number when the inlet flow was subsonic and the inlet Reynolds 

number based on average inlet conditions was greater than approximately 5x104. Under the above 

conditions, they cited that the most important inlet conditions were the velocity profile and the 

turbulence level. McDonald and Fox [33] also concluded that the diffuser performance (2α = 4° ~ 

8°, AR = 1.30 ~ 4.48) was independent with Reynolds number for incompressible flow if the inlet 

Reynolds number exceeded 7.5x104 since the inlet boundary layer was fully turbulent. 

 Because, in this study, the primary annulus flow was fully turbulent (Re = 4.7x105 for the 

cold flow experiments and 2.1x105 for the hot flow experiments) and Mach number was less than 
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0.3 for both cold and hot flow experiments, the effects of Reynolds number and Mach number on 

the performance of the whole air-air ejector was not the concern here. 

 

2.2.4 Separation Control 

As discussed above, the diffuser performance was strongly linked with the separation in the 

diffuser. Chang [34] stated that separation could be delayed or prevented if the turbulence level in 

the near wall region was increased since the momentum of the flow was increased. He also said 

that the separation point might be moved downstream if the diffuser wall was cooled. Stull and 

Velkoff [35] studied flow regimes in a two-dimensional ribbed diffuser in which a series of 

grooves were aligned transverse to the flow direction. Unlike the vortex generator, the grooves 

protruded continuously from the surface into the boundary layer and had the potential effect to 

control separation. The results showed that separation was delayed by these ribs when the flow 

(without ribs) was in the no-appreciable stall regime. In addition, ribs did not show the effects on 

the fully developed stall regime. Chang [34] also stated that these grooves basically energized the 

flow in the near-wall region.  

 To reduce or prevent the stall in a diffuser, four techniques were listed by Carlson et al. [18] 

as the following : 

1. Removed (suction) low momentum boundary layer fluid from the walls; 

2. Energized of boundary layer fluid by enhanced mixing (vortex generators) or 

injection (blowing); 

3. Used vanes to change diffuser geometry to unstalled flow regime without 

changing the ideal pressure recovery; 

4. Changed the local pressure gradients and pressure distribution by modification of 

wall shape. 
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 Ellingsworth et al. [36] tested flow injection, insertion of one guide vane and combination of 

both on the performance of a two-dimensional diffuser, which was used in a marine gas turbine 

exhaust system. They stated that the highly irregular and nonuniform flow, which was exhausted 

from marine gas turbine, would retain its status inside the diffuser unless some effective methods 

of flow distribution control were employed. The implementation of both flow injection and guide 

vanes resulted in the greatest improvement of pressure recovery up to 36%. Nishi et al. [37] 

studied the effects of vortex-generator-jet (VGJ), which was a pitched and skewed jet issued from 

a small hole into a flow through diffuser wall, on the separation control in a 14° conical diffuser. 

They found the VGJ method was effective for controlling separation; the static pressure recovery 

was increasing continuously as the ratio of jet speed to free stream speed was rising.  

 Brunn and Nitsche [38] used method of periodic jet excitation at the diffuser edge (see Figure 

2-11) to reduce the separation length and to minimize the related pressure losses in an 18° 

axisymmetric conical diffuser. The time-dependent velocity and frequency spectra were measured 

by a laser Doppler velocimeter. Some results were shown in Figure 2-12, in which: 

 

      
0

,
u
vAratioamplitude s=  

where vs was the magnitude of forcing velocity at the slit exit, 0u  was the average 

main flow velocity; 

(2.10) 

      
0

,
u
fDStnumberStrouhal D =  

where f was the frequency of vortex shedding. 

(2.11) 

 They concluded that the separation point was noticeably shifted downstream from the 

diffuser entrance edge and the overall separation length was considerably reduced up to 40% of 

the base flow when the Strouhal number was 0.24. 
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Figure 2-11: Schematic of an 18° axisymmetric diffuser flow with separation regions and 
pressure-driven ring slit at the diffuser entrance edge [38]. 

 

Figure 2-12: Time-averaged velocity field of: (left) unforced base flow (no excitation); 
(right) forced diffuser flow (with excitation, forcing parameters A=0.38 and 
StD=0.14) [38] 

 

2.3 Entraining Diffusers 

Data for the performance of entraining diffusers that allow air flow through the diffuser walls was 

limited in the published documents. Andrews [39] studied the effect of entraining diffuser 

geometry on the overall pumping ability of a subsonic air-air ejector for performance 

enhancements to the infrared suppressors. As shown in Figure 2-13, three different styles of 

diffusers: solid, porous and ringed diffusers and three sizes for each style were tested by the 

author. Some conclusions were as the following: 

1. The pumping of the mixing tube increased as the divergence angle decreased.  
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2. For porous diffusers, the pumping of the diffuser increased as porosity increased. In 

addition, the divergence angle had no effect on the pumping. 

3. For ringed diffusers, the pumping of the diffuser increased as divergence angle decreased. 

In addition, the pumping increased as the porosity increased. 

4. For all diffusers, the total pumping increased as divergence angle decreased. 

5. At the same divergence angle, porous and ringed diffusers gave higher total pumping 

than the solid diffusers. 

6. At low porosity, ringed diffusers gave higher total pumping than porous diffusers. At 

high porosity, ringed and porous diffusers gave the same total pumping. 

 

Figure 2-13: Nine diffusers tested by Andrews [39]. 

 

2.4 Variables and Dimensional Analysis 

2.4.1 Performance Parameters 

Any two of the following three parameters: the area ratio (AR), slenderness (diffuser axial length 

to the diffuser inlet diameter, Ld /Ddi) and diffuser angle (2α) were usually used to state the 

geometry for a simple conical diffuser. White [15] stated that the three most important parameters 
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for a conical diffuser were the AR, 2α and inlet blockage factor B. Reneau et al. [16] considered 

four measures of performances: the pressure recovery (Cp), the diffuser effectiveness (ηd), the 

head loss and loss of total head per unit actual pressure rise.  

 The selection of performance parameters for this research was linked to the objectives. The 

purpose of suppressing the infrared signature of hot flow at the diffuser exit resulted in the 

following parameters (see Table 2-2) were mainly considered to evaluate the performance of the 

entraining diffusers. However, these parameters only gave the global performance and did not 

give details of the local flow structure. 

Table 2-2: Some selected parameters for this research. 

Parameters Comments 
pumping ratio (Φ2nd, Φ3rd, Φt): higher total pumping, better plume cooling; 

higher Φ3rd, better film cooling 
 

pressure recovery (CpD or CpE), 
kinetic energy flux factor (fke) and 
temperature uniform factor (ft) 

the closer to 1, the better the diffuser 
performance and the lower infrared signature 
is. 

 

2.4.2 Averaging Methods 

To evaluate the average performance parameters of highly nonuniform flow, an appropriate 

averaging method must be used carefully. To present accurately the nonuniform flow with 

averaged uniform properties, more detailed data will be required and more complex means will 

be applied. 

 Area-averaged method is the simplest way to average a quantity χ by: 

A

dA
area

∫= χ
χ  (2.12) 

 To average the parameters of nonuniform flow, such as total pressure, static pressure and 

temperature, Tindell and Alston [40] recommended to use a mass-averaged method to determine 
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the value with adequate accuracy. The equation of calculating the mass-averaged quantity χ was 

shown below: 

∫
∫=

wdA

wdA
mass ρ

χρ
χ  (2.13) 

 

 Tindell and Alston [40] also introduced a mass-derived method to evaluate the performance 

parameters if the detailed data were impossible to be measured. This method assumed that the 

static pressure was uniform at the inlet or outlet of the duct and used mass flow, total temperature, 

and mass-averaged total pressure to calculate the quantity. Compared with mass-averaged method, 

mass-driven method showed that calculation errors of performance parameters were up to 214%. 

The study of Wyatt [41] also stated that the errors for the mass-averaged method were minimal 

when the Mach number was less than 0.3. The error of mass-averaged, mass-derived and area-

averaged for averaging total pressure losses in the ducts was 0.1%, 1.5% and 1% respectively. 

 Based on the results, mass-averaged method was mainly used to calculate performance 

parameters. 

2.4.3 Independent Parameters 

The performance parameters can be divided into two groups, geometric and fluid parameters. The 

most important geometric parameters that affected the ejector performance in this study are listed 

in Table 2-3. Some important fluid parameters were listed in Table 2-4. 

 However, in this project, it was impossible to study the effect of all the parameters on the 

ejector performance. Table 2-5 lists a summary of all the main dimensionless parameters and 

shows which ones were fixed and which ones were varied in this study. Some important 

dependent parameters were discussed below in details. 
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Table 2-3: List of geometric parameters 

Parameter Symbol Parameter Symbol 
nozzle inlet diameter 

 
Dni nozzle exit diameter Dne 

mixing tube diameter 
 

Dmt mixing tube length Lmt 

standoff 
 

s   

diffuser angle 
 

2α diffuser exit diameter Dde 

the vertical space 
between adjacent plates 

of ringed diffuser 
 

hg overlap between 
adjacent plates 

Lo 

the diffuser ring length Lr   

 

Table 2-4: List of fluid parameters 

Parameter Symbol Parameter Symbol 
velocity 

 
u, v, w and V turbulence intensity TI 

density 
 

ρ dynamic viscosity μ 

temperature of (hot) 
primary flow 

Tp (or Th) secondary and 
tertiary air 

temperature 
 

Tam 

temperature at 
diffuser exit 

 

Tde   

static gauge pressure 
at the nozzle exit, 

diffuser exit 
 

Ps_ne or Ps_de wall static gauge 
pressure  

Psw 

specific heat cp swirl angle φ 
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Table 2-5: Summary of fixed and variable independent parameters 

Independent 
Parameter 

Definition Significance Comments 

Reynolds 
number 

μρUDD =Re  ratio of fluid 
momentum to fluid 
viscosity; indicator of 
turbulence 
 

In this study, Re was large and 
not significant. 
 

Mach 
number 

cUMa =  ratio of flow speed to 
sound speed. 
indicator of 
compressibility 

In this study, Ma < 0.3, and 
therefore compressibility was not 
an issue. Ma was not a variable 
in this study.  
 

turbulence 
intensity refUkTI

21

3
2

⎟
⎠
⎞

⎜
⎝
⎛=  

or UuTI rms=  

indicator of 
turbulence level; 
important for 
boundary layers, flow 
separation 
 

In this study, TI was not studied 
in detail. It was important to be 
able to specify what the TI was 
for these experiments.  
 

mixing tube 
length ratio 
 

mtmt DL    fixed at 2. 

diffuser 
angle 
 

α2   fixed at nominal 20°. 

diffuser area 
ratio 
 

mtde AAAR =   fixed at 2.1. 

diffuser gap 
ratio 

mtg Dhgr =  
 

 fixed at 2/35. 

overlap ratio  go hL  
 

 fixed at 2. 

ring length 
ratio 
 

gr hL   fixed at 8. 

nozzle area 
ratio 

nemt AAAR =    was varied, mainly was set to 2 
 

standoff ratio neDs  or 
( )nemt RRs −  

 

 varied with nozzle diameter, 
mainly was set to 0.5. 
 

swirl angle ϕ  Can strongly effect 
the performance 
 

variable, nominal 0°, 10°, 20°, 
30° and 40°. 

temperature 
ratio 

ham TT=θ  reflect the influence 
of temperature on 
pumping ratio 

In hot flow experiment, to 
correct the pumping volume flow 
ratio. 
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2.4.3.1 Standoff ratio 

An important parameter for the ejector study, standoff ratio, was not considered as a primary 

variable in this research. It was generally fixed as a constant (s/Dne = 0.5) for most of the studied 

ejector systems. Standoff ratio, which was mainly used to study the pumping ratio, can be defined 

in many ways. The most common definition was the ratio of standoff to the nozzle exit diameter 

(s/Dne). This ratio was useful when the standoff was varied with constant nozzle exit diameter. If 

the nozzle exit diameter was also a variable, this definition was not fully appropriate to reveal the 

importance of standoff on the performance of pumping since another very important ratio, Amt /Ane, 

was also changed with varied nozzle exit diameter. For example, a decreased Dne caused the 

increasing tendency of pumping performance as the Amt /Ane was increased, but this tendency 

would be shrunk by a decreasing standoff if the standoff ratio (s/Dne) was considered as a constant. 

Therefore, when the nozzle diameter was changing, the standoff or standoff ratio was suggested 

to be set by either keeping the standoff same to only study the effects of the area ratio of Amt /Ane 

on the ejector pumping or including all the related parameters into one new dimensionless 

variable, s/(Rmt - Rne). 

 Using this new definition of standoff ratio was necessary when oblong ejectors were involved. 

Since oblong nozzle was diverging in X-axis direction (see Figure 2-14), the primary flow tended 

to leak from the mixing tube inlet if the standoff distance was not set properly. When the oblong 

nozzle with longer L was applied, giving larger standoff to keep the same ratio of s/Dne-hy would 

increase the tendency of flow leaking at the mixing tube inlet. Instead, decreasing the standoff 

distance was the better way to let primary flow fully enter the mixing tube. In other words, the 

suitable dimensionless standoff variable for the oblong cases was s/(Rmt-hy - Rne-hy), which gave 

smaller standoff when the ratio stayed constant and nozzle exit size was increasing. 
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Figure 2-14: Schematic of flow path from oblong nozzle exit to mixing tube inlet 
(dimensions in mm). 

 

2.4.4 Dependent Parameters 

2.4.4.1 Diffuser pressure recovery coefficient and diffuser effectiveness. 

In general, the pressure recovery coefficient, Cp, is defined as the ratio of the actual static 

pressure recovery through the diffuser to the diffuser inlet dynamic pressure, which indicates the 

maximum pressure recovery possible: 

2
__

2
1

di

disdes
p

V

PP
C

ρ

−
=  (2.14) 

 The ideal pressure recovery coefficient, Cpi, can be derived when the flow is assumed to be 

inviscid and uniform. The derived Equation (2.5) shows that Cpi is only a function of geometry: 

2

11
AR

C pi −=  (2.15) 

Diffuser effectiveness (ηd) is defined as the ratio of Cp to Cpi. It can measure how the actual 

diffuser performance is close to the theoretical ideal one: 

pi

p
d C

C
=η  (2.16) 

L=
33

4 
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 In practice, Cp is less than Cpi and ηd is less than 1.0. The calculation of above coefficients is 

based on the assumption of uniform velocity profiles at diffuser inlet and outlet. However, this is 

not sufficient for dealing with flows with the nonuniform velocity profiles. To present the 

influence of nonuniformity of the velocity distribution without complicating the computing 

process, a kinetic energy flux profile factor, fke, which is the ratio of the actual kinetic energy flux 

to that of uniform flow with the same mass flow rate, is employed. 

       
2

2

2
1

2

Vm

dmV

fke

∫
=  (2.17) 

for incompressible cold flow, it can be simplified as: 

       dA
Vw

wV
A

f
A

ke ∫= 2

21
 

(2.18) 

for incompressible cold flow without swirling, it can be further simplified as 

       dA
w

w
A

f
A

ke ∫= 3

31
 

where       ∫= wdA
A

w 1
 

(2.19) 

 When the flow is uniform, fke equals one and the dynamic pressure is minimum. The value of 

fke increases as the flow becomes peaked. If the peak of the exit flow from a diffuser is minimized 

(fke_de is minimum), the dynamic pressure exiting the diffuser is minimized and, by conservation 

of energy, the pressure recovery is maximized. Thus, a uniform exit flow produces the best 

pressure recovery in any diffuser. In 1-D theoretical analysis, the pressure recovery coefficient of 

a diffuser can be predicted in terms of the area ratio and the kinetic energy flux profile factors by 

assuming uniform static pressure at diffuser inlet and outlet [7]: 
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 The above equation indicates that the diffuser pressure recovery can be maximized by 

maximizing fke_di, hence increasing the peakedness of the inlet profile, and by minimizing fke_de, 

hence making the outlet flow as uniform as possible [7]. 

 In this research, the detailed data of the flow pattern at the mixing tube exit was totally 

unknown due to the inaccessibility of instrumentation. No average flow parameters, such as total 

pressure, static pressure, velocities and temperatures could be calculated. As a result, the 

traditional diffuser performance parameters, Cp and ηd, also could not be quantified. However, the 

alternative pressure recovery coefficient of ejector (CpE) and of entraining diffuser (CpD), could be 

determined by using wall pressure due to detailed measurement data: 

2

__

2
1

ne

miswdesw
pE

w

PP
C

ρ

−
=  (2.21) 

2

__

2
1

ne

meswdesw
pD

w

PP
C

ρ

−
=  (2.22) 

2.4.4.2 Effective area ratio  

The effective area ratio, ARE, is another parameter to judge the level of flow nonuniformity. It is 

defined as a ratio of the minimum flow area required to pass the same mass flow rate at assumed 

uniform maximum measured velocity to the actual flow area: 

maxw
w

A
AAR E

E ==  (2.23) 

Where     dA
w

wA
A

E ∫=
max

 (2.24) 
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 This parameter can quantify the effective flow passing area caused by flow separation zones 

that block part of the duct area. It is also a sign of the uniformity of axial velocity. Similarly, the 

blockage can be defined as the difference between the actual area and the effective area: 

∫ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=−=

A
EB dA

w
wAAA
max

1  (2.25) 

2.4.4.3 Pumping (Entrainment) ratio 

The pumping ratio is an important performance parameter for exhaust ejectors. Plume cooling 

effectiveness of the hot flow core is directly linked to the pumping ratio. In general, the pumping 

ratio can be defined as the ratio of pumped mass flow rate to the primary mass flow rate: 

       
primary

pumped

m
m

=Φ  (2.26) 

 In this research, three pumping ratios were studied because of the involvement of the 

entraining diffuser. They were: 

  pumping ratio of the mixing tube 
  (secondary pumping ratio): p

nd
nd m

m2
2 =Φ  (2.27) 

  pumping ratio of the entraining diffuser 
  (tertiary pumping ratio): p

rd
rd m

m3
3 =Φ  (2.28) 

  pumping ratio of the ejector 
  (total pumping ratio): p

t
t m

m
=Φ  (2.29) 

 However, if there was a temperature difference between primary flow and entrained flow, a 

temperature correction ratio was defined as the following to eliminate the temperature influence 

on the results [13]: 

h

am

T
T

=θ  (2.30) 

where, Th was the absolute temperature of primary hot flow; Tam was the absolute temperature of 

entrained cold flow in the hot flow experiments. Hence, for the same ejector, the pumping ratios 
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of a cold flow and a hot flow experiment, which were run under the same inlet swirl condition, 

can be linked with the following equation [13]: 

( )nhotcold θΦ=Φ  (2.31) 

For ejector with solid diffuser, exponent n can be set as 0.5 [13]. However, very different value of 

n was expected for the ejector with entraining diffuser. 

2.4.4.4 Temperature uniformity 

Temperature uniformity factor (ft) was defined as: 

avh

maxh
t TT

TT
f

−
−

=  (2.32) 

 It showed that, at a certain cross section, how the average temperature (Tav) was close to local 

maximum temperature (Tmax). A better uniformity indicates a more effective hot core cooling. 
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2.5 Turbulence Models 

2.5.1 Brief Introduction 

In turbulent flow, the fluctuating velocity fields cause the transported quantities such as 

momentum, energy, and species concentration to fluctuate as well. Additional transfer of 

momentum, heat and mass linked to the turbulent fluctuations can be useful (efficient mixing) or 

harmful (energy loss) depending on the purposes of the applications. The turbulent fluctuations 

always have a three-dimensional spatial character. Rotational flow features (called turbulent 

eddies) with a wide range of length and time scales have been revealed through flow 

visualisations. Some features of large turbulent eddies and small turbulent eddies are briefly 

summarized in Table 2-6. The calculation of Reynolds number of the turbulent eddy is based on 

the eddy’s characteristic velocity and characteristic length scale. 

Table 2-6: Some features of the turbulent eddies [29]. 

 Features 

Large eddy 

• Large Reeddy is in the order of Re of the mean flow, the inertia effects 
dominates; 

• Extract kinetic energy, which maintains the turbulence, from the mean flow; 
• More anisotropic (i.e. the fluctuations are different in difference directions) 

and the structure is affected by geometry of problem domain, boundary 
conditions and body forces. 

 

Small eddy 

• Small Reeddy is in the order of 1, the inertia and viscous effects are almost 
equal; 

• Kinetic energy is transferred from the large eddies. Energy is dissipated due to 
against the viscous stresses and converted into thermal internal energy. 

• Nearly isotropic (for turbulent flow with high mean flow Reynolds number). 
 

 The random and chaotic behaviours of the turbulent flow result in the complexity and 

difficulty for using numerical methods to capture the important effects due to the turbulence. The 

numerical methods, which have been developed by a considerable amount of research work, can 

be grouped into three categories: 1) Direct numerical simulation (DNS); 2) Large eddy 
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simulations (LES); 3) Turbulence models for Reynolds-average Navier-Stokes (RANS) equations 

[29].  

 In DNS method, the mean flow and all turbulent velocity fluctuations are computed. However, 

directly solving the small-scale motion in a typical turbulent engineering flow (length of the order 

of 0.1 to 0.01 mm and frequencies around 10 kHz [29]) requires sufficiently fine grid size and 

sufficiently small time steps. The enormous computing cost, which is proportional Ret
3 [24] (Ret 

is the turbulent Reynolds number), is needed to solve these calculations. Therefore, this method is 

far from practical for the industrial flow computations. 

 In LES method, instead of solving all turbulent eddies, the large eddies and small eddies are 

separated through a spatial filtering operation, in which the small eddies that are smaller than the 

size of filter are removed and the large eddies are accepted. Additional terms, which are called 

sub-grid-scale (SGS) stresses, are generated in this filtering process. The SGS stresses need to be 

modeled to achieve the system closure. Since these large eddies need to be accurately resolved in 

both space and time domains, a significant amount of computing resources are required for 

simulating LES for high Reynolds number industrial flows [24]. The value of LES method has 

been recognized [29] to obtain the turbulent properties of the simple flows, which cannot be 

measured in the laboratory due to the limitation of the instrumentation,  

 The DNS and LES methods are very costly in terms of computing resources and efforts. 

However, for most engineering purposes, the time-averaged flow properties (e.g. mean velocities, 

mean pressures and mean stresses etc.) are of more concern. However, turbulence effects cannot 

be neglected since the mean flow is affected by the Reynolds stresses stemmed from the 

fluctuations. Instead of resolving the details of the instantaneous turbulent fluctuations, the 

instantaneous Navier-Stokes governing equations can be time-averaged (Reynolds-averaged) to 

discard all the flow state details in the instantaneous fluctuations. The modified Reynolds-

averaged Navier-Stokes (RANS) equations describe the mean flow and the turbulence effects on 

the mean flow properties [29].  
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 In turbulent flow, a time dependent flow property can be described by Reynolds 

decomposition, by which the property (ψ(t), such as velocity, pressure, temperature etc.) is 

expressed as the sum of a steady mean component (Ψ) and a time-varying fluctuating component 

(ψʹ(t)), hence )()( ' tt ψψ +Ψ= . The RANS governing equations are derived by using the 

Reynolds decomposition to replace the flow variables (u, v, w, p) in the instantaneous continuity 

and momentum equations and taking a time average [24]. 

 The RANS governing equations can be written in Cartesian tensor form as [24] [29]: 
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where:  i, j = 1, 2, 3. 1 denotes the x-direction, 2 denotes y-direction and 3 denotes z-

  direction. 

(2.34) 

 

 

 

In the equations, the velocities and other solution variables are time-averaged values. Compared 

with the instantaneous Navier-Stokes equations, the extra turbulence items, called Reynolds 

stresses ( ''
jiuuρ− ), are generated due to the interaction of the fluctuations. The longhand 

expression of Reynolds stresses shows six additional items as the following. The Reynolds 

stresses are proportional to the momentum fluxes induced by turbulent eddies [29]. 

three normal stresses: 2'uxx ρτ −= , 2'vyy ρτ −= , 2'wzz ρτ −=  (2.35) 

three shear stresses: ''vuyxxy ρττ −== , ''wuzxxz ρττ −== , ''wvzyyz ρττ −==  
(2.36) 

 

 The time-averaged transport equation for scalar (ψ, such as temperature) can be derived by 

using the similar method. Three extra items ( ''uψρ− , ''vψρ− , ''wψρ− ) are yielded. 
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Where:  ΓΨ is the diffusion coefficient; 

  SΨ is rate of increase of ψ due to sources (momentum, energy). 

(2.37) 

 The symbol ρ in the above equations denotes the mean density. The effects of density 

fluctuations are neglected since the density fluctuations are not important enough to affect the 

flow properties and turbulence up to Ma=3~5 when %5.. <
U

u smr , and up to Ma=1 when 

%20.. =
U

u smr  [29]. 

 To solve the extra turbulence items in RANS equations, additional methods are required to 

close the system of mean flow equations. Turbulence models were developed for this target with 

giving reasonable accuracy for the computations by using modest computing resources. However, 

a universal model, which is able to solve all class of turbulent problems, is still being sought by 

many researchers. Some classic turbulence models, which are widely used so far, are briefly 

introduced below. 

2.5.1.1 Two-equation models 

Two-equation models, such as k-ε models (k denotes turbulent kinetic energy and ε denotes 

dissipation rate of turbulent kinetic energy), and k-ω models (ω denotes turbulent frequency), are 

based on the Boussinesq hypothesis in which the Reynolds stresses are proportional to the mean 

rate of deformation (or called strain) ( )ijji xUxU ∂∂+∂∂ . In other words, the ratio between 

Reynolds stresses and the mean rate of deformation is the same in all directions. This happens 

only when the rates of production of turbulent kinetic energy are roughly in balance with the rates 

of its dissipation. Boussinesq hypothesis can be expressed as: 
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 Similarly, turbulent transport of a scalar is also proportional to the gradient of the mean value 

of the scalar as: 

i
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where, Γt is the turbulent diffusivity. 

(2.39) 

 

 

 The eddy viscosity (μt) can be specified by using velocity scale (ϑ ) and length scale ( l ) 

based on dimensional analysis [29]. 

lCt ρϑμ =  

where, C is a dimensionless constant, =0.09 for standard k-ε model. 

(2.40) 

 

 

 Velocity scale (ϑ ) and length scale ( l ) can be defined by using k and ε (dimensions m2/s3) 

for k-ε models or k and ω (dimensions s-1) for k-ω models. The expressions are as follows: 

      k=ϑ  (2.41) 

for k-ε models,    
ε

2/3kl =  (2.42) 

for k-ω models,   
ω
kl =  (2.43) 

 in which   ''2 ijij ss ⋅= μρε  (2.44) 
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k
εω =  (2.46) 

 

 Inserting Equation (2.41) ~ (2.43) into (2.40), the turbulent viscosity can be expressed by 

using k, ε or ω as follows: 

for k-ε models,    
ε

ρμ μ

2kCt =  

 where, Cμ is a dimensionless constant. 

(2.47) 

 

for k-ω models,   
ω

ρμ k
t =  (2.48) 

 

 In Boussinesq hypothesis, the turbulent viscosity is treated as an isotropic quantity, which is 

not true in many situations. Due to this assumption, the standard k-ε models are unable to predict 

accurately flow behaviours like flow separation, flow with strong adverse pressure gradient, 

swirling flow, recirculation zone and flow driven by anisotropy of normal Reynolds stresses (such 

as fully developed flow in non-circular ducts). Under such conditions, Equation (2.38) is not able 

to accurately compute the individual Reynolds stress even though the turbulent kinetic energy is 

predicted to reasonable accuracy [29]. 

 Since the weaknesses of the standard k-ε model have been known, variant k-ε models (like 

RNG (Renormalization Group) k-ε and Realizable k-ε model) have been developed by the CFD 

community to improve its performance. RNG k-ε model included an additional source term into 

the ε equation to account for the effects of strain rates. The model constants in the k, ε equations, 

which were determined from the experiments in standard k-ε model, were derived directly from 

RNG theory. In the RNG model, which is provide in the commercial CFD package, FLUENT 6.2, 



45 

the effects of swirl or rotation was added into the computation of the turbulent viscosity. 

Realizable k-ε model uses the same k equation as that in standard k-ε model. However, unlike the 

standard k-ε model, the model constant (Cμ), which is used to compute turbulent viscosity, is no 

longer constant. It is a function of k, ε, mean strain and angular velocity of the system rotation 

[24]. The ε equation in the Realizable k-ε model is different from that in standard k-ε model. It is 

modified to better represent the energy transfer. Compared with standard k-ε model, great 

improvements have been shown from RNG k-ε and Realizable k-ε model for predicting the flow 

features involving swirl, separation, recirculation and boundary layer under strong adverse 

pressure gradient [24]. 

 The k-ω models were developed mainly for aerospace applications that involve very complex 

geometry and phenomena. The widely used k-ω models include standard k-ω model (based on 

Wilcox k-ω model) and SST (Shear-Stress Transport) k-ω model (based on Menter SST k-ω 

model). The standard k-ω model is applicable to free shear flows. In the near wall region, the 

flow features of boundary layer with adverse pressure gradient were not well predicted by k-ε 

model. Menter (1992) suggested using standard k-ε model in the fully developed region far from 

the wall and using k-ω model in the near wall region. In SST k-ω model, a blending function is 

introduced to reach a smooth transition between these two models. Addition, the effects of the 

transport of the turbulent shear stress are included into the computation of the turbulent viscosity. 

Both features make the SST k-ω model superior to standard k-ω model for predicting adverse 

(zero) pressure gradient flows, free shear flows, airfoils etc. 

 Although the weakness of the two-equation models have been well observed, they are still 

widely used to provide useful results to the industrial applications due to the relatively low 

computational cost with the calculation of turbulent viscosity. 
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2.5.1.2 Reynolds stress model (RSM) 

Clear drawbacks of the two-equation models triggered the researchers to find more sophisticated 

turbulence models (such as Algebraic stress model, Reynolds stress model) to modify the 

isotropic assumption for treating the turbulent viscosity. Currently, Reynolds stress model (RSM) 

is the most complex turbulence model for RANS-based models. In this model, all Reynolds 

stresses are solved along with the dissipation rate of the turbulent kinetic energy. The isotropic 

turbulent viscosity hypothesis is no longer used. This makes the RSM able to take into account 

for the effects of streamline curvature, swirl, rotation and rapid change of strain rate [24]. 

Although the RSM is not validated as widely as the k-ε model and might not always present clear 

superiority to the two-equation models, it is highly recommended for flow with features stemmed 

from the anisotropy of Reynolds stresses. However, much higher computational cost compared to 

the two-equation models along with the difficulty to reach the convergence prevents this model 

being widely used for the industrial applications. 

2.5.1.3 Reviews on the turbulence models provided in FLUENT 

Since the commercial CFD package, FLUENT 6.2, was used for the simulation in this research, 

some reviews are listed in Table 2-7 to summarize the features and applicableness of the 

turbulence models, which are available in FLUENT,  

 In this research, the Realizable k-ε turbulence model was mainly selected for the simulations 

due to its reliable convergence process and the abilities to solve the flow involving the separation, 

swirling and adverse pressure gradients. The RSM was only used for a few cases due to the 

limited computing resources and the time limitation. 

 



 

Table 2-7: Comparison between various RANS-based turbulence models in FLUENT [24] [29]. 

Model Strength Limitation CPU time Convergence 
Standard k-ε  
(two-equations 
model for k and ε) 
 

• robust, economy, and reasonable accuracy 
• workhorse of industrial flow and heat 
transfer simulations 

• predict flow with swirl, severe 
pressure gradients and separation 

Reference Reference 

RNG k-ε • rapidly strained flow 
• swirling flow 
• low-Reynolds-number flow 
 

 10~15% 
more 

• hard to obtain converged 
solution for high swirl flows 

Realizable k-ε • flows with separation, recirculation, strong 
adverse pressure gradient 
•  

• domain contains both rotating and 
stationary zones 

slightly 
more 

• converged well with wall 
functions. 

Standard k-ω  
(two-equations 
model for k and 
ω) 
 

• shear flow spreading 
• low-Reynolds-number effects 
• compressibility 

• flows with adverse pressure 
gradient 

same same 

SST k-ω • aerospace applications 
• adverse pressure gradient flows 
• airfoils and transonic shock waves 
 

• similar as the standard k-ε model same same 

v2-f 
(use 2v  instead of 
k) 
 

• low-Reynolds-number flows 
• separation dominated flows 
• no need wall functions 

• can not be used for Eulerian 
multiphase problems 

more • need to start from k-ε  
• hard convergence of k and 
ε for high swirl flows 

RSM 
 

• flows with streamline curvature, swirl, 
rotation and rapid changes in strain rate 

 50~60% 
more 

• very sensitive to the 
meshes 

47
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2.5.2 Literature Review 

The mixing of turbulent flows in the industrial exhaust ejector system was a complicated process, 

involving flow separation, reattachment, large temperature gradient and strong swirling. All these 

features made CFD simulations difficult. Research has shown that quality of simulation results 

was greatly affected by turbulence models. 

 Xu et al. [42] studied the abilities of five commonly used turbulence models to predict the 

separation and reattachment of turbulent flows inside an axisymmetric diffuser with a curved 

surface centre-body. The models used are listed in Table 2-8. 

Table 2-8: Used turbulence model in the research of Xu et al. [42]. 

  Features Comments 

One-
equation 
model 

Wolfshtein model 

DD

t

lkC

lkC
2/3

2/1

=

=

ε

ν μμ  
• work with high-Reynolds 
number k-ε model 
• apply high-Reynolds number 
model in the mean flow region 
and use Wolfshtein model in the 
near wall region. 
 

high-Reynolds 
number k-ε model 
 

 • work with wall functions 

low-Reynolds 
number k-ε model 
(Launder-Sharma 
model) 
 

2

2 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−=
ix
kνεε  

 

RNG k-ε model 
 

  

Two-
equation 
models 

Anisotropic model 

( )2
2/12

1

9.01
92.1

125.1

AA
C

C

+
=

=

ε

ε

 

• Cε2 is not constant. 

 

 The results showed that compared to the experiment, an earlier separation was seen in all the 

models. Among these models, high-Reynolds number k-ε model with one-equation model 

showed the best estimation for the separation and reattachment. A much earlier separation point 
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and delayed reattachment point was predicted by RNG k-ε model. Under prediction for the 

separation point by other models was more than 25%. The high-Reynolds number k-ε model with 

wall functions required the less CPU time, to reach the convergence and the anisotropic model 

required the most CPU time. 

 Kral et al. [43] stated that two-equation k-ε models gave better results than one-equation 

models for simulating non-swirling flow in a 3D diffuser. For swirling flow, Armfield et al. [44] 

(2D model with 2α = 20°) and Hah [45] (2D model with 2α = 16°, AR = 4) both presented that, 

compared with experimental data, the RSM gave better numerical prediction than k-ε model since 

RSM abandoned isotropic eddy-viscosity hypothesis and could predict the anisotropic swirling 

flow better. 

 Vassiliev et al. [46] evaluated CFD analysis on industrial gas turbine exhaust diffusers (3D 

model) by using several turbulence models (one-equation models, standard and realizable k-ε 

model) with wall functions and near-wall treatment. They found that realizable k-ε model with 

near wall treatment was the most suitable model to present the accurate simulation of diffuser 

flows. The CFD models correctly predicted the trends of Cp vs. area-ratio, Cp vs. diffuser angle 

and Cp vs. diffuser length. Cordova and Stoffel [47] compared seventeen k-ε and k-ω models on 

the performance prediction of a 2D diffuser (2α = 20° and AR = 4.7). They concluded that k-ε 

models can predict the parameter of free stream within an acceptable accuracy and k-ω models 

show a better description of the boundary layer. In addition, all models gave a reasonable 

estimation on the pressure recovery. 

 Adane et al. [48] used a commercial CFD code, CFX-TASCflow, to predict turbulent flow in 

a 2D conical diffuser (2α = 8° and AR = 4) by using different low-Reynolds number k-ε and k-ω 

models. They stated that the results from the commercial CFD code showed a good comparison 

with the prior results from in-house CFD codes with similar turbulence models and near-wall 

treatments. The results presented that all turbulence models gave good prediction on the static 
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pressure. However, the ω-based models provided greatly more accurate estimation of the wall 

shear stress in adverse pressure gradient than the ε-based models. 

 Iaccarino [49] compared three commercial CFD codes (CFX, Fluent and Star-CD) on the 

prediction for the turbulent flow in a 2D asymmetric diffuser. The low-Reynolds k-ε model and 

v2-f model were used for this comparison. The author stated that the v2-f model gave very 

accurate estimation. The length of the recirculation region was captured within 6%. The negative 

velocity in the separation bubble was slightly underpredicted. However, results from the k-ε 

model did not show any recirculation. As a result, the maximum velocity in the diffuser was 

severely under predicted. He also found that the v2-f model from different CFD code showed 

almost exactly the same results, whereas the results using the k-ε model were strongly sensitive to 

the code used. 

 Zhou et al. [50] compared suitability of the Standard k-ε, RNG k-ε, Realizable k-ε and RSM 

for predicting the swirling effect on the ejector (3D) performance by using the commercial CFD 

code, Fluent. They concluded that all k-ε models gave good results for non-swirling flow or 

weak-swirling flow. RNG k-ε model was better than the other k-ε models in predicting the 

averaged flow fields. However, RSM was strongly recommended to simulate strong swirling flow 

due to its accounting of anisotropy. 

 Kim and Choudhury [51] compared the non-equilibrium wall functions and stand wall 

functions for numerous basic flows. The results showed that non-equilibrium wall function more 

accurately predicted the separation in the wake of an axisymmetric body, behind a backwards 

facing step and at the front of a forwards facing step due to its accounting for the effects of 

pressure gradients and departure from equilibrium [24]. 

 Khodadadi and Vlachos [52] studied the effects of changing constants of standard k-ε model 

on the performance prediction of a straight pipe flow with swirl numbers of 0.5 and 1.445. The 

constants Cμ, C2 and σε were changed to 0.125, 1.5942 and 1.1949 respectively. However, the 

results of modified model did not show clear improvement over that of original model. Again, the 
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results further stated that k-ε models gave reasonable prediction on the turbulent kinetic energy 

when S equalled 0.5, but poor when S equalled 1.445. 

 For high temperature jet flows, the underprediction of the mixing in the shear layer by using 

two-equation turbulence models has been reported by many researchers. This was because the 

effects of the large temperature (density) gradient on the mixing were not considered. Abdol-

Hamid et al. [53] introduced a temperature-corrected standard k-ε model for simulating the high 

temperature jet flow. In this modified model, the effect of high temperature gradient was taken 

into account through modifying the computation of Cμ, which was a function of local total 

temperature. The equations used in the model are summarised as follows: 

TCC 09.0=μ  (2.49) 
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Tg is temperature correction function, 
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(2.51) 

Mτ is turbulence Mach number, 
c

kM 2
=τ  (2.52) 

    ( ) ( ) ( )0
2
0

2
τττττ MMHMMMf −−=  

    ( ) 0=τMf  for no compressibility correction, 1.00 =τM  

(2.53) 

 

where, tT : total temperature; 

  c : local speed of sound; 

  ( )xH : Heaviside step function, equals 1 when x ≥ 0, equals 0 when x < 0. 

 The computed data for the modified model well matched with the experimental data for 

subsonic and supersonic jet flows at both low and high temperatures. Therefore, the author 
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suggested that this knowledge should be considered when developing the two-equation 

turbulence models. 

 Tam and Ganesan [54] used another method to modify k-ε turbulence model for computing 

hot jet mean flows and noise. In this method, instead of including the effects of temperature 

gradient, a density effect due to hot temperature (μρ) was added into calculating the turbulent 

viscosity as follows.  

ρμμμ += tT  (2.54) 
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 The significantly improved agreement between the computed and measured data for the 

predication of jet centerline velocity distribution and axial velocity profiles indicated this density 

modification was necessary when using k-ε model to simulate hot jet flows. 
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Chapter 3 

Experimental Apparatus 

The experimental experiments were carried out on two wind tunnels, one cold flow wind tunnel 

(CFWT, shown in Figure 3-1 and Figure 3-3) and one hot gas wind tunnel (HGWT, shown in 

Figure 3-2 and Figure 3-4). They were designed to simulate exhaust duct conditions of a gas 

turbine including swirl, mass flow and flow temperature. The ejector systems were connected to 

the end of the wind tunnels and instrumentation was installed and used to measure the mass flow 

rate, pressure profile, velocity profile, wall pressure and temperature distribution along the ejector. 

3.1 Wind Tunnels 

40 hp centrifugal blowers were used on both the cold flow wind tunnel and the hot gas wind 

tunnel. They can supply airflow up to 2.2 kg/s at ambient temperature and 1.8 kg/s at 500°C with 

static back pressure at 12 kPa gauge. 

 On the cold flow wind tunnel, after the ambient air was sucked into the wind tunnel by the 

blower, it entered a vaned inlet diffuser (2α=16°) with six vanes and three sets of screens. The 

guide vanes were used to prevent the flow separation from diffuser wall by dividing the flow into 

a series of diffusing passages with smaller divergence angle. The screens were used to improve 

the flow uniformity. After that, the flow passed though a settling chamber. The corners of settling 

chamber were chamfered to reduce the creation of secondary flows. Then, the flow was 

accelerated by a bell mouth intake before entering an annulus section (inner radius was 41 mm, 
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outer radius was 76 mm). Next, the flow traveled 30 annulus heights and arrived at the swirler 

section. This primary flow was transited from annulus region into a round nozzle inlet by an 

ellipsoidal end. The flow in the annulus region upstream of the nozzle inlet has an average Mach 

number of 0.34 with Reynolds number of 5.7x105 based on the hydraulic diameter of the annulus 

and average velocity. The preliminary cold flow experiments were run on the cold flow wind 

tunnel. The annulus pipe and inlet section were made from the transparent plexiglass. 

 On the hot gas wind tunnel (HGWT), the flow passage was similar to that of CFWT. The 

main difference was that a natural gas burner was installed on the HGWT between inlet diffuser 

and settling chamber for heating the air to the required temperature. A temperature control system 

has been designed to easily turn on/off the burner and to retain the flow temperature as close as to 

the designed value in a small fluctuating range. The primary flow temperature used for the hot 

flow experiments was 500°C. The annulus of HGWT had an inner radius of 57 mm, outer radius 

of 108 mm, annulus height of 51 mm, and the total length of 35 annulus heights. Based on the 

hydraulic diameter of the annulus and average velocity, the flow in the annulus region has an 

average Mach number of 0.22 with Reynolds number of 4.7x105 for the cold flow and Mach 

number of 0.27 with Reynolds number of 2.7x105 for the hot flow (at 500°C). Most of the 

experimental were run on the hot gas wind tunnel. The annulus pipe and inlet section were made 

from stainless steel. 
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Figure 3-3: Photograph of the cold flow wind tunnel (CFWT). 

 

 

 

 

Figure 3-4: Panorama view of the hot gas wind tunnel (HGWT). 
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3.2 Ejector Geometry 

In total, six nozzles, two mixing tubes and four entraining diffusers were involved in the study. 

Eight ejector systems were built by using the components. The ejectors were tested under five 

swirl conditions (nominal 0°, 10°, 20°, 30° and 40°). All the components were made from 1.6 mm 

stainless steel sheets. 

3.2.1 Nozzle 

Four round nozzles and two oblong nozzles were designed. The shape of round nozzle and oblong 

nozzle can be seen from Figure 3-5 and Figure 3-6. The oblong nozzle had a round inlet and 

oblong exit, the length and body profile were designed to give smooth transition from round 

shape to oblong shape. 

 Dimensions of each nozzle are shown in Table 3-1. The area ratio of the annulus to the nozzle 

outlet (Aannulus/Ane) changed from 0.71 to 1.6 for the round nozzles and changed from 0.81 to 1.1 

for the oblong nozzles. The area ratio of the nozzle inlet to the nozzle outlet (Ani/Ane) changed 

from 1 to 2.25 for the round nozzles, and changed from 1.1 to 1.5 for the oblong nozzles. RN1 

and RN2 were used on the CFWT. The rest were tested on the HGWT. RN3 and ON1 were 

created based on the geometry similarity (same area ratio of Ani/Ane) for comparing the 

performance of round and oblong ejector. The straight-line length of the oblong nozzles (LLn) 

was 260 mm. To study the effects of area ratio (Amt /Ane) on the ejector performance, RN4 and 

ON2 were designed to compare with RN3 and ON1 respectively. 
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Figure 3-5: Schematic of round nozzle (RN). 
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Figure 3-6: Schematic of oblong nozzle (ON). 
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Table 3-1: Dimensions of the nozzles. 

   Dimensions (mm) 

  Dni Dne (Hne) Ln LLn Dn-hy 

Area 
ratio 

Ani/Ane 

Area ratio 
Aannulus/Ane 

RN1 152 152 202   1.0 0.71 
RN2 152 124 124   1.5 1.1 
RN3 210 172 172   1.5 1.1 

Round 
Nozzles 

(RN) RN4 210 140 212   2.3 1.6 
ON1 210 74 315 260 125 1.5 1.1 Oblong 

Nozzles 
(ON) ON2 210 92 315 260 151 1.1 0.81 

 

3.2.2 Mixing Tube 

Two straight mixing tubes, one round (RMT) and one oblong (OMT), were involved in the 

research. Figure 3-7 and Figure 3-8 show the shape of the mixing tubes. The detailed dimensions 

are given in the Table 3-2. They were designed on the geometry of RN3 and ON1 respectively. 

The area ratio of the mixing tube inlet to the nozzle exit (Amt /Ane) was fixed at 2. The length ratio 

of the mixing tube length to the mixing tube diameter (or hydraulic diameter of OMT) was 

approximately set as 2. The straight-line length of the oblong mixing tube (LLmt) was 260 mm. 

Stainless steel rod with diameter of ½’’ was used to manufacture the bell mouth at the inlet of 

mixing tube. 
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Figure 3-7: Schematic of round mixing tube (RMT). 
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Figure 3-8: Schematic of oblong mixing tube (OMT). 

Table 3-2: Dimensions of the mixing tubes. 

 Dimensions (mm) 

 Dmt (Hmt) Lmt LLmt Dmt-hy 

Length ratio 
Lmt /Dmt 

(Lmt/Dmt-hy) 
Round Mixing Tube 

(RMT) 244 488   2.0 

Oblong Mixing Tube 
(OMT) 130 390 260 203 1.9 

 

3.2.3 Entraining Diffuser 

In total, four kinds of 4-ring entraining diffusers (2α=20°) were made. They included one round 

straight entraining diffuser (RED), one oblong straight entraining diffuser (OED), one round bent 

entraining diffuser (BED1) with bent angle at 22.5° and one round bent entraining diffuser 

(BED2) with bent angle at 45°. The shape and schematic of diffusers are described in Figure 3-9 

to Figure 3-12. 
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Figure 3-9: Schematic of round straight entraining diffuser (RED). 
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Figure 3-10: Schematic of oblong straight entraining diffuser (OED). 
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Figure 3-11: Schematic of 22.5° round bent entraining diffuser (BED1). 
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Figure 3-12: Schematic of 45° round bent entraining diffuser (BED2). 
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 RED, which was connected with RMT, was designed as the baseline entraining diffuser. The 

nominal divergence angle was 20°. The gap ratio (hg/Dmt) of gap space between adjacent plates of 

ringed diffuser (hg) to the diameter of mixing tube RMT (Dmt) was 1/17.5. The overlap ratio (Lo/hg) 

of overlap between adjacent plates of ringed diffuser (Lo) to gap space (hg) was fixed at 2. The 

length of diffuser ring (Lr) was eight times of gap space, i.e. Lr/hg =8. 

 To investigate the shape effect on the diffuser performance, the OED, which was connected 

with OMT, was designed in terms of the geometry similarity with RED; i.e. theoretically, OED 

used the same ratios, which were used in RED geometry. The inlet and outlet area of OED were 

also very similar as those of RED. The straight-line length of each diffuser ring was as same as 

that of OMT, i.e. 260 mm. 

 The BED1 and BED2 were created to study the effects of bend angle on the diffuser 

performance. The identical gap ratio and overlap ratio applied on the geometry design. Since the 

length of outer curve of bend diffuser ring is longer than the length of inner curve, the path length 

at centerline was considered to represent the length of the diffuser ring. The angle was measured 

between the exit plane of mixing tube to the exit plane of diffuser. RED, BED1 and BED2 had 

the same diameter for each diffuser ring. 

 A bell mouth at the inlet of each diffuser ring was made from ½’’ stainless steel rod. Table 

3-3 shows the detailed dimensions for each diffuser. 

Table 3-3: Dimensions of entraining diffusers. 

 Dimensions (mm) Dimensionless 

 hg Lo Lr Ld Dr1(Hr1) Dde(Hde) hg/Dmt Lo/hg Lr/hg 
Area 
ratio 

Ade /Amt 
RED 14 28 112 364 272 356 1/17.5 2.0 8.0 2.1 
OED 12 24 96 312 154 226 1/17.0 2.0 8.0 2.1 
BED1 14 28 112 364 272 356 1/17.5 2.0 8.0 2.1 
BED2 14 28 112 364 272 356 1/17.5 2.0 8.0 2.1 
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3.2.4 Ejector 

Eight ejector systems were built from the components above. The combination scheme can be 

found in Table 3-4. Figure 3-13 shows some manufactured entraining diffusers, which were 

welded to the mixing tubes. The complete dimensions of each ejector system will be described in 

Chapter 5 with related results discussion. 

 

 

Figure 3-13: Connected entraining diffusers with mixing tubes. 

 

Figure 3-14: Struts. 
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Table 3-4: The combinations of the components for eight ejector systems. 

 Nozzle Standoff Mixing tube Entraining diffuser 

 RN1 RN2 RN3 RN4 ON1 ON2 
s/Dne=0.5 or 

s/Dne-hy=0.5 

s/(Rmt -

Rne) =2.25 

s=86 

mm 
RMT OMT RED OED BED1 BED2 

E-1 ●      ●   ●  ●    

E-2  ●     ●   ●  ●    

E-3   ●    ●   ●  ●    

E-4     ●  ●   ●  ●   

E-5   ●    ●   ●    ●  

E-6   ●    ●   ●     ● 

E-7      ●  ●   ●  ●   

E-8    ●     ● ●     ● 
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 Every two diffuser rings were connected by sixteen struts (see Figure 3-14) which were 

located in the overlap regions. The 4-ring diffuser was mounted on the mixing tube by sixteen 

struts. 

 Ejector-1 and Ejector-2 were tested on the cold flow wind tunnel for the preliminary research, 

which let the author become familiar with the experimental process and instrumentation. Some 

experimental results will be discussed in the following chapter. The data will be compared with 

the cold flow experimental data of Ejector-3 to find the effect of nozzle outlet diameter on the 

performance of round straight ejector. 

 Ejector-3 to Ejector-6 were run on the hot gas wind tunnel with cold/hot flow experiments to 

investigate the performance of air-air ejector with different kinds of entraining diffuser at various 

inlet conditions. Ejector-7 and Ejector -8 were used to study the nozzle geometry on the effect of 

performance of oblong straight ejector and round bend ejector respectively. 

 

3.2.5 Swirler 

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

constant with radius. The fixed blade swirler contained 16 un-cambered blades with equal radial 

spacing. 

 On the cold flow wind tunnel, the swirler (see Figure 3-15) was mounted at 4.6 annulus 

heights upstream from the nozzle inlet. The ejector system was tested under three inlet swirl 

conditions: no swirler (no blades placed), nominal 20° swirl, and nominal 40° swirl. The swirler 

insert was made from plexiglass. 
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Figure 3-15: Photograph of swirler used on the cold flow wind tunnel. 

 On the hot gas wind tunnel, the swirler was mounted at 12 annulus heights upstream from the 

nozzle inlet. Four swirl (nominal 0°, 10°, 20°, and 30°) conditions were applied on the ejector 

system. The swirler insert was made from stainless steel. 

 

Figure 3-16: Photograph of 10°, 20° and 30° swirler used on the hot gas wind tunnel. 

 

3.3 Instrumentation 

The purpose of instrumentation installed on the wind tunnels and ejectors was to determine the 

flow structure at inlet and outlet of the studied ejectors, ejector pumping, static pressure and 

temperature distribution over the surface of the ejectors. To accomplish this, the experimental 

10° Swirler 20° Swirler 30° Swirler 
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apparatus was instrumented to measure the velocity and pressure profile at the nozzle inlet and 

diffuser outlet, the flow velocity at the diffuser ring inlet, the static wall pressure over the mixing 

tube and diffuser surface, temperature distribution over the surface of mixing tube and diffuser 

and turbulence intensity at nozzle inlet. Schematics of instrumentation are given in Figure 3-17 

and Figure 3-18. A summary of the instrumentation is shown in Table 3-5. 

swirler 3-hole probe

static pressure taps

7-hole probe

Nozzle Mixing Tube Entraining
Diffuser

velocity probe

r1 r2 r3 r4

 

Figure 3-17: Schematic of instrumentation used on the cold flow wind tunnel. 

r4r3r2r1

Entraining
Diffuser

Mixing TubeNozzle

static pressure taps

7-hole probeswirler

7-hole probe

Thermocouple

Pitot Tube

 

Figure 3-18: Schematic of instrumentation used on the hot gas wind tunnel. 
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Table 3-5: Experimental instrumentation. 

Instrument Measurement Location Accuracy Comments 

3-hole probes velocity 
total pressure 
static pressure 

annulus region 
upstream of the 
nozzle inlet on 
CFWT 

velocity ± 2.9m/s 
angle ± 1.0° 
Ps ± 102 Pa 
Pt ± 95 Pa 

calibrated in pipe 
flow 
only used in cold 
flow wind 
tunnel. 

7-hole probes velocity 
total pressure 
static pressure 

annulus region 
upstream of the 
nozzle inlet on 
HGWT 
 
diffuser exit 

velocity ± 1.3m/s 
(1.5%) 
angle ± 0.59° 
Ps ± 94 Pa 
Pd ± 99 Pa 
Pt ± 54 Pa 

calibrated in pipe 
flow  
 

hot-wire velocity 
meter 

gap velocity diffuser ring inlet ± 3%† range of 0 ~ 30 
m/s 

static pressure 
wall taps 

static wall 
pressure 

mixing tube wall 
diffuser wall 

± 8.9 Pa (1.1% ) via transducers 

pitot tube velocity 
 
 
static pressure 

diffuser ring inlet 
 
 
mixing tube inlet 

± 0.28 m/s (up to 
2%)† 
 
± 19 Pa  

up to angles of 
attack of 30° 
 
angle of attack < 
5° 

type T 
thermocouple 

cold flow 
temperature 
room 
temperature  

annulus region 
upstream of the 
nozzle inlet on 
CFWT 

± 1 °C 0 ~ 350 °C 

type K 
thermocouple 

hot flow 
temperature 

annulus region 
upstream of 
nozzle inlet on 
HGWT; 
diffuser exit 

± 3.6 °C 
 
 
 
± 2.4 °C 

0 ~ 1250 °C 

thermal camera wall temperature mixing tube wall 
diffuser wall 

± 0.1 °C model: SC1000 
from FLIR Inc. 

Laser Doppler 
Velocimetry 

turbulent 
intensity 

annulus and 
nozzle exit 

± 0.13%  

†: Based on manufacturer’s data. 

3.3.1 Three-hole Probe 

Flow in the annulus was assumed to be two-dimensional, i.e. only the tangential and axial 

velocity components were considered and the radial velocity was negligible. This assumption has 

been verified by the Cunningham [26]. Since a three-hole probe was capable of  measuring the 

two velocity components, four 3-hole probes were mounted 2.3 annulus heights upstream from 
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the nozzle inlet and were used to measure the tangential and axial velocity before the primary 

nozzle on the cold flow wind tunnel (see Figure 3-17). These three-hole probes were calibrated 

for the flow angle of ±20° to the local axis with an accuracy of ±1° on the flow direction and ±1 

m/s on the flow velocity. When the swirl angle exceeded 20° such as the cases with applied 20° 

and 40° swirler, a known offset angle was given to the probe so that the relative flow angle would 

fall within the measurement range. The schematic of three-hole probe is illustrated in Figure 3-19. 

The primary mass flow rate (mp) and average back pressure in the annulus were calculated from 

the probe data. 

25.4 mm

Hole numbering: 1 3 2

3.8 mm Flow

60°

1.3 mm

 

Figure 3-19: Schematic of three-hole probe. 

 

3.3.2 Seven-hole Probe 

Figure 3-20 shows the approximate shape of the seven-hole probe. As the seven-hole probe 

consisted of more holes than three and five-hole probes, it was capable of detecting the velocity 

and direction of the flow at much higher angles in a non-nulling mode. The Figure 3-21 shows 
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that for the flow cone angle up to 70°, there were at least four holes in the un-stalled region that 

can be used to determine the velocity and direction of the flow [55]. The seven-hole probes were 

calibrated in non-nulling mode at both pitch and yaw angles of up to ±60° with an accuracy of 

±0.6° on flow direction and ±1.3 m/s on the flow velocity. The probe calibration was based on the 

Gerner method [55]. The full calibration process can be found in Appendix B.  

   

Figure 3-20: Schematic of seven-hole probe 

 

Figure 3-21: Schematic of seven-hole probe in flow of high incidence angle [55]. 
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 Since the flow at the diffuser exit was fully three-dimensional, a seven-hole probe was used 

to measure all the three velocity components. A traversing rig was designed, manufactured and 

programmed to position the seven-hole probe at specific points according to the designed traverse 

grid. From the exit 7-hole probe, it was possible to calculate the total mass flow rate (mt), exit 

average static pressure and the exit velocity vector in three dimensions.  

 For hot flow experiments, the four three-hole probes were replaced with four seven-hole 

probes located at 3.5 annulus heights upstream from the nozzle inlet (see Figure 3-18) to be 

capable of accurately capturing the velocity profile at the high angle swirl condition (such as 20° 

and 30°) while working in non-nulling mode. 

3.3.3 Wall Taps 

In total, 100 wall static pressure taps were mounted on the annulus inlet section (4 taps), mixing 

tube wall (16 taps), near the exit of the mixing tube (16 taps), near the exit of each diffuser ring 

(16 taps at each ring). PVC tubing was used to connect the wall taps with four transducers, which 

were connected with the data acquisition system. The joint between the wall taps and inner wall 

was sanded to remove any burrs. The data were used to calculate the diffuser pressure recovery 

(Cp), diffuser effectiveness (ηd) and study the flow mixing in the mixing tube and diffuser. 

3.3.4 Tertiary Mass Flow Rate Measurement 

To measure the velocities at the diffuser gaps and calculate the tertiary mass flow rate, a hot wire 

velocity anemometer, wall taps and a Pitot static tube were used. As the inlet of each diffuser ring 

has been naturally divided into 16 slots by the struts, the measurement of tertiary flow conditions 

was based on the experimental data at each slot. 

 The hot wire velocity anemometer (5 mm in tube diameter, see Figure 3-22) with a range of 0 

– 30 m/s and an accuracy of 3% was used to measure the entraining velocity at the diffuser gaps 

on the Ejector-1 and Ejector-2 system. It was also used to measure the reversing flow velocity at 
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the diffuser gaps, which were at the outer curve side of BED2 during the cold flow experiments 

of Ejector-6 and Ejector-8 systems. During the measurement, a 10-second time constant was set 

in the meter for averaging the reading and 10 samples were collected for each measured point to 

find the average gap velocity. Since the hot wire velocity sensor was sensitive to changes in air 

density and air velocity, to obtain the actual velocity, the anemometer-displayed velocity needed 

to be modified by a correction factor in which density change was considered between the actual 

ambient conditions and the standard conditions, which were used to calibrate the probe. 

 In this research, using the velocity probe to measure the velocity distributions at the diffuser 

gaps was limited by the following reasons: 

i) due to the round inlet of the diffuser ring, the actual measured point was 13 mm 

upstream of gap inlet (see Figure 3-23). 

ii) due to the sensor location (see Figure 3-23), there was a un-reachable region for the 

velocity probe. 

 Instead, a Pitot static tube (2.5 mm tube diameter) was chiefly employed to determine the 

velocities at the diffuser gaps. It was traversed at four points (see Figure 3-23) to measure the 

velocity profiles at some selected slots of each diffuser ring. The number of selected slots was 

dependent on the diffuser geometry: 

i) For RED, one slot of each diffuser ring was selected 

ii) For OBD, two slots of each diffuser ring were selected. One was at curved side and 

another was at flat side. 

iii) For BED1, four slots of each diffuser ring were selected. The location of selected 

slots is shown in Figure 3-24. 

iv) For BED2, since severe reversing flow was observed at outer curved side, only one 

slot at inner curved side was selected for the Pitot static tube measurement. 
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Figure 3-22: Photograph of hot wire velocity anemometer and the tip. 
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Figure 3-23: Schematic of limitation of using velocity probe and traversing points of Pitot 

static tube measurement at the diffuser gaps. 

8 mm 

zoom in

5 mm tube diameter

un-reachable 
region for 
velocity probe 



 76

180°
(outer
curve)

0°
(inner
curve)

90°

 

Figure 3-24: Schematic of selected slots for Pitot static tube measurement (looking at 
from mixing tube inlet), BED1. 

 The dynamic pressure was calculated from the mean velocity obtained from this measured 

velocity profile and combined with the measured wall static pressure (wall tap in the same slot) to 

give a reference total pressure. The mean velocity in the remaining slots was obtained by 

assuming the same total pressure as the adjacent selected slots and subtracting the wall static 

pressure measurement for each slot. The tertiary mass flow rate (m3rd) was calculated from the 

gap inlet velocity measurement. 

 In total, 64 wall static pressure taps were mounted near the inlet of diffuser gaps (16 taps at 

each gap inlet). Wall static pressure was measured by using four transducers. 

 

3.3.5 Secondary Mass Flow Rate Calculation 

The secondary mass flow rate (i.e. the mass flow entrained at the mixing tube, m2nd) could not be 

measured directly from the instrument. The amount of m2nd was calculated by subtracting the 

primary mass flow rate (mp) and tertiary mass flow rate (m3rd) from the total mass flow rate (mt). 
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3.3.6 Temperature Measurement 

On the hot gas wind tunnel, two type K (Chromel (Ni-Cr alloy) / Alumel (Ni-Al alloy)) 

thermocouples were installed at 35-annulus height upstream of the nozzle inlet. One was used by 

the control system to control the hot flow temperature to the designed value; another was 

connected to the data acquisition system to record the primary flow temperature. One type T 

(Copper / Constantan) temperature was used to capture ambient temperature. 

 To determine the temperature distribution at the diffuser exit, a type K thermocouple, which 

was made by the thermocouple wires, was mounted near the seven-hole tip. The configuration is 

shown in Figure 3-25. 

 

Figure 3-25: Photograph of the thermocouple mounted near the seven-hole probe tip. 

 In the hot flow experiments, the wall temperature distribution of mixing tube and entraining 

diffuser was recorded by a palm-sized thermal camera (FLIR Systems, ThermaCAM SC1000). 

The thermal images were taken and stored on a PCMCIA memory card during the operation 

period. The data were analyzed by using ThermCAMTM Researcher 2001 software.  

 The measurement of the thermal camera was confirmed by measuring a block body source at 

200°C with accuracy at ±0.1°C. 
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3.4 Data Acquisition System 

Data acquisition and control programs were written in National instruments LabVIEW 5.1 

software. Inputs from the probes, wall taps, pitot-tube and thermocouple were acquired, recorded, 

and saved. Pressure data were obtained through 32 Omega PX139-001D4V steady-state 

differential pressure transducers. An offset reading for each transducer prior to the starting of the 

measurement must be given to significantly improve the accuracy of pressure reading.  

3.4.1 Sampling 

All the measurements were taken based on the assumption that the average flow conditions in the 

ejector were at steady state during the experimental period. Because of the fluctuating features of 

the turbulence flow in the duct, for acquiring the reasonable mean value of flow parameters, 

numerous instantaneous readings had to be taken and then averaged. Table 3-6 shows the number 

of samples and the sampling rate frequency for the measurements. 

Table 3-6: Sampling rates for instrumentation. 

Measurements Sampling Rate (Hz) # of samples 
3-hole probe 300 900 
7-hole probe 900 900 

Pitot-tube 300 900 
wall pressure 900 900 
temperature 900 900 

 

 A time delay was used before the measurement was taken to ensure that the data were not 

affected by the changing of the instrument position. 

3.4.2 Traversing 

At the inlet, the four probes were traversed manually across the annulus height at four radial 

positions (0°, 90°, 180° and 270°). On the cold flow wind tunnel, the annulus area was divided 

into ten equivalent areas for traversing of the three-hole probes. On the hot gas wind tunnel, 
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seven-hole probes were traversed at twelve equivalent steps from inner wall to outer wall. Each 

measurement point was located in the centre of each area. The inlet grid of CFWT and HGWT 

are shown in Figure 3-26 and Figure 3-27 respectively. Due to the dimension of the probe, 

especially the seven-hole probe, the velocity of the space between the first point to the inner wall 

and the last point to the outer wall could not be measured by the probes. For calculation purpose, 

in the no swirl condition, the near wall treatment of turbulent flow velocity profile was applied to 

estimate the velocities. In the swirl condition, linear profiles developed from experimental data 

were used to estimate the velocities. This method has been verified by the mass balance 

experiments. More details are discussed in Appendix C. 
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180°

270°X

Y

 

Figure 3-26: Traversing grids for inlet flow measurement on CFWT. 
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Figure 3-27: Traversing grids for inlet flow measurement on HGWT. 

 At the diffuser outlet, the seven-hole probe was traversed on a designed grid. The grid size 

was refined at the near wall region to ensure at least one point would be measured inside of the 

outlet area due to the uncertain of positioning the start point of traversing and shape deforming 

from designed profile by the manufacture. A sample of the exit grid is shown in Figure 3-28. 

 Table 3-7 shows the total number of grid points generated for each diffuser outlet. The 

number of grid points was decided based on a balance of time for measurement and accuracy. 

The time for one outlet traversing was approximately two hours. 
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Figure 3-28: Traversing grids for the flow measurement at the round diffuser exit. 

 

Table 3-7: Total number of grid points for the flow measurement at the diffuser exit. 

Diffuser exit Total number of grid points 
RED 1733 
OED 1865 
BED1 1951 
BED2 1853 
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3.5 Experimental setup 

A sample of experimental setup of Ejector-4 is shown in Figure 3-29. 

 

 

Figure 3-29: Sample of one experimental setup (Ejector-4) 
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Chapter 4 

Numerical Computation 

The flow structure in the exhaust ejectors with entraining diffusers were studied using 

experimental and computational techniques. The CFD simulations and post-processing of data 

were performed using the commercial CFD solver, FLUENT 6.2. GAMBIT 2.2 was used for the 

mesh generation. The computational domains were made by using third party CAD software, 

AutoCAD and SolidWorks. 

4.1 Basic Knowledge 

4.1.1 Computational Domain 

The computational grid of the round straight ejector is shown in Figure 4-1. The computational 

domain included the annulus, ejector system, and plenum. Because of the unknown pressure 

conditions at the mixing tube inlet, diffuser gap inlet and diffuser exit, the large plenum was 

attached to allow boundary conditions to be specified far enough away from the various inlets and 

exit, so that the realistic pressure conditions would be developed at these locations. 
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Figure 4-1: Example of computational domain of round straight ejector 

 

4.1.2 Grid Structure 

The major portions of computational domains were built by using the third-party CAD packages 

(AutoCAD, SolidWorks) and then imported into GAMBIT where the rest of the geometry was 

constructed and the model was meshed.  

 Four types of grid volume shapes (hexahedron, tetrahedron, prism/wedge and pyramid) are 

available for the 3D meshing.  In general, the structured mesh, which was composed from lower 

skewness hexahedral elements, gave better numerical solution convergence and less numerical 

diffusion than the unstructured tetrahedral mesh. Therefore, keeping the unstructured mesh at a 

minimum in the domain was the guiding principle for the mesh generation of this project.  

Plenum 

Diffuser 

Ellipsoidal 
transition 

Mixing tube 

Nozzle
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 The distributions of cell structure of various ejector models are listed in Table 4-1. The 

unstructured tetrahedral volumes in Ejector-3 to Ejector-5 domains were located in the nozzle and 

annular-to-circular transition region (from the annulus end to the round nozzle inlet). Some 

unstructured mesh of Ejector-6 domain was located at near the 45° bent entraining diffuser. A 

tetrahedral mesh was applied in these areas since the rapid geometry change did not allow an easy 

implementation of the hexahedral mesh. A noticeable amount of time could be saved by directly 

using the tetrahedral mesh instead of generating complete hexahedral mesh. 

Table 4-1: Distributions of cell structure in the computational domains. 

Ejectors Element type %  
structured 89.9 Ejector-3 (1.67M) 

(round straight) 
 unstructured 10.1 

structured 87.1 Ejector-4 (1.64M) 
(oblong straight) 

 unstructured 12.9 

structured 89.2 Ejector-5 (1.56M) 
(round 22.5° bent) 

 unstructured 10.8 

structured 85.2 Ejector-6 (1.63M) 
(round 45° bent) unstructured 14.8 

 

4.1.3 CFD Solver 

The commercial software FLUENT 6.216 was selected as the solver and post processor. The 

segregated, steady solver was chosen for all the simulations.  

4.1.3.1 Discretization scheme 

Discretization scheme is employed when the face values between two adjacent volumes is 

required to be calculated by implementation of interpolation from the cell center values. Table 

4-2 lists several upwind schemes provided in FLUENT for RANS based turbulence models. 
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Table 4-2: Discretization schemes available for RANS models in FLUENT. 

Discretization scheme Feature 
first-order upwind assumes the face value equals to the upstream cell-centered value 

 
second-order upwind the face value is calculated through a Taylor series expansion of 

the upwind cell-centered value and gradient between cells 
 

power law for convection dominated flow, the scheme is essentially 
equivalent to the first-order scheme 
 

QUICK for structured grids aligned with the flow direction, it can provide 
more accurate performance; for unstructured or hybrid grids, it 
equals to second-order scheme 
 

Third-order MUSCL applicable to all types of meshes and has a potential to increase 
accuracy for complicated three-dimensional flows 

 

 Since the first-order scheme is known to increase numerical diffusion especially when the 

flow is complex or is not aligned with the grid (e.g. triangular and tetrahedral grids), it is only 

used for initial simulations. The accuracy achieved by power law scheme is normally equal to that 

of the first-order scheme and the accuracy generated by the QUICK scheme does not present 

important improvements over the second-order scheme [24]. 

 In this research, all the final results were based on the second-order upwind scheme. 

4.1.3.2 Pressure interpolation scheme 

Five pressure interpolation schemes (for the segregated solver only) are available in FLUENT, 

and they are: Standard, PRESTO!, Linear, Second Order, and Body Force Weighted. 

 The default scheme (Standard) works well if the pressure varies smoothly between cell-

centers (i.e. no jumps or large gradients). The body-force-weighted scheme is recommended 

when problems are involving 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 uses the same 

method as the second-order upwind scheme to calculate the face pressure. It is recommended for 

compressible flows but cannot be applied with porous media. Compared to the standard and 
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linear schemes, some improvement can be provided by the second-order scheme. The PRESTO! 

scheme is available for all kinds of meshes and is suggested to be used with flows involving high 

swirl numbers and flows in strongly curved domains [24]. However, in this study, the PRESTO! 

scheme caused convergence difficulties for the cases with high swirl inlet conditions. 

 The second-order scheme was selected for present work. 

4.1.3.3 Density interpolation scheme  

Three density interpolation schemes are accessible when the segregated solver is used to solve a 

single-phase compressible flow. The default first-order upwind scheme provides good results for 

most classes of flows. The second-order-upwind or QUICK scheme is recommended for 

calculating a compressible flow with shocks [24]. 

 The second-order upwind scheme was selected in this research. 

4.1.3.4 Pressure-velocity coupling 

Pressure-velocity coupling is only available for the segregated solver. For the current study, three 

common types of algorithms can be chosen in FLUENT: SIMPLE, SIMPLEC, and PISO. 

SIMPLE or SIMPLEC is usually used for steady-state flows, while PISO is recommended for 

transient calculations. Convergence speed of solving uncomplicated flows (e.g. laminar flows) 

can be accelerated by using SIMPLEC rather than SIMPLE. For complicated flows involving 

turbulence, similar convergence rates will be reached with implementation of SIMPLE and 

SIMPLEC [24].  

 The SIMPLE algorithm was used in all simulations. 

4.1.4 Near Wall Treatments 

The presence of walls significantly affects the performance of turbulent flows. In the near wall 

region, the mean velocity field is affected due to no-slip condition at the wall. Production of 
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turbulent kinetic energy due to large gradients in near-wall velocity fields result in enhanced 

turbulence. Since the turbulence models are designed for turbulent core flows, successful 

predictions of wall-bounded turbulent flows are established on the accurate representation of the 

flow in the near-wall region. 

 Numerous experiments have confirmed that the near-wall region can be subdivided into three 

layers: 

  • viscous layer: molecular viscosity dominated; 

  • buffer layer: molecular viscosity and turbulence are of equal importance; 

  • fully turbulent layer: turbulence dominated. 

 The detailed turbulent velocity profile of each layer with respect to y+ distance from the wall 

is illustrated in Figure 4-2. 

 

Figure 4-2: Typical structure of the turbulent velocity profile in the near-wall region 
[24]. 

 Two approaches are available in FLUENT to model the near-wall region: wall functions and 

near-wall modelling. The “wall functions” approach employs semi-empirical formulas to link the 

viscosity-affected inner region and the fully turbulent region instead of solving for the viscosity-
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affected region. The turbulence models do not need to be modified to account for the presence of 

the wall. In the “near-wall modelling” approach, the viscosity-affected region (including viscous 

sublayer) is solved all the way to the wall with modified turbulence models. A summary of near-

wall treatments is provided in Table 4-3. 

 Since a very fine mesh in the near-wall region is needed for the application of enhanced wall 

treatment, large efforts are required to find the suitable meshes in terms of solution-based y+ 

value. Therefore, only one ejector system (Ejector-3) was investigated with different near-wall 

treatments, various mesh densities and turbulence models to find the closest solutions with 

respect to the experimental results. The Realizable k-ε turbulence model with non-equilibrium 

wall functions was the workhorse to solve the simulations for all the others ejector models. 

Table 4-3: Summary table of near-wall treatments provided in FLUENT [24]. 

Treatment Features Limitations Mesh guide 
Standard wall 
functions 

• local equilibrium 
assumption (production 
= dissipation) 
 

Non-equilibrium wall 
functions 

• partly account for non-
equilibrium effects 
• use for complex flow 
with separation, 
reattachment 
 

• low-Reynolds-
number 
• server pressure 
gradients 
• separation 
 

• 30< y+ <300 
• y+ ≈ 30 is desirable 
• avoid y+ to be in the 
range of 5 ~ 30. 

Enhanced wall 
treatment 

• viscosity-affected 
near-wall region 
(including viscous 
sublayer) is completely 
resolved 

 • y+ is on the order of 
1, y+ <4 or 5 is 
acceptable 
• at least 10 cells 
within Rey <200. 
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4.2 Preliminary Study 

4.2.1 Boundary Conditions 

 

Figure 4-3: Boundary conditions of the CFD models. 

The specified boundary conditions of the CFD models are shown in Figure 4-3. To facilitate 

comparison with the experimental data, the CFD boundary conditions at the annulus inlet, which 

was located 29 annulus heights upstream of the nozzle inlet, was set as a mass flow inlet 

condition based on the experimental measurements. The turbulence parameters at the annulus 

inlet were specified in terms of the turbulence intensity and hydraulic diameter. In the current 

study, the turbulence intensity (TI) was set as 10% based on TI measurements at the annulus exit 

and round nozzle exit on the hot gas wind tunnel. The details are discussed in Appendix F. The 

boundary conditions of the plenum were set as pressure inlet/outlet using the ambient conditions. 

 The hot flow properties, such as specific heat, thermal conductivity and viscosity, were 

calculated by using absolute-temperature-based polynomial equations, which were fitted by using 

the values of air properties calculated from EES (Engineering Equation Solver) software. The 

density of hot flow was computed based on the ideal gas law. 

 

 

Pressure inlet

Pressure outlet 
Mass flow inlet 
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4.2.2 Solution Convergence Study 

A convergence study was performed first to judge if the CFD model solutions were converged at 

an acceptable level by monitoring the residuals of the conserved variables. The Ejector-3 was 

selected for this study. The CFD model results were based on the Realizable k-ε turbulence model 

with the non-equilibrium wall functions. Various settings for the solution convergence criterion 

are listed in Table 4-4. For the cold flow simulations, the residuals criteria of energy was fixed at 

10-6, and the residuals criterion of the other variables were set at 10-4, 5x10-5 and 10-5. For the hot 

flow simulations, the residuals criterion of energy was set at 10-5, 5x10-6 and 10-6 and the others 

were fixed at 5x10-5. 

Table 4-4: Various settings for the solution convergence criterion of k-ε models. 

  Residuals of convergence criterion for 
  continuity u v w energy k ε 

case1 10-4 10-4 10-4 10-4 10-6 10-4 10-4 
case2 5x10-5 5x10-5 5x10-5 5x10-5 10-6 5x10-5 5x10-5 

cold 
flow 

case3 10-5 10-5 10-5 10-5 10-6 10-5 10-5 
case1 10-5 10-5 10-5 10-5 10-5 10-5 10-5 
case2 10-5 10-5 10-5 10-5 5x10-6 10-5 10-5 

hot 
flow 

case3 10-5 10-5 10-5 10-5 10-6 10-5 10-5 

Table 4-5: Effects of convergence criterion on the CFD model results. 

φ=0° φ=30° Ejector-3 case 1 case 2 case 3 case 1 case 2 case 3 
Φ2nd 39% 39% 39% 37% 44% 43% 
Φ3rd 30% 31% 31% 34% 47% 47% 

dew  (m/s) 55 55 55 34 38 38 
Cold 
flow 

desP _  (Pa) -0.38 -3.1 -2.6 -41 -172 -173 
Φ2nd    61% 61% 61% 
Φ3rd    70% 70% 70% 

dew  (m/s)    51 51 51 

desP _  (Pa)    -212 -211 -211 

Hot 
flow 

desT _  (K)    489 489 489 
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 The CFD model results are presented in Table 4-5 and Figure 4-4. As can be seen from the 

magnitude and x-centerline distributions, for the cold flow with the 0° swirl condition, the 

residuals below 10-4 was good enough. For the cold flow with the 30° swirl condition, the 

residuals should be set below 5x10-5 to reach the stable solutions. For the hot flow simulations, 

changing energy residuals from 10-5 to 10-6 did not affect the solutions when the residuals of the 

other variables were set as 5x10-5. Therefore, in this research, the residuals of convergence 

criterion were set, at least, below 5x10-6 for energy and 5x10-5 for all other variables. 
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Figure 4-4 (a) x-centerline axial velocity, φ=0°, cold flow. 

Figure 4-4: Effects of convergence criterion on the x-centerline profiles at the diffuser 
exit, cold flow: (a) axial velocity, φ=0° (b) static gauge pressure, φ=0° (c) 
axial velocity, φ=30° (d) static gauge pressure, φ=30°; and hot flow: (e) axial 
velocity, φ=30°, (f) static gauge pressure, φ=30°, (g) temperature, φ=30°. 
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Figure 4-4 (b) x-centerline static gauge pressure, φ=0°, cold flow. 
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Figure 4-4 (c) x-centerline axial velocity, φ=30°, cold flow. 

Figure 4-4: Effects of convergence criterion on the x-centerline profiles at the diffuser 
exit, cold flow: (a) axial velocity, φ=0° (b) static gauge pressure, φ=0° (c) 
axial velocity, φ=30° (d) static gauge pressure, φ=30°; and hot flow: (e) axial 
velocity, φ=30°, (f) static gauge pressure, φ=30°, (g) temperature, φ=30°. 
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Figure 4-4 (d) x-centerline static gauge pressure, φ=30°, cold flow. 
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Figure 4-4 (e) x-centerline axial velocity, φ=30°, hot flow. 

Figure 4-4: Effects of convergence criterion on the x-centerline profiles at the diffuser 
exit, cold flow: (a) axial velocity, φ=0° (b) static gauge pressure, φ=0° (c) 
axial velocity, φ=30° (d) static gauge pressure, φ=30°; and hot flow: (e) axial 
velocity, φ=30°, (f) static gauge pressure, φ=30°, (g) temperature, φ=30°. 
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Figure 4-4 (f) x-centerline static gauge pressure, φ=30°, hot flow. 
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Figure 4-4 (g) x-centerline temperature, φ=30°, hot flow. 

Figure 4-4: Effects of convergence criterion on the x-centerline profiles at the diffuser exit, 
cold flow: (a) axial velocity, φ=0° (b) static gauge pressure, φ=0° (c) axial 
velocity, φ=30° (d) static gauge pressure, φ=30°; and hot flow: (e) axial velocity, 
φ=30°, (f) static gauge pressure, φ=30°, (g) temperature, φ=30°. 
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4.2.3 Independence Study 

The independence study includes two parts: a domain independence study and a grid 

independence study. They were performed with the CFD models of Ejector-3 (round straight 

ejector with entraining diffuser). The CFD model results presented here were based on the 

Realizable k-ε turbulence model with the non-equilibrium wall functions. The simulations 

converged with the second order discretization scheme and the residuals of the main variables 

were below 5x10-5. 

4.2.3.1 Domain independence study 

Lp3=3.9*Dmt

R
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de
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Figure 4-5 (a) domain I. 
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Figure 4-5 (b) domain II. 

Figure 4-5: Geometry of computational domains: (a) domain I, (b) domain II. 
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 Two kinds of domains (domain I and II) were involved. The domain I was used to check the 

effects of the plenum length, Lp2. Coefficient n was set as 5, 8 and 11. The boundary conditions at 

the annulus inlet were mp=1 kg/s, Tp0=773 K and φ=0°. The pumping ratio and parameters 

(velocity, static pressure and static temperature) at the diffuser exit were used for the comparison. 

The results are presented in Table 4-6, Figure 4-6 and Figure 4-7. The data show that the plenum 

length has no effects on the ejector performance when n changes from 5 to 11. However, the axial 

velocity contours at center plane illustrate that the flow exiting from the diffuser exit was more 

developed in the longer plenum (n=8 and n=11) than the shorter plenum (n=5). Since, in the 

experiments, the primary mass flow rate was around 2 kg/s, longer plenum is preferred. In this 

research, the final plenum length was set as eight times of the diffuser exit diameter (Lp2=8*Dde). 

Table 4-6: Effects of plenum length on the CFD model results. 

 n=5 n=8 n=11 
Φ2nd 64% 64% 64% 
Φ3rd 54% 54% 54% 

dew  (m/s) 47 47 47 

desP _  (Pa) -12 -12 -12 

desT _  (K) 518 518 518 
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Figure 4-6 (a) x-centerline axial velocity. 

Figure 4-6: Effects of plenum length on the x-centerline profiles at the diffuser exit, hot 
flow, φ=0°: (a) axial velocity, (b) static gauge pressure, (c) temperature. 
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Figure 4-6 (b) x-centerline static gauge pressure. 
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Figure 4-6 (c) x-centerline temperature. 

Figure 4-6: Effects of plenum length on the x-centerline profiles at the diffuser exit, hot 
flow, φ=0°: (a) axial velocity, (b) static gauge pressure, (c) temperature. 
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Figure 4-7 (a) axial velocity of the center plane, n=5. 

 

Figure 4-7 (b) axial velocity of the center plane, n=8. 

 

Figure 4-7 (c) axial velocity of the center plane, n=11. 

Figure 4-7: Effects of plenum length on the axial velocity (m/s) contours of the center 
plane with: (a) n=5, (b) n=8, (c) n=11. 
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 The domain II was used to check if the CFD model results were sensitive to the domain shape. 

The data were compared at two kinds of boundary inlet conditions: (a) φ=0°, mp=1.77 kg/s and 

Tp0=758 K (b) φ=30°, mp=1.43 kg/s and Tp0=735 K. The results are presented in Table 4-7 and 

Figure 4-8. 

Table 4-7: Effects of domain shape on the CFD model results. 

 φ=0° φ=30° 

 domain I domain II domain I domain II 

Φ2nd 59% 59% 61% 61% 

Φ3rd 54% 54% 71% 70% 

dew  (m/s) 83 83 51 51 

desP _  (Pa) -18 -4 -213 -211 

desT _  (K) 513 513 489 489 
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Figure 4-8 (a) x-centerline axial velocity. 

Figure 4-8: Effects of domain shape on the x-centerline profiles at the diffuser exit, φ=0°, 
hot: (a) axial velocity, (b) static gauge pressure, (c) temperature. 
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Figure 4-8 (b) x-centerline static gauge pressure. 

0

100

200

300

400

500

600

700

800

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

x (m)

T
 (K

)

domain I (φ=0)
domain II (φ=0)
domain I (φ=30)
domain II (φ=30)

 
Figure 4-8 (c) x-centerline temperature. 

Figure 4-8: Effects of domain shape on the x-centerline profiles at the diffuser exit, φ=0°, 
hot: (a) axial velocity, (b) static gauge pressure, (c) temperature. 

 As can be seen, except for a slight difference in the static gauge pressure (magnitude and 

distribution) at the diffuser exit at the 0° swirl condition, the domain shape showed almost 

negligible influence on the CFD model results. Since domain II was smaller, all the final results 

were based on the domain II. However, domain I was used for some preliminary CFD model 
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studies. The domains of other ejector system were constructed by using the same method applied 

on domain II. 

4.2.3.2 Grid independence study 

4.2.3.2.1 Mesh of core and near wall region 

To see how grid density affects the CFD simulations, four kinds of mesh scheme were compared 

with specified boundary conditions of cold flow experiments under the 0° swirl and the 30° swirl. 

The results shown in Table 4-8 and Figure 4-9 indicate that the magnitudes and distributions of 

studied parameters were not sensitive to the grid density. Based on the available computational 

resources and time required for reaching converged solutions, the mesh scheme in case 1 was 

selected for further studies. 

Table 4-8: Effects of mesh density of core and near wall region on the CFD model 
results. 

  Exp. case 1 
(1.58M) 

case 2 
(1.28M) 

case 3 
(3.03M) 

case 4 
(2.45M) 

near wall 
mesh 

 

 baseline same same finer mesh 
scheme 

core mesh 
  baseline coarser finest finer 

Φ2nd 
 

39% 40% 38% 40% 39% 

Φ3rd 
 

36% 29% 28% 29% 28% 

dew  (m/s) 53 56 56 56 56 

swirl 
angle 
φ=0° 

desP _  (Pa) -7 -13 -11 -11 -15 

Φ2nd 
 

18% 46%  46% 45% 

Φ3rd 
 

57% 45%  45% 43% 

dew  (m/s) 35 37  37 37 

swirl 
angle 
φ=30° 

desP _  (Pa) -138 -155  -166 -160 
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Figure 4-9 (a) x-centerline axial velocity, φ = 0°. 
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Figure 4-9 (b) x-centerline axial velocity, φ = 30°. 

Figure 4-9: Effects of mesh density of core and near wall region on the x-centerline 
profiles at the diffuser exit for: (a) axial velocity, φ=0°, (b) axial velocity, 
φ=30°, (c) static gauge pressure, φ=0°, (d) static gauge pressure, φ=30°; and 
wall pressure distribution on the mixing tube wall for: (e) φ=0°, (f) φ=30°. 
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Figure 4-9 (c) x-centerline static gauge pressure, φ = 0°. 
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Figure 4-9 (d) x-centerline static gauge pressure, φ = 30°. 

Figure 4-9: Effects of mesh density of core and near wall region on the x-centerline 
profiles at the diffuser exit for: (a) axial velocity, φ=0°, (b) axial velocity, 
φ=30°, (c) static gauge pressure, φ=0°, (d) static gauge pressure, φ=30°; and 
wall pressure distribution on the mixing tube wall for: (e) φ=0°, (f) φ=30°. 
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Figure 4-9 (e) mixing tube wall pressure, φ = 0°. 
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Figure 4-9 (f) mixing tube wall pressure at φ = 30°. 

Figure 4-9: Effects of mesh density of core and near wall region on the x-centerline 
profiles at the diffuser exit for: (a) axial velocity, φ=0°, (b) axial velocity, 
φ=30°, (c) static gauge pressure, φ=0°, (d) static gauge pressure, φ=30°; and 
wall pressure distribution on the mixing tube wall for: (e) φ=0°, (f) φ=30°. 

 

 



106 

Table 4-9: Effects of mesh density at standoff and round inlet on the CFD model results. 

  Exp. case 1 
(1.6M) 

case 2 
(1.7M) 

case 3 
(3.0M) 

Stand off 
mesh 

 

 baseline finer finer mesh 
scheme 

Round inlet 
mesh 

 

 baseline same finer 

Φ2nd 
 

39% 38% 39% 39% 

Φ3rd 
 

36% 31% 31% 32% 

dew  (m/s) 
 

53 55 55 55 

swirl 
angle 
φ=0° 

desP _  (Pa) -7 -3 11 2 
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Figure 4-10 (a) x-centerline axial velocity. 

Figure 4-10: Effects of mesh density of standoff and round inlet on the x-centerline 
profiles at the diffuser exit for: (a) axial velocity,  (b) static gauge pressure, 
(c) wall pressure. 
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Figure 4-10 (b) centerline static pressure. 
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Figure 4-10 (c) mixing tube wall pressure. 

 

Figure 4-10: Effects of mesh density of standoff and round inlet on the x-centerline 
profiles at the diffuser exit for: (a) axial velocity,  (b) static gauge pressure, 
(c) wall pressure. 
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4.2.3.2.2 Mesh of standoff and round inlet 

Different mesh densities were used at the standoff and round inlet of mixing tube and each ring of 

the entraining diffuser. The CFD model data were compared with data from a cold flow 

experiment at 0° swirl condition. The results shown in Table 4-9 and Figure 4-10 indicate that a 

finer mesh at the standoff and round inlet contributes very little to the CFD model results 

(average magnitude and distribution). The baseline mesh scheme was used for the work. 

4.2.4 Selection of Turbulence Model and Near Wall Treatment 

4.2.4.1 Selection of turbulence model 

One of the criterions of selecting suitable turbulence model is to find a good prediction on the 

pumping ability of ejector. At the 0° swirl condition, the data in Table 4-10 show the RSM gave 

the best prediction of the total pumping. At the 30° swirl condition, RNG model and k-ω (SST) 

model showed better prediction on the total pumping but for the wrong reason. The RSM gave 

similar pumping prediction as Realizable k-ε. RSM, RNG and k-ω models had more difficulty for 

the convergence than the Standard and Realizable k-ε model. The convergence of the RSM 

solution was judged by monitoring the mass flow rate at the mixing tube inlet, each diffuser ring 

inlet and the diffuser exit to be changed in the range of 10-3 kg/s with residuals of the main 

variables being below 5x10-5. 

 The data of wall pressure distribution along mixing tube wall (Figure 4-11) show that except 

for the Standard k-ε model, all models gave a reasonable estimation of the wall pressure at the 0° 

swirl condition. At the 30° swirl condition, no model was capturing the right wall pressure. 

However, the solution of RSM was better than the solution of other models. 

 The x-centerline velocity profiles at the diffuser exit for the various turbulence models are 

shown in Figure 4-11. As can be seen, at the 0° swirl condition, all models demonstrated a good 

estimation of the velocity profile. However, even the RSM under predicted the mixing and 



109 

presented a small wake region at the center. At the 30° swirl condition, the most reasonable 

prediction could be found from the Realizable k-ε model. RSM over predicted the core separation 

as seen from the recirculation zone at the center region. 

Table 4-10: Effects of turbulence models on the CFD model results. 

swirl 
angle 

Turbulence 
model 

wall 
functions Φ2nd Φ3rd Φt 

Experimental 39% 36% 175% 
Std. k-ε 46% 35% 180% 

RNG k- ε 38% 27% 165% 
Rea. k-ε 

non-
equilibrium 40% 29% 169% 

k-ω (SST) 37% 22% 158% 
V2-f  35% 24% 158% 

φ=0° 

RSM non-
equilibrium 38% 34% 172% 

Experimental 18% 57% 175% 
Std. k-ε 46% 44% 189% 

RNG k- ε 39% 32% 170% 
Rea. k-ε 

non-
equilibrium 46% 45% 190% 

k-ω (SST)  44% 34% 178% 
φ = 30° 

RSM non-
equilibrium 42% 48% 190% 
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Figure 4-11 (a) mixing tube wall pressure, φ=0°. 

Figure 4-11: Wall pressure distribution along the mixing tube wall for various turbulence 
models at: (a) φ=0°, (b) φ=30°. 
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Figure 4-11 (b) mixing tube wall pressure, φ=30°. 

Figure 4-11: Wall pressure distribution along the mixing tube wall for various turbulence 
models at: (a) φ=0°, (b) φ=30°. 
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Figure 4-12 (a) x-centerline axial velocity, φ=0°. 

Figure 4-12: x-centerline velocity profiles at the diffuser exit for various turbulence 
models at: (a) φ=0°, (b) φ=30°.Figure 4-12: x-centerline velocity profiles 
at the diffuser exit for various turbulence models at: (a) φ=0°, (b) φ=30°. 
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Figure 4-12 (b) x-centerline axial velocity, φ=30°. 

Figure 4-12: x-centerline velocity profiles at the diffuser exit for various turbulence 
models at: (a) φ=0°, (b) φ=30°. 

 

 As can be seen, the prediction of ejector performance from RSM did not show better 

agreement to experimental data than other models. However, the efforts spent on making a 

converged RSM solution were almost five times that of the Realizable k-ε model. Converging 

process of RSM is very sensitive to mesh quality, domain size, control of under-relaxation factor 

and even the strategy of the converging method. By considering the reliability of converging 

process and the ability of solving the complex swirling flow, the realizable k-ε turbulence model 

was mainly used in this research. 

4.2.4.2 Selection of near wall treatment  

Because the flow mixing in the ejector involved flow separation and reattachment, the non-

equilibrium wall functions and enhanced wall treatment were more capable than the standard wall 

functions for this kind of complex flow [24]. In this research, the standard wall functions were not 

considered. 
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 For selecting the suitable near wall treatment, a y+ study was performed for a case with 30° 

swirl. The process is shown in Table 4-11. After four adaptions, y+ value was satisfied for the 

requirement of applying enhanced wall treatment. However, data shown in the Figure 4-13 

presented very little difference on the wall pressure prediction between the non-equilibrium wall 

functions and enhanced wall treatment. The enhanced wall treatment required very fine mesh at 

the near wall region and this caused huge grid density for the CFD models, and as a result, much 

more computational resources and time were needed. FLUENT [24] also states that the fidelity of 

the predictions in swirling flows is mainly established on the accuracy of the turbulence model in 

the core region. The near-wall turbulence modeling, in these cases, is a secondary concern at most. 

Therefore, for the practical purposes, the non-equilibrium wall functions were selected for most 

of the CFD model studies. 

Table 4-11: Process of y+ adaption for a case with 30° swirl. 

 
Original Grid 
(Rea, NEq.) 

(1.8M) 

Adapted Grid  
(Rea, Enh.) 

(7.1M) 
wall y+ 19 ~ 93 

 

 
 

4 adaptions on wall y+ 1.5 ~ 6 
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Figure 4-13: Wall pressure distribution along the mixing tube wall at the 30° swirl 
condition with the Realizable k-ε turbulence model and different near wall 
treatments. 
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4.2.5 Verification of Nozzle Inlet Conditions 

In the CFD models, the mass flow inlet boundary condition was specified at the annulus inlet, 

which was 29-annulus heights upstream from the nozzle inlet (see Figure 4-14), with the 

experimentally measured mass flow rate, total temperature, swirl angle and 10% turbulence 

intensity. The velocity profile at the annulus inlet was assumed to be uniform. The actual nozzle 

inlet velocity profile was measured at 4-annulus heights upstream from nozzle inlet (probe 

location, see Figure 4-14). Comparison between the CFD model and experimental data were 

processed to check if the velocity profiles could be predicted by the CFD models closely and if 

the inlet turbulent level was set sufficiently. The results are presented in Table 4-12 and Figure 

4-15. As can be seen, the axial velocity profile and the tangential velocity profile were reasonably 

predicted by the CFD models. Good agreement can be observed for the swirl level at location of 

Lprobe=4h, and on turbulence intensity at the nozzle exit. The turbulence intensity at the nozzle 

exit was less than 8%. The comparison indicated that: 

1. Using mass flow inlet condition at Linlet=29h was acceptable. 

2. Setting 10% turbulence intensity at annulus inlet was reasonable. 

Linlet=29*h
Lswirl=12*h

Lprobe=4*h

Inlet Swirl

Probe  

Figure 4-14: Schematic of location of annulus inlet, swirl and 7-hole probes. 

 



114 

Table 4-12: Comparison between the computed and measured data at the location of 
Lprobe=4h and the nozzle exit. 

  mp (kg/s) swirl 
number 

swirl 
angle 

TI 
(nozzle exit) 

Exp. 0.040 1.2 7.7% φ=0° CFD 2.3 0.033 1.1 5.5% 
Exp. 0.56 19  φ=20° CFD 2.1 0.62 19  
Exp. 1.0 31 6.1% φ=30° CFD 2.0 1.1 32 7.4% 

 

Figure 4-15 (a) 
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Figure 4-15 (b) 
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Figure 4-15: Comparison of the computed and measured data at the location of Lprobe=4h 
on the profiles of: (a) axial velocity, (b) tangential velocity. 
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Chapter 5 

Results and Discussions 

The experimental and CFD model results are presented in this chapter. Ejector-1 and Ejector-2 

were used in the preliminary experiments which were run on the cold flow wind tunnel which is 

located in Department of Mechanical and Materials Engineering, Queen’s University. The 

experiments of Ejector-3 to Ejector-8 were carried out on the hot gas wind tunnel which is located 

at the Center for Advanced Gas Combustion Technology (CAGCT), Kingston, ON. The 

following performance parameters will be discussed in detail, pumping ratios (Φ), temperature-

corrected pumping ratios (Φ’), back pressure, pressure recovery in the diffuser, pressure rise 

along the ejector, temperature distribution, and flow structure inside the ejector and at the diffuser 

exit. Without special mention, all the CFD model results presented here were based on Realizable 

k-ε turbulence model with non-equilibrium wall functions. The simulations converged with 

second order discretization scheme and residuals of main variables were below 5x10-5. 

 

5.1 The Level of Flow Swirl along the Ejectors 

5.1.1 Actual Swirl Angle 

In total, five different swirl conditions were applied in the annulus upstream of the nozzle inlet by 

installing the corresponding swirlers. The swirlers were used to rotate the flow through the fixed 
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blades with designed angles. However, the actual flow angle after the swirler varied from the 

designed nominal angle due to the manufacture. Actual measured swirl angles before nozzle inlet 

of different ejectors are listed in Table 5-1. The radial distribution of swirl angle in the annulus 

(see Figure 5-1) showed that the flow rotating was nearly uniform before the nozzle. 

Table 5-1: Actual average flow swirl angle in the annulus upstream of the nozzle inlet 
for Ejector-1 to Ejector-6 under various nominal swirl conditions, cold flow. 

 E-1 E-2 E-3 E-4 E-5 E-6 
nominal φ=10°   11.0 13.6 12.7 13.4 
nominal φ=20° 20.6 19.5 18.3 19.2 19.0 19.6 
nominal φ=30°   30.3 32.1 30.1 31.5 
nominal φ=40° 42.2 41.2     
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Figure 5-1: Radial distribution of the flow swirl angle in the annulus, Ejector-3, cold flow. 
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5.1.2 Flow Swirl Level along the Ejectors 

As known, the flow features would be greatly changed after the swirlers were applied. As a result, 

the ejector performance should be affected. The effects of the swirl might not be all favourable 

for the performance due to the strength of the swirl. Knowing the swirl level distribution along 

the ejectors will help to understand the behaviour of the ejectors with entraining diffusers. The 

flow swirl level downstream of the swirler can be presented more accurately by using the swirl 

number (S), which was introduced in Chapter 2. As can be seen from Equation (2.2) and (2.3), 

both numerator and denominator are changing when calculating the swirl number at the different 

locations inside an ejector. The swirl number after the swirler was expected to be reducing due to 

the increasing axial velocity (at the nozzle exit) or bigger diameter (inside the mixing tube). 

However, the actual swirl level only can be known from the calculation based on the 

experimental and CFD model data. Finding the swirl number inside an ejector also helps to select 

the right turbulence models. FLUENT [24] recommends to use the Realizable k-ε or RNG models 

to simulate the flow when the swirl number is no more than 0.5, and the RSM for the flow when 

the swirl number is bigger than 0.5. 

 The detailed calculation is listed in Table 5-2. In each experiment, only the swirl number at 

the nozzle inlet and the diffuser exit can be calculated from the experimental data. The swirl 

numbers at the nozzle exit under various swirl conditions were estimated from the mass balance 

experiments, in which only the nozzle performance was measured, by assuming the same flow 

rotating feature at the nozzle exit with or without a mixing tube and a diffuser installed.  

 The degree of swirl can be categorized as very weak swirl (S ≤ 0.2), weak swirl (S ≤ 0.4) and 

strong swirl (S ≥ 0.6) [25]. As shown in experimental data, in the annulus, the weak swirl was 

produced by the 10° swirler and the strong swirl was produced when the swirl angle was no less 

than 20°. However, the degree of swirl was decreasing along the ejector. The swirl level at the 

nozzle exit was dramatically decreased more than 50%, which turned the strong swirl into the 
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weak swirl. The swirl degree at the diffuser exit was only around 25% of the swirl degree at the 

annulus for the Ejector-3 (round straight ejector) and almost disappeared for the Ejector-4 

(oblong straight ejector). Simply using the swirl number to judge the flow rotating feature at 

specified location (such as diffuser exit) was not very appropriate for all the ejectors since some 

local small vortices were expected to see in the Ejector-4 (oblong shape), Ejector-5 and Ejector-6 

(bent entraining diffuser) under certain inlet swirl conditions. However, the swirl number, at least, 

showed the changing tendency of the swirl degree along the ejector system.  

Table 5-2: Swirl number distribution along various Ejectors under various nominal swirl 
conditions, cold flow. 

   nozzle 
inlet 

nozzle 
exit 

MT 
inlet 

MT exit diffuser 
exit 

φ=20° 0.64    0.22 E-1 Exp. φ=40° 1.6    0.56 
φ=20° 0.59    0.14 E-2 Exp. φ=40° 1.5    0.31 
φ=10° 0.32 0.16   0.07 
φ=20° 0.56 0.29   0.14 Exp. 
φ=30° 1.0 0.38   0.28 
φ=20° 0.61 0.32 0.18 0.19 0.15 

E-3 

CFD φ=30° 1.1 0.53 0.31 0.36 0.29 
φ=10° 0.41 0.15   0.071 
φ=20° 0.59 0.21   0.082 Exp. 
φ=30° 1.1 0.24   0.080 
φ=20° 0.63 0.18 0.090 0.090 0.040 

E-4 

CFD φ=30° 1.1 0.26 0.14 0.074 0.027 
φ=10° 0.38    0.18 
φ=20° 0.58    0.20 Exp. 
φ=30° 0.99    0.28 
φ=20° 0.62 0.32 0.18 0.20 0.15 

E-5 

CFD φ=30° 1.1 0.52 0.31 0.36 0.27 
φ=10° 0.40    0.21 
φ=20° 0.60    0.18 Exp. 
φ=30° 1.0    0.26 
φ=20° 0.64 0.33 0.19 0.21 0.16 

E-6 

CFD φ=30° 1.1 0.54 0.33 0.40 0.24 
 

 The CFD models showed very good prediction of the swirl level at the nozzle inlet and the 

diffuser exit. For the Ejector-3, the CFD models overpredicted the swirl degree at nozzle exit, 

however, for Ejector-4, the CFD models estimated the swirl degree at the nozzle exit in a 
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reasonable range. The reliable CFD model data on the swirl degree prediction indicated that 

unable-measured swirl degree inside mixing tube could be estimated from the CFD model data. 

The predicted swirl degree at the mixing tube inlet and the exit presented an almost constant swirl 

level inside the mixing tube.  

 As discussed above, even a very strong swirl level (up to S equals 1.5 for 40° swirl) applied at 

annulus, the converging or oblong nozzle could significantly reduce this strong swirl level to a 

weak swirl degree. As a result, the degree of swirl inside the whole ejector was below 0.4. 

However, straight pipe nozzle (RN1) did not have this effect; consequently, the swirl degree 

inside the Ejector-1 at the 40° swirl condition was predicted to be much higher than that of 

Ejector-2. 

Figure 5-2: Typical jet flow with: (left) low degree of swirl (S < 0.4); (right) high degree 
of swirl (S > 0.6) [25]. 

 Gupta et al. [25] discussed the effects of the strength of swirl on the typical jet flow (see 

Figure 5-2). He stated that the weak swirl could increase the width of a free or confined jet flow. 

Consequently, a wider slower jet than its non-swirling counterpart would be produced. The 

pumping was enhanced gradually as the swirl level was increased. The strong swirl could result in 
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much wider and slower jet than its non-swirling counterpart. Strong radial and axial pressure 

gradients were caused near the nozzle exit. An axial recirculation zone was resulted from this 

strong adverse axial pressure gradient. Gupta et al. [25] also concluded that the actual effects of 

swirl depends on, except swirl number, many other factors; such as the nozzle geometry and even 

the particular velocity profiles at the nozzle exit. 

 

5.2 Ejector-1 and Ejector-2 

The full dimensions of two round straight ejector systems, Ejector-1 and Ejector-2, are illustrated 

in Figure 5-3 and Figure 5-4 respectively. The main difference between these two ejector systems 

was the nozzle exit diameter. The area ratio of Amt /Ane changed from 2.58 for Ejector-1 to 3.87 for 

Ejector-2. The standoff ratio, s/Dne, was fixed as 0.5. The cold flow experiments were operated 

under three swirl conditions: nominal 0° swirl, nominal 20° swirl and nominal 40° swirl. 
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Figure 5-3: Dimensions (in mm) of Ejector-1 (E-1). 
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Figure 5-4: Dimensions (in mm) of Ejector-2 (E-2). 
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Figure 5-5: Experimental primary mass flow rate as a function of swirl angle for 

Ejector-1 and Ejector-2. 

 

5.2.1 Primary Mass Flow Rate 

Figure 5-5 shows the effect of swirl on the primary mass flow rate, mp, for two ejectors. Primary 

mass flow rate decreased as the swirl angle increased. As shown in Figure 5-6, to overcome the 

higher local pressure loss at the converging nozzle exit, the larger back pressure was required by 

Ejector-2 than Ejector-1. As a result, the primary mass flow rate of Ejector-1 was more than that 

of Ejector-2 at each swirl condition. 
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Figure 5-6: Experimental back pressure coefficient as a function of swirl angle for 
Ejector-1 and Ejector-2. 

 

5.2.2 Pumping 

The effects of swirl on the secondary (Φ2nd) and tertiary pumping ratio (Φ3rd) of Ejector-1 and 

Ejector-2 are shown in Figure 5-7. The ratios of both ejectors were very close at the 0° swirl 

condition. For both ejectors, in general, the 20° swirl enhanced pumping ability while the 40° 

swirl decreased it. When the swirl was applied, the ratios of Ejector-2 were higher than those of 

Ejector-1, especially for the secondary pumping ratio. As a result, the total pumping ratios shown 

in Figure 5-8, for both ejectors, were increased by the 20° swirl and then decreased by the 40° 

swirl. As can be seen, higher velocity of primary jet with higher area ratio of Amt /Ane can greatly 

enhance the pumping ability of ejector. However, for Ejector-1, the 40° swirl dramatically 

reduced the pumping performance. 
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Figure 5-7: Experimental secondary and tertiary pumping ratios as a function of swirl 
angle for Ejector-1 and Ejector-2. 
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Figure 5-8: Experimental total pumping ratio as a function of swirl angle for Ejector-1 
and Ejector-2. 

 The data presented that the swirl did not always have a positive effect on the pumping 

performance. When the primary flow transited from the annulus region into the round nozzle, the 

flow separated from the ellipsoidal end of the annulus center body. This produced a low velocity 
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wake region behind the center body. This wake region can be recovered along the flow direction. 

When swirl was applied, the flow tended to separate from the center body earlier thus producing a 

larger wake region. This phenomenon was supported by showing the experimental axial velocity 

contours1 of the straight nozzle (RN1) exit at different swirl conditions (see Figure 5-9 (a) and 

(c)). At the 40° swirl condition, a larger and severe core separation zone (recirculation) can be 

clearly seen at the straight nozzle exit in the experimental results due to the high swirl efforts. The 

diameter of the recirculation zone at the nozzle exit was close to the diameter of the annulus 

center body (81 mm). 

 At the 0° swirl condition, axial velocity contour at the straight nozzle exit was reasonably 

predicted by the CFD models. The CFD models (see Figure 5-9 (e)) predicted the wake region 

just after the center body as expected. At the 40° swirl condition, the size of the recirculation zone 

was underestimated by the CFD models. 

 At the 40° swirl condition, the axial velocity contours of the diffuser exit for Ejector-1 and 

Ejector-2 are shown in Figure 5-10. For Ejector-1, the recirculation zone at the nozzle exit was 

propagated along the flow direction. The diameter of the recirculation zone at the diffuser exit 

was amplified up to around 200 mm, which was close to the diameter of the mixing tube (244 

mm). The size of the recirculation zone at the converging nozzle (RN2) exit was supposed to be 

smaller than that of the straight nozzle exit since the converging shape forced the annulus flow to 

go to the center and enhanced the mixing at the nozzle exit. For Ejector-2, the recirculation zone 

disappeared at the diffuser exit. This indicated that the ejector with the lower velocity primary jet 

(large nozzle exit diameter) was more susceptible to core separation at the high inlet swirl 

conditions. As can be seen, this severe core separation dramatically reduced the ejector pumping 

ability. 
                                                      

1 The axial velocity contours of the nozzle exit were obtained by removing the mixing tube and diffuser and 

taking the detailed measurement at the nozzle exit by using a 7-hole probe. The effects of removing the 

mixing tube and diffuser on the annulus inlet flow conditions are discussed in Appendix G.  
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Figure 5-9 (a) Exp. w contour, cold flow, φ=0° Figure 5-9(b) CFD w contour, cold flow, φ=0° 

 
Figure 5-9(c) Exp. w contour2, cold flow, φ=30° Figure 5-9 (d) CFD w contour, cold flow, φ=30° 

 
Figure 5-9 (e) CFD w contour, cold flow, φ=0° Figure 5-9 (f) CFD w contour, cold flow, φ=30° 

Figure 5-9: Axial velocity (m/s) contours of RN1, cold flow, at the nozzle exit: (a) Exp., 
φ=0°, (b) CFD, φ=0°, (c) Exp., φ=40°, (d) CFD, φ=40°; and the nozzle center 
plane: (e) CFD, φ=0°, (f) CFD, φ=40°. 

                                                      

2 The black color in the figure indicated a flow separation zone (such as recirculation) in which the velocity 

information could be captured by the 7-hole probes because the flow angle was outside of the calibrated 

range of the probes. 
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Figure 5-10 (a)     Figure 5-10 (b) 

Figure 5-10: Experimental axial velocity contours of the diffuser exit, cold flow, for: (a) 
Ejector-1, φ=40°, (b) Ejector-2, φ=40°. 

 Since the velocities of the recirculation zone could not be measured, to answer if this 

unknown info could affect the mass flow rate calculation, a mass balance experiment was 

performed for the straight nozzle with the 40° swirl. The calculation showed that the mass flow 

rate at the straight nozzle inlet was 1.27 kg/s, and mass flow rate at the straight nozzle exit was 

1.24 kg/s. This was done by ignoring the mass flow of the recirculation zone due to the unknown 

parameters. There was only 2.4% difference between these two values suggesting that the 

recirculation zone made little contribution to the overall mass flow. 

5.2.3 Effects of Removing the Mixing Tube and Diffuser 

The detailed velocity measurements at the nozzle exit were obtained by removing the mixing tube 

and diffuser downstream of the nozzle and traversing a 7-hole probe at the nozzle exit. To answer 

how the nozzle inlet flow parameters and features were affected after the mixing tube and diffuser 

were removed, some complementary experiments for Ejector-1 were run. The results are 

summarized in Table 5-3. 
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Table 5-3: Comparison of the nozzle inlet flow parameters with only nozzle, nozzle and 
mixing tube and the entire ejector (Ejector-1). 

  only nozzle nozzle and 
mixing tube entire ejector 

mp_ni (kg/s) 2.2 2.2 2.2 
φ=0° 

ninib qP _  0.40 0.40 0.39 

mp_ni (kg/s) 1.3  1.3 
φ=40° 

ninib qP _  0.041  -0.20 

 

 As can be seen, at the 0° swirl condition, the mass flow rate and average back pressure at the 

nozzle inlet were not changed when the mixing tube and diffuser were added. At the 40° swirl 

condition, adding the mixing tube and diffuser did not change the primary mass flow rate, but 

changed the back pressure. However, the large recirculation zone shown at the nozzle exit (Figure 

5-9 (c)) was also clearly seen at the diffuser exit (Figure 5-10 (a)). This indicated that the velocity 

features at the nozzle exit caused by the swirl were not hidden by adding the mixing tube and 

diffuser. 

 

5.2.4 Diffuser Pressure Recovery 

The diffuser pressure recovery (CpD) for both ejectors, which was calculated based on the wall 

pressure measurements, is presented in Figure 5-11. The pressure recovery was improved by the 

20° swirl due to the swirl stabilizing the flow in the diffuser and keeping the flow attached to the 

diffuser wall. However, at the 40° swirl condition, the swirl level inside the Ejector-1 (S > 0.5) 

was much higher than the swirl level inside Ejector-2 (S was around 0.3). The strong swirl level 

hurt the diffuser performance due to the big core separation. 



128 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 20 40
Swirl angle  (°)

C
pD

E-1 E-2

 
Figure 5-11: Experimental diffuser pressure recovery as a function of swirl angle for  

Ejector-1 and Ejector-2. 

5.2.5 Flow Non-Uniformity at the Diffuser Exit 

A uniform velocity profile at the diffuser exit gave the best ejector performance. However, flow 

non-uniformity at the diffuser exit presented in every experiment. The magnitude of the non-

uniformity can be quantified by kinetic energy flux factor (fke). The values of fke at the diffuser 

exit at various swirl conditions for both ejectors are listed in Table 5-4. As can be seen, at the 0° 

swirl condition, the velocity profile at the diffuser exit was far from uniform and swirl can 

improve the flow uniformity at the diffuser exit except for Ejector-1 at 40° swirl condition due to 

the big core separation. 

Table 5-4: Experimental flow uniformity at the diffuser exit as a function of swirl angle 
for Ejector-1 and Ejector-2. 

 Swirl fke 
φ=0° 3.1 
φ=20° 1.5 Ejector-1 
φ=40° 2.2 
φ=0° 5.4 
φ=20° 1.5 Ejector-2 
φ=40° 1.4 
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5.3 Ejector-3 

The full dimensions of Ejector-3 (round and straight) system are illustrated in Figure 5-12. The 

standoff ratio was 0.5. The area ratio of Amt /Ane was 2. Both cold flow experiments and hot flow 

experiments (primary flow temperature was around 460°C) were conducted. The matrix of 

experiments and simulations is listed in Table 5-5. 
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Figure 5-12: Dimensions (in mm) and computational domain of Ejector-3 (E-3). 

Table 5-5: Matrix for experiments and simulations of Ejector-3. 

Ejector-3  φ=0° φ=10° φ=20° φ=30° 

cold flow × × × × Exp. hot flow × × × × 
cold flow ×  × × CFD hot flow ×  × × 
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5.3.1 Hot Flow Properties 

For the hot flow experiments, the cold air with ambient temperature was heated up to the required 

temperature by using a natural gas burner. Due to the combustion process, some products (like 

CO2 and water vapour) exited in the hot flow. As a result, the flow properties may be affected. 

The compositions of the hot flow were analyzed simply in this section for one hot experiment of 

Ejector-3 with φ=0°. Some required flow parameters are listed in Table 5-6.  

Table 5-6: Required flow parameters for the composition analysis. 

ambient cold air 
temperature, Tc 

(K) 

hot flow 
temperature, Th 

(K) 

Volume flow 
rate at nozzle 

inlet, Qni (m3/s) 

static absolute 
back pressure, 

Pb (kPa) 
298 738 3.65 102 

 

 Some assumptions were made to simplify the analysis as follows:  

• The natural gas only contains Methane (CH4).3 

• Ideal combustion in excess air. 

• All the gases discussed were treated as the ideal gases. 

• No energy loss was considered. 

 The ideal combustion of CH4 in excess air can be expressed as: 

( ) 2222224 76.3276.3 bNcOOaHaCONObaCH +++→++  (5.1) 

where, a, b, c are the coefficients with unit of kmol. Thermophysical properties4 of the gases in 

the Equation (2.1) are tabulated in Table 5-7. 

 

                                                      

3 This assumption was made based on the data provided in the report from Kingston PUC (Public Utilities 

Commission). The natural gas contains 95.1% (mole based) Methane. The detailed report is available upon 

requirement. 
4 Thermophysical properties of the gases were calculated by using EES (Engineering Equation Solver, by 

F-Chart Software Inc.). 
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Table 5-7: Thermophysical properties (mole based) of the gases. 

 H at Tc=298 K, 
kJ/kmol 

H at Th=738 K, 
kJ/kmol 

Cp at Th=738 K, 
kJ/kmol-K 

ρ at Th=738 K, 
kmol/m3 

CH4 -74875    
O2 -4.43 13769 33.4 0.0167 
N2 -4.38 13119 31.1 0.0167 

CO2  -373885 50.2 0.0167 
H2O (vapour)  -226204 38.0 0.0167 

 

To find the coefficients (a, b, c), three equations were required for the closure. They are: 

 O (Oxygen) balance   cab += 2  (5.2) 

 volume balance of the products ( )smbcaa

hNhohohhco

3

____
65.376.32

2222

=+++
ρρρρ

 (5.3) 

 energy balance 

 ( ) hNhohohhcocNcocCH bHcHaHaHbHHbaH _______ 2222224
76.3276.3 +++=++  (5.4) 

 The coefficients (a, b, c) were solved from the above equations. The values are listed in Table 

5-8. The required mass flow rate of CH4 was 0.0163 kg. The total mass flow rate of the hot flow 

was 1.75 kg/s. The compositions of the products (i.e. hot flow) are shown in Table 5-9. The 

comparison of flow parameters between mixed hot flow and pure hot air are shown in Table 5-10. 

Table 5-8: Values of the coefficients. 

a (kmol) b (kmol) c (kmol) 
0.00102 0.0126 0.0106 

Table 5-9: Compositions of the products (hot flow). 

 CO2 H2O (vapour) O2 N2 
mole-based 1.67% 3.35% 17.31% 77.67% 
mass-based 2.57% 2.11% 19.35% 75.97% 

Table 5-10: Comparison of flow parameters between the mixed flow and pure air at  
Pb=103 kPa, T=738 K. 

 molecular weight 
(kg/kmol) 

mass flow rate 
(kg) 

Cp 
(kJ/kg-K) ρ (kg/m3) 

Mixed flow 28.6 1.75 1.12 0.479 
Pure Air 29.0 1.77 1.08 0.485 

Error 1.18% 1.18% 3.29% 1.18% 
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 As can be seen, the compositions of CO2 and H2O (water vapour) were fairly small with 

respect to the mass of the hot air. If neglecting CO2 and water vapour and considering the hot 

flow as pure air only, the calculation errors of the flow properties were within 3.3%. This small 

difference supported that treating the hot flow as pure air was acceptable for this study. 

5.3.2 Primary Mass Flow Rate 

Figure 5-13 presents the effect of swirl on the primary mass flow rate, mp, for Ejector-3 for both 

cold and hot flow experiments.  
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Figure 5-13: Experimental primary mass flow rate as a function of swirl angle for 

Ejector-3, cold and hot flow. 

Table 5-11: Annulus velocity, Reynolds number and volume flow rate for Ejector-3 at 
various swirl conditions. 

  φ=0° φ=10° φ=20° φ=30° 
cold flow Exp. 78.6 77.8 73.7 69.8 Annulus 

velocity (m/s) hot flow Exp. 146 143 133 115 
cold flow Exp. 4.7 4.7 4.3 4.1 Re (105) hot flow Exp. 2.1 2.0 1.9 1.7 
cold flow Exp. 2.0 1.9 1.8 1.7 Volume flow 

rate (m3/s) hot flow Exp. 3.6 3.5 3.3 2.9 
 

 The mass flow rate decreased as the swirl angle increased due to the higher pressure losses 

caused by the higher angle swirler. Quinn [56] reported that the larger viscosities caused by the 
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high temperature reduced the skewness of the flow. However, for the hot flow, the flow velocity 

and volume flow rate were much higher than those of cold flow due to the much lower density 

(see Table 5-11). A higher pressure loss inside the wind tunnel for the hot flow was expected due 

to higher friction factor (lower Re), higher volume rate and higher minor losses. Therefore, a 

higher head was required from the centrifugal pump to overcome the higher pressure losses. 

Assuming the efficiency of the centrifugal blower was the constant during the cold and hot flow 

experiments, a lower mass flow rate for the hot flow experiments was resulted from supplying the 

higher head based on the equation below. 
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Figure 5-14: Back pressure coefficient as a function of swirl angle for Ejector-3, cold and 
hot flow. 

 The primary mass flow rate of the cold flow was more than that of the hot flow at each swirl 

condition with almost constant offset ( 4.1~3.1__ =hotpcoldp mm ). The back pressure was under 

      
ηη

ρ aa mghgQhW ==  

where, W is the horsepower of the centrifugal blower; 

  η is the efficiency of the blower; 

  ha is the head provided by the blower. 

(5.5) 
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estimated by the CFD models (see Figure 5-14) for both cold flow and hot flow when the swirl 

angle was no more than 20°. 

5.3.3 Flow Structure for Ejector-3 

5.3.3.1 Flow structure inside the ejector 

The axial velocity contours of the CFD models of the centerline plane for Ejector-3 are shown in 

Figure 5-15. As can bee seen, as the inlet swirl angle was increasing, the size of the high velocity 

zone was decreased rapidly due to the improved mixing by the swirl. A core separation, which 

was starting at the annulus center body, was increased by the swirl. This separation pushed the 

core to move towards the wall, take up volume in the mixing tube and this blocked the pathway 

for the entrained air. As a result, the pumping of the mixing tube was affected. A severe 

separation could be seen at the 30° swirl condition. Correctly capturing of the features of the flow 

separation (such as size, location) were tightly linked to the success of the CFD models. 

 
Figure 5-15 (a) CFD axial velocity contour, cold flow, φ=0° 

Figure 5-15: CFD axial velocity (m/s) contours of the center plane for Ejector-3, cold flow: 
(a) φ=0°, (b) φ=20°, (c) φ=30°. 
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Figure 5-15 (b) CFD axial velocity contour, cold flow, φ=20° 

 

 

Figure 5-15 (c) CFD axial velocity contour, cold flow, φ=30° 

Figure 5-15: CFD axial velocity (m/s) contours of the center plane for Ejector-3, cold flow: 
(a) φ=0°, (b) φ=20°, (c) φ=30°. 
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5.3.3.2 Flow structure at the diffuser exit 

Figure 5-16 shows the dimensionless axial velocity (w/wne) profile of the x-centerline at the 

diffuser exit for cold and hot flow, where w was the local axial velocity at the diffuser exit and 

wne was the average axial velocity at the nozzle exit. As can bee seen from the experimental data, 

the size of the core separation region, which was caused by the swirl, was increasing when the 

swirl angle was increasing. The size of the core separation for the hot flow was smaller than that 

of the cold flow when the swirl angle was less than 30°. This was probably due to the higher 

turbulent kinetic energy of the hot flow that helped to recover the flow separation along the flow 

direction. The CFD model axial velocity profile at the nozzle exit (see Figure 5-17) supported this 

explanation. As the swirl angle increased, the difference between the CFD model and 

experimental data increased. This further demonstrated that the ability of the CFD models to 

predict the behaviour of the flow core was degrading. A center recirculation zone at the diffuser 

exit, which was not seen in the experimental data, was seen in the RSM solution. This indicated 

that RSM overpredicted the core separation. 

 The swirl effects on the uniformity of velocity and temperature at the diffuser exit are shown 

in Table 5-12. Temperature uniformity factor, ft, was used to show the uniformity of the 

temperature profile. The better the uniformity is, the closer the value is to 1. The tendency of fke 

and ft showed that increasing swirl angle could significantly improve the uniformity of the 

velocity and temperature at the diffuser exit and enhance the cooling of the hot core. Figure 5-18 

also illustrated that swirl flattened the temperature of the hot core. As expected, a better flow 

mixing of the entrained cold flow and the hot flow inside the ejector will result in a lower hot 

core temperature at the diffuser exit. Therefore, over estimation of the core temperature in the 

CFD models, again, indicated the flow mixing in the diffuser was underpredicted by the CFD 

models. The centerline temperature profile for the RSM was similar to the data for the Realizable 

k-ε model. 
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Figure 5-16 (a) axial velocity profiles, cold flow 
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Figure 5-16 (b) axial velocity profiles, hot flow 

Figure 5-16: Velocity profiles of the x-centerline at the diffuser exit under various swirl 
conditions, Ejector-3: (a) cold flow, (b) hot flow. 
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Figure 5-17: CFD velocity profiles of the x-centerline at the nozzle exit for Ejector-3, 
φ=20° and 30°. 
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Figure 5-18: Temperature profiles of the x-centerline at the diffuser exit for Ejector-3, 
hot flow. 
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Table 5-12: Velocity uniformity (fke) and temperature uniformity (ft) at the diffuser exit 
as a function of swirl angle for Ejector-3, cold and hot flow. 

fke ft Ejector-3 swirl Exp. CFD Exp. CFD 
φ=0° 2.8 3.4   
φ=10° 2.3    
φ=20° 1.7 1.7   

cold flow 
Exp. 

φ=30° 1.4 1.3   
φ=0° 2.8 3.5 0.12 0.010 
φ=10° 2.3  0.22  
φ=20° 1.7 1.8 0.49 0.010 hot flow 

Exp. 
φ=30° 1.5 1.4 0.59 0.42 

(0.51 for RSM) 
 

5.3.4 Wall Pressure Distribution 

The experimental and CFD model data for the dimensionless wall static gauge pressure along the 

mixing tube and diffuser are shown in the Figure 5-19. Experimental data showed that the wall 

pressure was recovering along the mixing tube as the primary jet spread and mixed with the 

secondary flow up to L/Dmt=1.5, and increasing along the entraining diffuser. When the mixed-

stream was flowing in the mixing tube from L/Dmt=1.5 to L/Dmt=2.0 (the end of mixing tube), a 

pressure drop could be observed and this was increased by the swirl angle. The big pressure drop 

at the 30° swirl case indicated that there was a severe flow core separation at the end of the 

mixing tube. This core separation caused the velocity near the wall to be increased significantly 

and as a result, the wall pressure was dramatically decreased. More static pressure taps were 

needed from L/Dmt=1.5 to L/Dmt=2.0 to closely investigate the separation point. 

 At the high swirl conditions, the data indicated the size of the core separation zone at the 

mixing tube exit was greatly underpredicted by the CFD models. As a result, at the 20° swirl 

condition, the pressure drop at the mixing tube exit was not seen in the CFD models, and at the 

30° swirl condition, the CFD models showed the trend with considerably underpredicted 

magnitude. However, the CFD models gave good prediction on the diffuser wall pressure. The 
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RSM solution showed better wall pressure estimation inside the mixing tube but did not capture 

the wall pressure at the mixing tube exit. 
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Figure 5-19 (a) wall pressure distribution, φ=0° 
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Figure 5-19 (b) wall pressure distribution, φ=10° 

Figure 5-19: Wall pressure distribution along the mixing tube and diffuser for Ejector-3, 
cold and hot flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure 5-19 (c) wall pressure distribution, φ=20° 
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Figure 5-19 (d) wall pressure distribution, φ=30° 

Figure 5-19: Wall pressure distribution along the mixing tube and diffuser for Ejector-3, 
cold and hot flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 

 At the 0° swirl condition, the CFD models showed a good estimation of the wall pressure 

except at mixing tube inlet. A small separation bubble has been observed experimentally at the 

similar mixing tube round inlet by McBean [12]. The RANS based CFD models underpredicted 
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the size of the separation bubble and overpredicted the wall pressure at the mixing tube inlet. 

Similar results were also presented by McBean [12]. 

 As the swirl angle was increasing up to 20°, a lower static pressure at mixing tube center axis 

could be observed in comparison with its nonswirling counterpart due to the larger radial pressure 

gradient caused by the centrifugal effects (see Figure 5-20). As a result, a lower mixing tube wall 

pressure could be seen at the 20° swirl condition. A higher secondary entraining would result 

from the lower mixing tube pressure. 
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Figure 5-20: CFD static pressure at the mixing tube centerline axis for Ejector-3, cold 

and hot flow, φ=0°, 20° and 30°. 

 At the 30° swirl condition, the mixing tube pressure was rapidly increased. This was probably 

due to the increasing of the angle of jet spreading. In Figure 5-21, the CFD model data showed 

that, at the 30° swirl condition, the core spread much faster and reached the near wall region 

earlier (around L/Dmt=0.75 for φ=30°, and L/Dmt=1.25 for φ=20°, cold flow). However, 

comparing with the CFD (Realizable k-ε) model data, the higher experimental static wall pressure 

at the mixing tube inlet indicated that the core spreading was wider and faster than the CFD 

predicted. This could be considered as another sign for the flow mixing inside the mixing tube at 

high swirl conditions underpredicted by the RANS based CFD models. 
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Figure 5-21: CFD tangential dynamic pressure at the near wall region for Ejector-3, cold 

flow, φ=20° and 30°. 

 Figure 5-19 (c) and (d) show that at the higher swirl angle conditions, the wall pressure of the 

hot flow was higher than that of the cold flow inside the mixing tube. This was attributed to the 

higher axis pressure for the hot flow than the cold flow when the swirl was introduced (see Figure 

5-20). Figure 5-21 clearly showed that the higher core temperature resulted in a faster mixing and 

spreading of the core flow at the 30° swirl condition. This was due to the large temperature (or 

density) gradient across the mixing layer resulting in a stronger mixing and larger shear layer 

spreading rate [57]. However, the effect of high temperature on the spreading inside the mixing 

tube was not obvious in the 20° swirl condition. This was attributed to the relatively short mixing 

tube length upon the requirement. As known, an initial region existed for a submerged jet flow. In 

this region, a nearly constant core flow velocity indicated that the mixing between core flow and 

entrained flow did not start [7]. The centerline velocity distribution of a hot jet flow [57] 

indicated that the length of this initial region was around 4=neDx  (where, x was the distance 

from nozzle exit). The similar length for a cold jet flow was also quoted by Blevins [7]. The data 

shown in Figure 5-21 indicated that, for reaching the similar spreading level at the 30° swirl 

condition, a longer mixing tube was needed when the swirl angle was no more than 20°. 
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 Figure 5-22 illustrates the axial velocity contours (φ=30°) of the center plane of Ejector-3 for 

the Realizable k-ε model and the RSM. Clearer and bigger core recirculation zone could be seen 

in the RSM. However, the wall pressure at the mixing tube exit was still not captured by the RSM. 

 
Figure 5-22 (a) CFD (Realizable k-ε) axial velocity contour, cold flow, φ=30° 

 
Figure 5-22 (b) CFD (RSM) axial velocity contour, cold flow, φ=30° 

Figure 5-22: CFD axial velocity (m/s) contours of the center plane for Ejector-3, cold flow, 
φ=30° (shown with the same scale): (a) Realizable k-ε model, (b) RSM. 

The best wall pressure recovery in the whole ejector was reached with the 20° swirl (Figure 

5-23) in both experimental and CFD model data. The high temperature had a slight negative 

effect on the pressure recovery. The CFD models underestimated the magnitude of the pressure 

recovery when the swirl angle was no more than 20°. Comparison between pressure recovery in 

the diffuser and in the mixing tube (see Figure 5-24) presented that, with swirl angle no more than 
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20°, the most of the pressure recovery was achieved inside of mixing tube. At the 30° swirl 

condition, the data for the RSM showed a better trend with respect to the experimental data. 
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Figure 5-23: Pressure recovery along ejector as a function of swirl angle for Ejector-3, 

cold and hot flow. 
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Figure 5-24: Comparison between pressure recovery in the diffuser and mixing tube as a 

function of swirl angle for Ejector-3, cold and hot flow. 
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5.3.5 Pumping 

The effects of swirl on the pumping ratios for cold and hot flow are shown in Figure 5-25. All 

figures showed that the pumping ratios of hot flow were higher than those of cold flow with 

almost constant upward offset (43% for Φt, 28% for Φ2nd, 9.5% for Φ3rd) at all the swirl 

conditions. 

 In the experiments, when the swirl angle was no more than 20°, the pumping of the mixing 

tube (Φ2nd) was slightly increased (3 – 5%) as the swirl was increasing. This small increase was 

probably due to the swirl assisting with flow mixing in the mixing tube. The large decreasing at 

the 30° swirl condition was the result of the flow core separation, which has been supported by 

the wall pressure data. 

 The pumping of the entraining diffuser (Φ3rd) was increased as the swirl angle was increased 

for all swirl conditions for both cold and hot experiments. This was because the swirl improved 

the flow mixing in the diffuser, and resulted in lower pressure at each diffuser ring exit and 

diffuser ring inlet. Consequently, the pressure difference between ambient pressure and the 

pressure at the diffuser ring inlet was increased and the tertiary entraining was improved. The 

total pumping of the ejector (Φt), for cold and hot flow experiments, was increased by the swirl 

up to 20°, and then decreased by the 30° swirl.  
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Figure 5-25 (a) pumping of the mixing tube 
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Figure 5-25 (b) pumping of the entraining diffuser 

Figure 5-25: Pumping ratios as a function of swirl angle for Ejector-3, cold and hot flow: 
(a) Φ2nd, (b) Φ3rd, (c) Φt, (d) ratio of Φ2nd /Φ3rd. 
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Figure 5-25 (c) pumping of the ejector 
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Figure 5-25 (d) Exp. ratio of the pumping of the mixing tube to the entraining diffuser 

Figure 5-25: Pumping ratios as a function of swirl angle for Ejector-3, cold and hot flow: 
(a) Φ2nd, (b) Φ3rd, (c) Φt, (d) ratio of Φ2nd /Φ3rd. 
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 For the cold flow experiments, when the inlet swirl angle was no more than 10°, the 

secondary entraining was slightly higher (around 9%) than the tertiary entraining. When the swirl 

angle was more than 20°, the tertiary entraining dominated. For the hot flow experiments, most of 

entrained mass flow was contributed by the tertiary entraining for all the swirl conditions. 

 The data shown in Table 5-13 stated that entraining ability of each diffuser ring changed only 

in the range of ±2% at various swirl conditions for both cold and hot flow experiments. The first 

two diffuser rings pumped 60% of the tertiary flow into the ejector.  

 The pumping prediction by the CFD models can also be seen from Figure 5-25. For the 

pumping of the mixing tube, the trend of the CFD model prediction diverged from the 

experimental data at the 30° swirl condition since the CFD models was not capturing the core 

separation correctly. For the pumping of the entraining diffuser, the CFD models could predict 

the trends well with respect to the swirl angle but consistently under predict the pumping. Once 

again, it appeared the CFD models underpredicted the flow mixing in the diffuser. Overall, the 

CFD models predicted the total pumping ratio reasonably well when the swirler angle was no 

more than 20°. However, it was clear that two errors were cancelling each other out to give this 

final reasonable prediction. The RSM solution showed similar predictions on the total pumping 

ratio at the 30° swirl condition as the Realizable k-ε model. The RSM data also presented a better 

changing tendency for the tertiary pumping ratio. 

Table 5-13: Ratio of entrained mass flow through each diffuser ring inlet to the total 
tertiary pumping, Ejector-3. 

Ejector-3  1st ring 2nd ring 3rd ring 4th ring 
φ=0° 33% 28% 22% 17% 
φ=10° 33% 28% 22% 17% 
φ=20° 31% 28% 24% 18% 
φ=30° 32% 27% 23% 18% 

cold flow 
experiments 

average 32% 28% 23% 17% 
φ=0° 32% 26% 25% 17% 
φ=10° 31% 27% 23% 19% 
φ=20° 29% 27% 25% 20% 
φ=30° 31% 26% 24% 19% 

hot flow 
experiments 

average 31% 26% 24% 19% 
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 The higher pumping ability of the hot primary flow could be attributed to two effects, higher 

primary flow momentum and higher Reynolds stress in the mixing boundary (shear) layer due to 

the higher temperature (density) gradient [57] [53].  

 Pitts [58] studied the effects of density ratio on the centerline mixing behavior of 

axisymmetric turbulent jets formed from six pairs of jet and ambient gases. The properties of the 

turbulent jets studied are summarized in Table 5-14. In the table, the Re was the density ratio of 

the jet and ambient gas (Re  = ρo /ρ∞), Uo and U∞ were the average velocities for the jet and the 

coflow respectively. The Reynolds number (Re = UoD0 /νo) was calculated based on the average 

jet flow parameters and geometry. One of the conclusions stated that the pumping and mixing 

behavior of these flows were dominated by the jet momentum (Mo = moUo) and mass flow rate 

(mo). 

Table 5-14: Properties of studied turbulent jets [58] 

Jet / coflow Re (m) Uo (cm/s) U∞ (cm/s) Re 
He/air 0.14 7325 73 3950 

CH4 /air 0.55 1022 34.7 3950 
C3H8 /CO2 1.02 269 11.6 3960 
C3H8 /air 1.55 269 14.8 3960 
CF4 /air 3.01 297 21.9 3960 
SF6 /air 5.11 302 26.9 7890 

Table 5-15: The ratio of the secondary pumping of the hot flow to the cold flow and the 
primary flow momentum of the hot flow to the cold flow, Ejector-3.  

Ejector-3 φ=0° φ=10° φ=20° φ=30° 

coldndhotnd _2_2 ΦΦ  1.2 1.3 1.3 1.3 

coldnehotne MM __  1.5 1.4 1.4 1.2 

 

 For Ejector-3, the data for the cold and hot flow experiments (see Table 5-15) showed that, at 

each swirl condition, a higher primary flow momentum resulted in a higher secondary entraining.  
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 The CFD (RSM) model contours5 of Reynolds normal stress ( 2'uρ , 2'vρ , 2'wρ ) and 

Reynolds shear stress ( ''vuρ , ''wuρ , '' wvρ ) at the center plane of the ejector are shown in 

Figure 5-26. As can be seen, the stress of hot flow was higher than that of cold flow in the mixing 

boundary layer. This means that the turbulent momentum transport of hot flow was more active in 

the mixing boundary layer than that of cold flow. This might result in a higher entraining for the 

ejector. The CFD model data showed that the Reynolds stress deviated substantially from 

isotropy. The normal Reynolds stresses were significantly larger than the Reynolds shear stresses. 

Maxima of these stresses occurred in the mixing boundary (shear) layer and inside the diffuser 

where the recirculation appeared at the high swirl condition. 

 Figure 5-27 shows the CFD model contours of turbulent intensity (TI) at the center plane of  

Ejector-3 for the hot flow case with 30° swirl condition. The Realizable k-ε model presented the 

high TI region occurred in the core region and in the mixing boundary layer, while the RSM 

presented the higher TI region occurred in the mixing boundary layer and inside the diffuser. The 

big difference between two CFD models was attributable to the different computing methods for 

the turbulent viscosity. The RSM showed that the scale of the turbulent intensity inside the ejector 

for the hot flow was quite similar to that of the cold flow.  

 

                                                      

5 The RSM cases of the cold and hot flow were converged with second order discretization scheme at the 

same level. The residual of energy was below 1x10-6, the residuals of other variables were below 5x10-5. 

The mass flow rate at the mixing tube inlet, each diffuser ring inlet and the diffuser exit was monitored to 

be changed in the range of 10-3 kg/s. The contours used here were intended to explain why the hot flow had 

higher pumping the cold flow and to show the anisotropic turbulence caused by the swirl. 



 

 
Figure 5-26 (a) 2'uρ  for the cold flow. 

 
Figure 5-26 (a’) 2'uρ  for the hot flow. 

 
Figure 5-26 (b) 2'vρ  for the cold flow. 

 
Figure 5-26 (b’) 2'vρ  for the hot flow. 

Figure 5-26: CFD Reynolds stress (Pa) contours of the center plane for Ejector-3, φ=30°: (a)(a’) 2'uρ  for the cold and hot flow, (b)(b’) 
2'vρ for the cold and hot flow, (c)(c’) 2'wρ  for the cold and hot flow, (d)(d’) ''vuρ  for the cold and hot flow, (e)(e’) 

''wuρ  for the cold and hot flow, (f)(f’) '' wvρ  for the cold and hot flow. 
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Figure 5-26 (c) 2'wρ  for the cold flow. 

 
Figure 5-26 (c’) 2'wρ  for the hot flow. 

 
Figure 5-26 (d) ''vuρ  for the cold flow. 

 
Figure 5-26 (d’) ''vuρ  for the hot flow. 

Figure 5-26: CFD Reynolds stress (Pa) contours of the center plane for Ejector-3, φ=30°: (a)(a’) 2'uρ  for the cold and hot flow, (b)(b’) 
2'vρ for the cold and hot flow, (c)(c’) 2'wρ  for the cold and hot flow, (d)(d’) ''vuρ  for the cold and hot flow, (e)(e’) 

''wuρ  for the cold and hot flow, (f)(f’) '' wvρ  for the cold and hot flow. 
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Figure 5-26 (e) ''wuρ  for the cold flow. 

 
Figure 5-26 (e’) ''wuρ  for the hot flow. 

 
Figure 5-26 (f) '' wvρ  for the cold flow. 

 
Figure 5-26 (f’) '' wvρ  for the hot flow. 

Figure 5-26: CFD Reynolds stress (Pa) contours of the center plane for Ejector-3, φ=30°: (a)(a’) 2'uρ  for the cold and hot flow, (b)(b’) 
2'vρ for the cold and hot flow, (c)(c’) 2'wρ  for the cold and hot flow, (d)(d’) ''vuρ  for the cold and hot flow, (e)(e’) 

''wuρ  for the cold and hot flow, (f)(f’) '' wvρ  for the cold and hot flow. 
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Figure 5-27 (a) CFD (Realizable k-ε) TI contour, hot flow, φ=30° 

 

Figure 5-27 (b) CFD (RSM) TI contour, hot flow, φ=30° 

 

Figure 5-27 (c) CFD (RSM) TI contour, cold flow, φ=30° 

Figure 5-27: CFD turbulent intensity (TI, %) of the center plane for Ejector-3,  
φ=30°: (a) Realizable k-ε model, hot flow, (b) RSM, hot flow, (c) RSM, cold 
flow. 
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 To eliminate the temperature influence on the results, a temperature ratio, θ=Tc /Th, was 

introduced [13]. Th was the absolute temperature of the primary hot flow; Tc was the absolute 

temperature of the entrained cold flow in the hot flow experiments. The temperature-corrected 

pumping ratio, Φ’, was calculated as shown in equation (5.6), where n is an exponent. The value 

of n was fitted from the experimental data for the pumping ratios of the cold and hot flow 

experiments at various swirl conditions by using equation (5.7). The fitted n value for the 

different pumping ratios can be seen in Table 5-16. It showed that the value of n changed with the 

ratios instead of a constant, which was usually around 0.5 for the ejector with solid diffuser. 

( )nθ×Φ=Φ '  (5.6) 

( )θlnln ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Φ
Φ

=
hot

coldn  (5.7) 

Table 5-16: Fitted n of various pumping ratios for Ejector-3. 

 Φ2nd
 Φ3rd Φt 

fitted n for Ejector-3 0.287 0.567 0.222 
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Figure 5-28: Comparison of pumping ratios of cold flow experiments and temperature-
corrected pumping ratios of hot flow experiments for Ejector-3. 
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 Figure 5-28 further shows that this correction method was useful to estimate the pumping 

ratios of hot flow for the case that only the pumping ratios of cold flow can be measured. 

 

5.3.6 Wall Temperature Distribution 

The wall temperatures on the mixing tube wall were measured using a FlirSc1000 thermal 

imaging system. Under different swirl condition, the wall temperature images and experimental 

and CFD model profiles of the mixing tube and entraining diffuser are presented in Figure 5-29 

and Figure 5-30. The CFD solutions are shown in Figure 5-31. The CFD model profiles were 

obtained by approximately locating the profile lines, which were drawn in Figure 5-29 and Figure 

5-30, on the counterpart contours shown in Figure 5-31. In the figures, the symbol θ presented the 

dimensionless temperature defined as ( ) ( )chc TTTT −− . 

 For the mixing tube, the wall temperature was increased by the swirl due to the stronger jet 

spreading and flow mixing with higher swirl angle. Another sign of showing the swirl effect was 

the hot portion of the mixing tube wall. The higher the swirl was, the closer the hot region 

reached towards the mixing tube inlet. A temperature drop can be seen at the end of mixing tube. 

This was probably due to the cooling effect of the tertiary entraining flow. In Figure 5-29 (d), the 

quite different temperature profiles at various locations were showing a complex temperature 

distribution on the mixing tube. The level of this non-uniformity could not be quantitated due to 

insufficient measurement. 

 For the diffuser, when the swirl angle was no more than 20°, the wall temperature was 

slightly above the ambient temperature. It means that the entrained cold tertiary flow was mainly 

covering the diffuser wall. However, the 30° swirl highly increased the wall temperature since 

this strong swirl drives the hot core to move more closely to the diffuser wall and caused the hot 

flow to mix with tertiary entraining flow at the near wall region more efficiently. The 

discrepancies between CFD model and experimental data were hard to be quantified due to: 
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1. the limitation of analysis functions of ThermaCAM software; 

2. The section of ejector that was taken in the thermal images or the profile line that was 

drawn in the thermal images could not be accurately relocated in the CFD models. 

 These difficulties made the wall temperature comparison between the CFD model and 

experimental data were not the main theme in this research. Rough comparison between the CFD 

model and experimental data showed that the wall temperature was underpredicted by the CFD 

models. This was not surprising since the CFD models underpredicted the flow mixing inside the 

ejector. At the 30° swirl condition, the RSM showed a similar diffuser wall pressure prediction as 

the Realizable k-ε model. 
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Figure 5-29 (a) mixing tube wall temperature, hot flow, φ=0° 
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Figure 5-29 (b) mixing tube wall temperature, hot flow, φ=10° 

Figure 5-29: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube wall for Ejector-3: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure 5-29 (c) mixing tube wall temperature, hot flow, φ=20° 
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Figure 5-29 (d) mixing tube wall temperature, hot flow, φ=30° 

Figure 5-29: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube wall for Ejector-3: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure 5-30 (a) diffuser wall temperature, hot flow, φ=0° 

Figure 5-30: Thermal images (°C) and experimental and CFD temperature profiles of the 
diffuser wall for Ejector-3: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure 5-30 (b) diffuser wall temperature, hot flow, φ=10° 
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Figure 5-30 (c) diffuser wall temperature, hot flow, φ=20° 
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Figure 5-30 (d) diffuser wall temperature, hot flow, φ=30° 

Figure 5-30: Thermal images (°C) and experimental and CFD temperature profiles of the 
diffuser wall for Ejector-3: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure 5-31 (a) CFD wall temperature contour, hot flow, φ=0° 

 

Figure 5-31 (b) CFD wall temperature contour, hot flow, φ=20° 

Figure 5-31: CFD temperature (°C) contours of the mixing tube and diffuser wall for 
Ejector-3: (a) φ=0°, (b) φ=20°, (c) φ=30°, (d) φ=30° (RSM). 
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Figure 5-31 (c) CFD wall temperature contour, hot flow, φ=30° 

 

Figure 5-31 (d) CFD (RSM) wall temperature contour, hot flow, φ=30° 

Figure 5-31: CFD wall temperature (°C) contours of the mixing tube and diffuser wall for 
Ejector-3: (a) φ=0°, (b) φ=20°, (c) φ=30°, (d) φ=30° (RSM). 
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5.3.7 Remarks 

In theory, the RSM has the better potential ability to solve the swirling flow. As mentioned in 

FLUENT [24], the RSM is strongly recommended when the swirl number is bigger than 0.5. For 

the Ejector-3, when the inlet swirl angle was no more than 20°, the Realizable k-ε model showed 

a prediction with an offset for the pumping, velocity profiles at the diffuser exit, wall pressure 

distribution and pressure recovery.  

 However, at the 30° swirl condition, complex flow core separation triggered by the transition 

from the annulus flow to the pipe flow dominated the flow behavior inside the ejector. The 

Realizable k-ε model was not able to capture accurately the flow mixing process inside the ejector 

due to the isotropic assumption for computing the turbulent viscosity. The RSM data gave very 

similar prediction for the pumping as the Realizable k- ε model, but presented more turbulence 

feature details of the flow mixing. Although the swirl number of the flow after the nozzle exit was 

less than 0.5, the RSM is recommended for studying the ejector flow with inlet swirl angle greater 

than 30° if the time and computing resources allow. 

 In this research, the Realizable k-ε model was still a suitable option for the current study 

based on the accuracy of the solution with respect to the effort spent. 

 In the research, using the CFD models to study the mixing process between the (hot) nozzle 

flow and entrained cold flow at the standoff or inside the mixing tube was an attractive topic. 

Based on the methods provided by Abdol-Hamid et al. [53] and Tam and Ganesan [57] (details 

can be found in Chapter 2, section 2.5.2), addition efforts have been performed to modify the 

computation of turbulent viscosity (for hot flow experiments) in the Standard k-ε and Realizable 

k-ε model to account for the effects of the high temperature on the mixing process. The 

modification was realized by importing the compiled UDF (used defined functions) code, which 

was into a fully converged un-modified k-ε solution. Unfortunately, the simulation diverged 

quickly after using the UDF to compute the turbulent viscosity. The reason was not investigated 
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further. However, the positive feedback about this modification from the published documents 

point out it might be worthy to spent more effort to determine how to make the UDF code work 

for the FLUENT. 
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5.4 Ejector-4 and Ejector-7 

Oblong is a common shape for gas turbine exhaust systems. The full dimensions of the two 

oblong straight ejector systems, Ejector-4 and Ejector-7, are shown in Figure 5-32 and Figure 

5-33 respectively. The dimensional relationships between Ejector-4 and Ejector-3 and Ejector-4 

and Ejector-7 are listed in Table 5-17. The purpose of Ejector-7 was to study the effect of nozzle 

size on the ejector performance.  
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Figure 5-32: Dimensions (in mm) and computational domain of Ejector-4 (E-4). 
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Figure 5-33: Dimensions (in mm) of Ejector-7 (E-7). 

 

Table 5-17: Dimensional relationship between Ejector-4 & Ejector-3, and Ejector-4 & 
Ejector-7. 

 Standoff ratio 
 

Area of nozzle exit, mixing 
tube and each diffuser ring Amt/Ane s/Dne-hy s/(Rmt-Rne) 

Ejector-4 
same as that of Ejector-3 

respectively 
 

2.0 0.50 2.3 

Ejector-7 use the same as OMT and OED 
of Ejector-4 1.5  2.3 

 

Table 5-18: Matrix for experiments and simulations of Ejector-4 and Ejector-7. 

  Ejector-4 Ejector-7 
  φ=0° φ=10° φ=20° φ=30° φ=0° φ=20° 

cold flow × × × × × × Exp. hot flow × × × × × × 
cold flow ×  × ×   CFD hot flow  ×  × ×   

 

 Two definitions of standoff ratio were used in the experiments. For the comparison between  

Ejector-4 and Ejector-3, s/Dne-hy was used in Ejector-4 and was set the same as that of Ejector-3. 

For the comparison between Ejector-4 and Ejector-7, s/(Rmt-Rne) was introduced because of the 
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oblong shape. The detailed reasons have been discussed in Chapter 2, section 2.4.2.5. The value 

of s/(Rmt-Rne) of Ejector-3 was 2.39 which was also close to that of Ejector-4 within 6%. The 

matrix of experiments and simulations of Ejector-4 and Ejector-7 is listed in Table 5-18. 

 It is expected that the wall pressure distributions on the oblong mixing tube will be quite 

different from those of round mixing tube because of the flow pattern from the oblong nozzle exit. 

The diverging shape of the oblong nozzle in x-axis direction (see Figure 5-34) will cause the flow 

to hit the mixing tube curved-wall at 0° and 180°. The curved-wall pressure will be higher than 

the flat-wall (i.e. top and bottom) pressure. 
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Figure 5-34: Schematic of the oblong mixing tube. 

 

5.4.1 Primary Mass Flow Rate 

The primary flow rate of Ejector-4 and Ejector-7 are shown in Figure 5-35. Primary mass flow 

rate of Ejector-7 was higher than that of Ejector-4 for both cold and hot flow experiments because 

of the larger nozzle exit area. The primary mass flow comparison between Ejector-4 and Ejector-

3 can be seen in Table 5-19. It shows that two ejectors have very similar primary mass flow rate 

(ratio changed in the range of 0.95 – 1.0) under every swirl condition for both cold and hot flow 
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experiments. This indicated that the nozzle shape had a very small effect on the primary mass 

flow rate if the area of nozzle exit was kept as a constant. 

 However, the nozzle shape did change the back pressure distribution (see Figure 5-36). The 

back pressure of Ejector-4 and Ejector-7 was increasing with the increasing swirl angle. Cb of 

Ejector-4 was positive while Cb of Ejector-7 was negative. The data for the back pressure from 

ejectors (Ejector-1 to Ejector-4 and Ejector-7) pointed out that the change tendency of back 

pressure with swirl angle had no particular relationship with the change tendency of primary mass 

flow rate with swirl angle. The CFD models under estimated the back pressure of Ejector-4. 
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Figure 5-35: Experimental primary mass flow rate as a function of swirl angle for 
Ejector-4 and Ejector-7, cold and hot flow experiments. 

Table 5-19: Comparison of mp between Ejector-4 and Ejector-3. 

  φ=0° φ=10° φ=20° φ=30° 
cold flow exp. 1.0 0.99 1.0 0.99 

3_

4_

−

−

Ep

Ep
m

m
 hot flow exp. 1.0 1.0 1.0 0.95 
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Figure 5-36: Back pressure coefficient as a function of swirl angle for Ejector-4 and 
Ejector-7, cold and hot flow. 

 

5.4.2 Flow Structure for Ejector-4 

5.4.2.1 Flow structure at the oblong nozzle exit 

The experimental and CFD model velocity contours of the oblong nozzle exit of Ejector-4 are 

shown in Figure 5-37 for various swirl conditions. Since the flow in the oblong nozzle was 

transferred from the round inlet to the oblong exit, this shape transition made the nozzle exit flow 

to move outwards along the horizontal (x axis) direction and inwards along vertical (y axis) 

direction (see Figure 5-37 (a)). At the swirl condition, unlike at the round nozzle exit, where the 

primary flow regime was mainly controlled by the magnitude of swirl (see Figure 5-37 (g)); at the 

oblong nozzle exit, the primary flow regime was strongly dominated by the oblong nozzle shape. 

The radial spreading of the swirl-affected core flow was confined and affected by the height of 

nozzle and the angular momentum was converted into radial momentum along the x axis. As a 
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result, the swirl level should be greatly reduced. The swirl numbers at the annulus and nozzle exit 

of Ejector-4 and Ejector-3, which were presented in Table 5-2, clearly pointed out that, at very 

similar swirl inlet condition, swirl number at oblong nozzle exit was much lower than that of 

round nozzle exit. The CFD models were showing good predictions on the flow pattern at the 

nozzle exit under various swirl conditions. However, the CFD models still underpredicted the 

flow separation at the oblong nozzle exit at the 20° and 30° swirl conditions. 

 

 

Figure 5-37 (a) Exp. axial velocity contour, cold flow, φ=0° 

 

Figure 5-37(b) CFD axial velocity contour, cold flow, φ=0° 

Figure 5-37: Axial velocity contours of the oblong nozzle exit for Ejector-4, cold flow: (a) 
Exp., φ=0°, (b) CFD, φ=0°; (c) Exp., φ=20°, (d) CFD, φ=20°; (e) Exp., φ=30°, 
(f) CFD, φ=30°; of the round nozzle exit for Ejector-3: (g) Exp., φ=30°. 
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Figure 5-37 (c) Exp. axial velocity contour, cold flow, φ=20° 

 

 

Figure 5-37 (d) CFD axial velocity contour, cold flow, φ=20° 

Figure 5-37: Axial velocity contours of the oblong nozzle exit for Ejector-4, cold flow: (a) 
Exp., φ=0°, (b) CFD, φ=0°; (c) Exp., φ=20°, (d) CFD, φ=20°; (e) Exp., φ=30°, 
(f) CFD, φ=30°; of the round nozzle exit for Ejector-3: (g) Exp., φ=30°. 
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Figure 5-37 (e) Exp. axial velocity contour, cold flow, φ=30° 

 
Figure 5-37 (f) CFD axial velocity contour, cold flow, φ=30° 

 

Figure 5-37 (g) Exp. axial velocity contour, cold flow, φ=30° (round nozzle) 

Figure 5-37: Axial velocity contours of the oblong nozzle exit for Ejector-4, cold flow: (a) 
Exp., φ=0°, (b) CFD, φ=0°; (c) Exp., φ=20°, (d) CFD, φ=20°; (e) Exp., φ=30°, 
(f) CFD, φ=30°; of the round nozzle exit for Ejector-3: (g) Exp., φ=30°. 
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5.4.2.2 Flow structure inside the mixing tube 

The detailed flow patterns inside the mixing tube could not be measured by the instrumentation 

installed. Therefore, the results of the CFD models could be used to help to understand the mixing 

process inside the oblong mixing tube and to suggest the reasons for the disagreement between 

the CFD models and the experiments. To inspect the flow, cross-sectional planes were extracted 

from the computational domain. The locations of the planes are shown in Figure 5-38 (a). To 

illustrate the internal flow structure, temperature contours for Ejector-4 are plotted in Figure 5-38 

and Figure 5-39. 

 For the 0° swirl condition, after the entrained secondary flow and the primary hot flow 

entered the mixing tube, the primary flow impinged the curved side wall at around section 2, and 

then distributed the hot core upwards and downwards along the curve wall. The divided hot flow 

was pushed to mix with entrained cold flow at flat upper and lower wall area. The wall 

impingement behavior also caused vortices to be generated along the flow direction. Four small 

equal size vortices (two clockwise, two counterclockwise) can be seen at the mixing tube exit (see 

Figure 5-38 (f)). Temperature contours at the mixing tube exit showed the center area of the 

upper and lower flat wall was still covered by the cold flow. This indicated the mixing of hot flow 

and cold flow was underpredicted by the CFD models. This under prediction can be further seen 

by the comparison between the wall temperature distribution along the mixing tube for the CFD 

models and experiments (shown in Figure 5-40 (a) and (b)). Figure 5-40 (c) presented, from 

experiments, the wall impingement point was closer to the mixing tube inlet than the CFD models 

predicted. The plot of xz center plane showed that the flow core was separated after section 4 

(L/Dm-hy =1.5). 

 For the 20° swirl condition, the comparison between each section contour clearly 

demonstrated that the center rotating core greatly improved the mixing of the entrained cold flow 

and the hot primary flow. The swirl also resulted in the flow being pushed to the curved side wall 
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much quicker and it hit the wall earlier than for the 0° swirl condition. The sizes of the two 

clockwise vortices were greatly increased by the swirl. The wall temperature comparison shown 

in Figure 5-41 indicated that the flow mixing near the flat wall was still underpredicted by the 

CFD models. The experimental data presented that, at the flat side, the mixed hot flow attached to 

the wall after a short distance from the mixing tube inlet and then was spreading along the Z-axis 

direction and towards the curved side (along x axis direction) during the mixing with the 

entrained cold flow. The plot of xz center plane showed that flow core was separated just after the 

mixing tube inlet. 

 
Figure 5-38 (a) CFD temperature contour, hot flow, φ=0° 

Figure 5-38 (b): section 1  

Figure 5-38 (c): section 2  

Figure 5-38: CFD temperature (°C) contours at the xz center plane and internal cross-
sections for Ejector-4, hot flow, φ=0°. 
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Figure 5-38 (d): section 3  

Figure 5-38 (e): section 4  

 
Figure 5-38 (f): section 5 (mixing tube exit) 

Figure 5-38: CFD temperature (°C) contours at the xz center plane and internal cross-
sections for Ejector-4, hot flow, φ=0°. 

 
Figure 5-39 (a) CFD temperature contour, hot flow, φ=20° 

Figure 5-39: CFD temperature (°C) contours of the xz center plane and internal cross-
sections for Ejector-4, hot flow, φ=20°. 
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Figure 5-39 (b): section 1  

Figure 5-39 (c): section 2  

Figure 5-39 (d): section 3  

Figure 5-39 (e): section 4  

 

Figure 5-39 (f): section 5 (mixing tube exit) 

Figure 5-39: CFD temperature (°C) contours of the xz center plane and internal cross-
sections for Ejector-4, hot flow, φ=20°. 
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Figure 5-40 (a) CFD mixing tube wall temperature contour, φ=0° 

 
Figure 5-40 (b) Exp. mixing tube flat wall temperature contour, φ=0° 

 
Figure 5-40 (c) Exp. mixing tube curved wall temperature contour, φ=0° 

Figure 5-40: Wall temperature (°C) distribution along the mixing tube for Ejector-4, hot 
flow, φ=0°: (a) CFD, (b) Exp., flat wall, (c) Exp., curved wall. 
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Figure 5-41 (a) mixing tube wall temperature contour, φ=20° 

 
Figure 5-41 (b) Exp. mixing tube wall temperature contour, φ=20° 

Figure 5-41: Wall temperature (°C) distribution along the mixing tube for Ejector-4, hot 
flow, φ=20°: (a) CFD, (b) Exp. 

 

5.4.2.3 Flow structure at the diffuser exit 

Selected axial velocity and temperature contours at the diffuser exit for Ejector-4 (hot flow) are 

illustrated in Figure 5-42 and Figure 5-43 respectively. As can be seen from the data for the 

experiments and CFD models, the peak of the velocity and temperature was lowered by 

increasing the swirl due to the increased pumping and enhanced mixing. At the 0° swirl condition, 
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the four vortices suggested by the data for the CFD models were not clearly seen in the 

experimental plot. At the 20° swirl condition, the sizes of the two clockwise vortices were over 

estimated by the CFD models. In addition, two small counterclockwise vortices shown in the 

CFD models (upper-right corner and lower-left corner) were not seen in the experimental plot. At 

the diffuser exit, compared with the experimental data, higher axial velocity and temperature 

results of the CFD models were another evidence to indicate the under prediction of flow mixing 

inside the ejector by the simulation. 

 
Figure 5-42 (a) Exp. axial velocity contour, hot flow, φ=0° 

 
Figure 5-42 (b) CFD axial velocity contour, hot flow, φ=0° 

Figure 5-42: Velocity contours of the diffuser exit for Ejector-4, hot flow: (a) Exp., φ=0°, 
(b) CFD, φ=0°, (c) Exp., φ=20°, (d) CFD, φ=20°. 
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Figure 5-42 (c) Exp. axial velocity contour, hot flow, φ=20° 

 
Figure 5-42 (d) CFD axial velocity contour, hot flow, φ=20° 

Figure 5-42: Velocity contours of the diffuser exit for Ejector-4, hot flow: (a) Exp., φ=0°, 
(b) CFD, φ=0°, (c) Exp., φ=20°, (d) CFD, φ=20°. 

 
Figure 5-43 (a) Exp. temperature contour, hot flow, φ=0° 

Figure 5-43: Temperature contours (°C) of the diffuser exit for Ejector-4, hot flow: (a) 
Exp., φ=0°, (b) CFD, φ=0°, (c) Exp., φ=20°, (d) CFD, φ=20°. 
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Figure 5-43 (b) CFD temperature contour, hot flow, φ=0° 

 
Figure 5-43 (c) Exp. temperature contour, hot flow, φ=20° 

 
Figure 5-43 (d) CFD temperature contour, hot flow, φ=20° 

Figure 5-43: Temperature contours (°C) of the diffuser exit for Ejector-4, hot flow: (a) 
Exp., φ=0°, (b) CFD, φ=0°, (c) Exp., φ=20°, (d) CFD, φ=20°. 
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 The effects of swirl on the uniformity of velocity and temperature at the diffuser exit for 

Ejector-4 and Ejector-7 are shown in Table 5-20. Comparison with the data for Ejector-3 showed 

that the swirl did not have an obvious influence on the velocity and temperature uniformity at the 

oblong diffuser exit as it did on Ejector-3. This indicated that the flow parameters at the oblong 

diffuser exit were less affected by the swirler installed upstream. If the swirl number could be 

used to present the level of flow rotating, the data (shown in Table 5-20) indicated that the 

angular momentum at the diffuser exit was very low even at very high inlet swirl conditions. 

When the swirl angle was no more than 20°, the temperature uniformity at the diffuser exit of 

Ejector-4 was much better than that of Ejector-3. Therefore, for the purpose of reducing the 

infrared signature, the oblong ejector was better than the round ejector at low swirl inlet condition 

when their geometries were in dimensional similarity.  

 Higher fke or lower ft was expected to be seen in the data for the CFD models due to the under 

prediction of flow mixing. However, the discrepancy of the CFD model and experimental data 

decreased as the swirl angle increased and reached the minimum at the 30° swirl condition. 

Table 5-20: Velocity uniformity (fke), temperature uniformity (ft) and swirl number at 
the diffuser exit as a function of swirl angle for Ejector-4 and Ejector-7, cold 
and hot flow. 

  fke ft swirl number 
  φ Exp. CFD Exp. CFD Exp. CFD 

0° 2.0 2.7   0.053 0.034 
10° 1.8    0.071  
20° 1.9 2.2   0.082 0.040 

cold flow 

30° 1.6 2.0   0.080 0.027 
0° 1.9 2.7 0.53 0.090 0.053 0.030 

10° 1.9  0.53  0.071  
20° 2.0 2.2 0.61 0.32 0.078 0.036 

Ejector-4 

hot flow 

30° 1.9 2.0 0.55 0.51 0.10 0.020 
0° 2.1    0.050  cold flow 

20° 1.9    0.080  
0° 2.1  0.50  0.050  

Ejector-7 
hot flow 20° 2.1  0.48  0.090  
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5.4.3 Wall Pressure Distribution 

Wall pressure distribution along the mixing tube and diffuser for Ejector-4 and Ejector-7 are 

shown in Figure 5-44. After the primary flow left the oblong nozzle exit and mixed with the 

secondary flow in the standoff, the centrifugal force caused by the swirl helped the mixed flow to 

spread quickly along the radial direction. This helped the flow to attach to the flat wall of the 

mixing tube. Along the diverging direction of the oblong nozzle, the quicker spreading led the 

flow to hit the mixing tube curved side walls earlier. As a result, as the swirling increased, higher 

curved-wall pressure at the mixing tube inlet was seen. The experimental data shown in Figure 

5-44 clearly presented this tendency. However, higher resolution of the wall pressure tabs was 

needed to find the detailed trend. At the 30° swirl condition, dropping pressure trend along the 

curved-wall showed that the flow core separated from the curved-wall up to the mixing tube exit. 

Swirl did not show obvious effects on the pressure recovery along the flat-wall. For Ejector-7, the 

bigger nozzle size made the flow more prone to impinge the wall due to centrifugal force (the 

flow started to hit the mixing tube inlet at 20° swirl condition). Figure 5-44 (b), (e) and (f) 

indicated that flow temperature did not present noticeable effects on the wall pressure distribution. 

 As can be seen, at each swirl condition, the curved-wall pressure was much higher than the 

flat-wall pressure. This might imply that most air was entrained at upper and lower flat-wall side 

and less air was entrained at curved-wall sides. 

 The CFD models overpredicted the flat-wall pressure. For the estimation of the curved-wall 

pressure, where L/Dmt-hy=1 – 2, the disagreement of the changing tendency between the CFD 

model and experimental data indicated the CFD models were not capturing the flow separation at 

the curved side wall.  
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Figure 5-44 (a) wall pressure distribution (E-4), cold flow, φ=0° 
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Figure 5-44 (b) wall pressure distribution (E-4), cold and hot flow, φ=0° 

Figure 5-44: Wall pressure distribution along the mixing tube and diffuser for Ejector-4: 
(a) cold, φ=0°, (b) cold & hot, φ=10°, (c) cold, φ=20°, (d) cold, φ=30°; and for 
Ejector-7: (e) cold & hot, φ=0°, (f) cold & hot, φ=20°. 
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Figure 5-44 (c) wall pressure distribution (E-4), cold flow, φ=20° 
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Figure 5-44 (d) wall pressure distribution (E-4), cold flow, φ=30° 

Figure 5-44: Wall pressure distribution along the mixing tube and diffuser for Ejector-4: 
(a) cold, φ=0°, (b) cold & hot, φ=10°, (c) cold, φ=20°, (d) cold, φ=30°; and for 
Ejector-7: (e) cold & hot, φ=0°, (f) cold & hot, φ=20°. 
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Figure 5-44 (e) wall pressure distribution (E-7), cold and hot flow, φ=0° 
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Figure 5-44 (f) wall pressure distribution (E-7), cold and hot flow, φ=20° 

Figure 5-44: Wall pressure distribution along the mixing tube and diffuser for Ejector-4: 
(a) cold, φ=0°, (b) cold & hot, φ=10°, (c) cold, φ=20°, (d) cold, φ=30°; and for 
Ejector-7: (e) cold & hot, φ=0°, (f) cold & hot, φ=20°. 



187 

 Since the pressure distribution along the mixing tube wall was completely different on the flat 

side and curved side, the calculation of pressure recovery in the mixing tube was less meaningful. 

Only diffuser pressure recovery, which was calculated based on the average pressure of flat-wall 

and curve-wall, was presented in Figure 5-45. The pressure recovery in the diffuser was 

increasing as the swirl was increasing. Under similar swirl condition, Ejector-4 and Ejector-7 had 

very close pressure recovery. The pressure recovery of the cold flow was also very close to that of 

the hot flow. 

 The CFD models under estimated the pressure recovery since the CFD models overpredicted 

the pressure at the mixing tube exit due to the flow separation in the mixing tube not captured by 

the CFD models. 
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Figure 5-45: Diffuser pressure recovery as a function of swirl angle for Ejector-4 and 
Ejector-7, cold and hot flow. 
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5.4.4 Pumping 

The pumping ratios of Ejector-4 and Ejector-7 are shown in Figure 5-46. For the pumping of the 

mixing tube (Φ2nd), the 30° swirl did not present the negative effect on the pumping as it did on 

Ejector-3. The secondary pumping was increased as the swirl was increased for both ejectors. 

Under each swirl angle, Φ2nd of Ejector-4 was higher than that of Ejector-7 for both cold and hot 

flow experiments. This was because area ratio of Amt /Ane and primary flow momentum at the 

nozzle exit of Ejector-4 were higher than those of Ejector-7. The pumping of the entraining 

diffuser (Φ3rd) and ejector (Φt) showed a similar trend as that of Φ2nd. i.e. the pumping 

performance was improved by the increasing swirl. Higher tertiary pumping of Ejector-4 than 

Ejector-7 indicated that higher primary flow momentum also had a positive effect on the tertiary 

pumping. 

 For both cold and hot flow experiments, most of entrained mass flow was contributed by the 

tertiary entraining at all swirl conditions. The tertiary pumping was more important for the ejector 

with lower primary jet momentum and smaller area ratio of Amt /Ane. In addition, the ratio of  

Φ2nd /Φ3rd was nearly constant, i.e. around 83% for the cold flow of Ejector-4 and around 68% for 

the hot flow of Ejector-4. 

 The data shown in Table 5-21 stated that pumping ability of each oblong diffuser ring was 

almost constant at various swirl conditions for both cold and hot flow experiments. The 

agreement between data in Table 5-13 and Table 5-21 was due to the dimensional similarity of 

the round entraining diffuser (RED) and oblong entraining diffuser (OED). 

 The CFD models gave good predictions on the secondary pumping, but underpredicted the 

tertiary entraining by around 16% for the cold flow and 20% for the hot flow. As a result, the 

total pumping of Ejector-4 was slightly underpredicted by the CFD models. 
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Figure 5-46 (a) pumping of the mixing tube 
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Figure 5-46 (b) pumping of the entraining diffuser 

Figure 5-46: Pumping ratios as a function of swirl angle for Ejector-4 and Ejector-7, cold 
and hot flow: (a) Φ2nd, (b) Φ3rd, (c) Φt, (d) ratio of Φ2nd /Φ3rd. 
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Figure 5-46 (c) pumping of the ejector 
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Figure 5-46 (d) ratio of the pumping of the mixing tube to the entraining diffuser 

Figure 5-46: Pumping ratios as a function of swirl angle for Ejector-4 and Ejector-7, cold 
and hot flow: (a) Φ2nd, (b) Φ3rd, (c) Φt, (d) ratio of Φ2nd /Φ3rd. 
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Table 5-21: Ratio of entrained mass flow through each diffuser ring inlet to the total 
tertiary pumping, Ejector-4. 

Ejector-4  1st ring 2nd ring 3rd ring 4th ring 
φ=0° 34% 28% 22% 15% 
φ=10° 35% 28% 23% 15% 
φ=20° 33% 27% 23% 16% 
φ=30° 33% 27% 24% 16% 

Cold flow 
experiments 

average 34% 28% 23% 15% 
φ=0° 33% 28% 23% 16% 
φ=10° 35% 28% 23% 15% 
φ=20° 33% 27% 23% 16% 
φ=30° 32% 27% 24% 16% 

Hot flow 
experiments 

average 33% 27% 23% 16% 

Table 5-22: Comparison of pumping ratios between Ejector-4 and Ejector-3. 

  φ=0°  φ=10°  φ=20° φ=30° 
cold flow Exp. 1.03 0.977 1.02 2.68 

3_24_2 −− ΦΦ EndEnd  
hot flow Exp. 1.09 0.964 1.03 2.61 
cold flow Exp. 1.30 1.17 1.12 1.07 

3_34_3 −− ΦΦ ErdErd  
hot flow Exp. 1.21 1.12 1.02 1.07 
cold flow Exp. 1.07 1.03 1.03 1.20 

3_4_ −− ΦΦ EtEt  
hot flow Exp. 1.08 1.03 1.01 1.21 

 

 Comparison of entraining ratios between Ejector-4 and Ejector-3 was presented in Table 5-22. 

The secondary and total entraining ratios of Ejector-4 were almost equal with those of Ejector-3 

when the swirl angle was no more than 20°. However, at the 30° swirl condition, oblong ejector 

presented much better performance on the secondary and total entraining. For the tertiary 

entraining, the advantage of using oblong shape reached the maximum at the 0° swirl condition. 

 Since the trend lines of the cold flow ratios were closely parallel to those of the hot flow 

ratios, the fitted n could be found by using Equation (5.6) to calculate the hot flow pumping based 

on the data for the cold flow experiments. The values of n are recommended in Table 5-23. 

Table 5-23: Fitted n of various pumping ratios for Ejector-4 and Ejector-7. 

 Φ2nd
 Φ3rd Φt 

fitted n for Ejector-4 0.286 0.525 0.224 
fitted n for Ejector-7 0.307 0.500 0.193 
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5.4.5 Wall Temperature Distribution 

Thermal images and profiles of wall temperature distribution of Ejector-4 are shown in Figure 

5-47 and Figure 5-48. The temperature contours of the CFD models are illustrated in Figure 5-49. 

The big drop, which was shown in the temperature profile of the mixing tube was due to the cold 

support frame blocking a portion of the mixing tube. The truth of higher swirl angle causing 

higher wall temperature was further proved by these thermal images. The noticeable phenomenon 

of the diffuser wall temperature was that the temperature of the round inlet (curved side) of the 

first diffuser ring was much higher than that of other rings. This was due to the hot primary flow 

mainly occupying the space at the curved side wall area after hitting the curved-wall and much 

less entrained cold flow was involved into cooling the curved-wall. At the top and bottom side, 

the wall temperature was also continuously increased along the mixing tube because of the fully 

attached hot flow. Both reasons caused much higher wall temperature in the mixing tube exit of 

Ejector-4 than that of Ejector-3. The struts and round inlet of the first diffuser ring were heated by 

the mixing tube wall through conduction (see Figure 5-48 (c)). As also can be seen, the 30° swirl 

highly increased the last ring temperature because of the jet spreading. 

 The CFD models overpredicted the side wall temperature and underpredicted the diffuser 

wall temperature. These were all due to under prediction of the mixing between the entrained cold 

flow and hot flow inside the ejector. 
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Figure 5-47 (a) mixing tube curved side wall temperature (E-4), hot flow, φ=0° 
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Figure 5-47 (b) mixing tube curved side wall temperature (E-4), hot flow, φ=20° 
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Figure 5-47 (c) mixing tube curved side wall temperature (E-4), hot flow, φ=30° 

Figure 5-47: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube curved side wall for Ejector-4: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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Figure 5-48 (a) diffuser curved side wall temperature (E-4), hot flow, φ=0° 
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Figure 5-48 (b) diffuser curved side wall temperature (E-4), hot flow, φ=20° 
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Figure 5-48 (c) diffuser curved side wall temperature (E-4), hot flow, φ=30° 

Figure 5-48: Thermal images (°C) and experimental and CFD temperature profiles of the 
diffuser curved side wall for Ejector-4: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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Figure 5-49 (a) CFD curved side wall temperature contour (E-4), hot flow, φ=0° 

 
Figure 5-49 (b) CFD curved side wall temperature contour (E-4), hot flow, φ=20° 

 
Figure 5-49 (c) CFD curved side wall temperature contour (E-4), hot flow, φ=30° 

Figure 5-49: CFD temperature (°C) contours of curved side wall of the mixing tube and 
diffuser for Ejector-4: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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5.5 Ejector-5 

Ejector-5 was similar to Ejector-3 except for the bend in diffuser. The full dimensions of the 

Ejector-5 system are illustrated in Figure 5-50. It was composed of a round nozzle, a round 

mixing tube and a 22.5° round bent entraining diffuser (BED1). The design of BED1 was based 

on the dimensions of the round straight entraining diffuser (RED). They both had the same gap 

height, overlap length and diameter of each ring. The length of BED1, which was presented by 

the curve length of the bent center axis, was set to equal to that of RED. The standoff ratio was 

fixed as 0.5. The area ratio of Amt /Ane was 2. The matrix of experiments and simulations is listed 

in Table 5-24. 
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Figure 5-50: Dimensions (in mm) and computational domain of Ejector-5 (E-5). 
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 The whole nozzle can be clearly seen when looking from diffuser exit along the negative Z-

axis direction (see Figure 5-51). This means that the primary flow will not directly impinge the 

outer curve and cause severe reversed flow from gaps at the outer-curve side. However, because 

of the spreading of the mixed flow, positive wall pressure at the outer-curve wall is expected. 

 

Figure 5-51: View of Ejector-5 from the diffuser exit along the negative z axis direction. 

Table 5-24: Matrix for experiments and simulations of Ejector-5. 

Ejector-5  φ=0° φ=10° φ=20° φ=30° 

cold flow × × × × Exp. 
hot flow × × × × 
cold flow ×  × × CFD 
hot flow ×  × × 

5.5.1 Primary Mass Flow Rate 

Figure 5-52 and Figure 5-53 show that primary mass flow rate and back pressure coefficient of 

Ejector-5 under each swirl condition for both cold and hot flow experiments respectively. 

Comparison of mp and Cb between Ejector-5 and Ejector-3 are shown in Table 5-25. The data 

further proved that the primary mass flow rate was mainly determined by the nozzle exit area. 

The ejector components after the nozzle did not affect mp in a noticeable range. However, they 

changed the back pressure magnitude after swirler was applied. The CFD models, again, 

underpredicted the back pressure. 
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Figure 5-52: Experimental primary mass flow rate as a function of swirl angle for 

Ejector-5, cold and hot flow experiments. 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0 10 20 30 40
Swirl angle (°)

C
b

E-5: Exp. (cold)
E-5: CFD (cold)
E-5: Exp. (hot)
E-5: CFD (hot)

 
Figure 5-53: Back pressure coefficient as a function of swirl angle for Ejector-5, cold and 

hot flow. 

Table 5-25: Comparison of mp and Cb between Ejector-5 and Ejector-3. 

  φ=0°  φ=10° φ=20° φ=30° 
cold flow exp. 1.00 1.00 1.01 1.01 

3_5_ −− EpEp mm  
hot flow exp. 1.01 1.00 1.00 1.01 
cold flow exp. 0.98 0.89 1.01 1.21 

3_5_ −− EbEb CC  
hot flow exp. 0.98 0.89 0.94 1.08 
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5.5.2 Flow Structure at the Diffuser Exit 

The velocity and temperature profiles of x-centerline at the diffuser exit for the cold and hot flow 

are shown in Figure 5-54 and Figure 5-55 respectively. Table 5-26 shows the flow uniformities at 

the diffuser exit of Ejector-6 under various swirl conditions for both cold and hot flow. 
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Figure 5-54 (a) x-centerline axial velocity profiles, cold flow 
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Figure 5-54 (b) x-centerline axial velocity profiles, hot flow 

Figure 5-54: Velocity profiles of the x-centerline at the diffuser exit for Ejector-5: (a) cold 
flow, (b) hot flow. 
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Figure 5-55: Temperature profiles of the x-centerline at the diffuser exit for Ejector-5, 
hot flow. 

Table 5-26: Velocity uniformity (fke) and temperature uniformity (ft) at the diffuser exit 
as a function of swirl angle for Ejector-5, cold and hot flow. 

fke ft Ejector-5 φ Exp. CFD Exp. CFD 
0° 3.1 3.6   

10° 2.5    
20° 1.8 2.1   

cold flow 

30° 1.8 1.8   
0° 3.1 3.8 0.37 0.010 

10° 2.4  0.41  
20° 1.9 2.0 0.55 0.065 hot flow 

30° 1.8 1.8 0.70 0.44 
 

 A very low velocity zone can be noticed at the inner curve side in the region near the inner 

wall (up to 8.0−=deRx ). The geometry of the bent diffuser has determined that the entrained 

flow from the inner curve side needed more momentum to travel more distance than the entrained 

flow from the outer curve side to mix with the stream from the mixing tube. Unfortunately, in fact, 

the passive entraining provided less momentum for the entrained tertiary flow along flowing 

direction through the diffuser gaps. This made poor mixing of the tertiary flow with the mixing 

inner curve side outer curve side
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tube flow and caused some portion of the tertiary flow separating at the near inner wall region, 

especially for the last ring, and resulted in very low velocity zone. The path lines shown in Figure 

5-56 illustrated that swirl can help the separated flow to reattach to the inner wall. A wake region 

was appearing with the applying of the swirler. The size of the wake region was increasing as the 

swirl angle was increasing due to the earlier flow separation from the ellipsoidal end of the 

annulus center body. Again, the high temperature helped to recover the flow separation along the 

flow direction when the swirl angle was no more than 20° due to the higher turbulent kinetic 

energy. The detailed discussion can be found in the section 5.2.2 and 5.3.3. 

 

Figure 5-56 (a) path lines, hot flow, φ=0° 

 

Figure 5-56 (b) path lines, hot flow, φ=20° 

Figure 5-56: Path lines from the last diffuser ring gaps, shown at the inner curved side, 
for Ejector-5, hot flow: (a) φ=0°, (b) φ=20°. 
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 As can be seen in Figure 5-55 and Table 5-26, the swirl clearly demonstrated a positive effect 

on the cooling. Comparison of the same data and profiles between Ejector-5 and Ejector-3 

showed that the 22.5° bent ejector had a better cooling efficiency than the straight ejector with 

less total entrained cold flow. This was due to the better mixing of hot core, which was closer to 

the outer-side diffuser wall, with the entrained tertiary flow from the outer side. Increasing swirl 

angle could improve the flow uniformity at the diffuser exit. 

 In Figure 5-57, a counterclockwise rotating vortex can be seen at the top side of the diffuser 

exit after the swirl was applied. The size of vortex was increased as the swirl angle was increasing 

since the counterclockwise rotating primary flow, which was driven by the swirler, enhanced the 

strength of the vortex. At the 30° swirl condition, the enlarged vortex was even connected with 

the center rotating core. 

 The size of core separation was underestimated by the CFD models and flow mixing inside 

ejector was underpredicted. As a result, higher velocity and temperature profiles could be seen at 

the diffuser exit. However, the velocity uniformity at the 30° swirl condition was well predicted 

by the CFD models. 

 



 

 

 

Figure 5-57 (a) axial velocity contour, hot flow, φ=0° 

 

 

Figure 5-57: Axial velocity contours of the diffuser exit for Ejector-5, hot flow: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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Figure 5-57 (b) axial velocity contour, hot flow, φ=20° 

 

 

Figure 5-57: Axial velocity contours of the diffuser exit for Ejector-5, hot flow: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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Figure 5-57 (c) axial velocity contour, hot flow, φ=30° 

 

Figure 5-57: Axial velocity contours of the diffuser exit for Ejector-5, hot flow: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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5.5.3 Wall Pressure Distribution 

The data for the dimensionless wall static gauge pressure distribution along the mixing tube and 

diffuser at the 0°, 90°, 180° and 270° direction (see Figure 5-51) are shown in Figure 5-58. The 

pressure distributions for the hot flow cases were similar to those of cold flow cases. The details 

can be found in Appendix G. 

 A Pitot static tube was traversed at the mixing tube inlet at six designed locations along the 0°, 

90° and 180° direction to obtain roughly the average static gauge pressure, misP _ . 

 Inside the mixing tube, the pressure was continuously rising along the flow direction when 

the swirl angle was no more than 10°. At the 30° swirl condition, the pressure drop near the end 

of the mixing tube, which was observed in Ejector-3, also happened here. Inside the diffuser, as 

expected, the outer curved wall (0° direction) pressure was much higher than the inner curved 

wall (180° direction) pressure as the primary core flow was closer to the outer curved wall. The 

positive pressure, which was observed at the diffuser outer curved wall, might have a negative 

effect on the pumping of the entraining diffuser at the higher swirl conditions since the entraining 

path through the diffuser gaps might be partially blocked when the spread flow was impinging the 

outer curved wall. The pressure recovery shown in Figure 5-59 was calculated by two methods. 

Method 1 used average wall pressure as previous. Method 2 used the average static gauge 

pressure of the mixing tube inlet ( misP _ ) and diffuser exit ( desP _ ) through calculation as 

( ) nemisdes qPP __ − . The two methods were presenting a quite different magnitude at the 30° swirl 

condition. The pressure recovery calculated from method 1 was much lower than the calculation 

from method 2. This indicated that the average mixing tube inlet pressure was much lower than 

the wall pressure at the 30° swirl condition. This was correct since the centrifugal force caused by 

the swirling resulted in the static pressure was increasing along the radial direction. When the 

swirl angle was no more than 20°, the calculations from two methods were similar. 
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 The CFD models did not captured accurately the pressure trend near the end of the mixing 

tube due to underprediction for the flow core separation. By method 1, the CFD models 

underpredicted the magnitude of pressure recovery for all swirl conditions. By method 2, the 

pressure recovery of the CFD models was getting closer to the experimental results as the swirl 

angle changed from 0° to 30°. 
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Figure 5-58: Wall pressure distribution along the mixing tube and diffuser for Ejector-5, 
cold flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure 5-58 (c) wall pressure distribution, cold flow, φ=20° 

-0.45

-0.35

-0.25

-0.15

-0.05

0.05

0.15

0 0.5 1 1.5 2 2.5 3 3.5 4

z/Dmt

Psw/qne

E-5: φ=30_0° (Exp., cold)
E-5: φ=30_0° (CFD, cold)
E-5: φ=30_90° (Exp., cold)
E-5: φ=30_90° (CFD, cold)
E-5: φ=30_180° (Exp., cold)
E-5: φ=30_180° (CFD, cold)
E-5: φ=30_270° (Exp., cold)
E-5: φ=30_270° (CFD, cold)

Mixing Tube Diffuser
 

Figure 5-58 (d) wall pressure distribution, cold flow, φ=30° 

Figure 5-58: Wall pressure distribution along the mixing tube and diffuser for Ejector-5, 
cold flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure 5-59 (a) pressure recovery, method 1 
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Figure 5-59 (b) pressure recovery, method 2 

Figure 5-59: Pressure recovery as a function of swirl angle for Ejector-5, cold and hot 
flow: (a) calculated from average wall pressure (method 1) (b) calculated 
from average of misP _  and desP _  (method 2). 
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5.5.4 Pumping 

Figure 5-60 and Figure 5-61 present various pumping ratios of Ejector-5 under each swirl 

condition for both cold and hot flow experiments respectively. In Figure 5-60 (a), comparing with 

the hot flow pumping, a measurement error of total mass flow rate of cold flow at 10° swirl 

condition might exist. The reason was found and discussed in Appendix E. The fixed data were 

demonstrated in Figure 5-60 (b). The fitted n, which was calculated in Equation (5.6), also can be 

recommended as in Table 5-27. 

 Comparison of pumping ability between Ejector-5 and Ejector-3 is shown in Table 5-28. The 

data showed the tertiary pumping (Φ3rd) of Ejector-5 was around 20% to 32% less than that of 

Ejector-3. As expected, gap velocity measurement confirmed that the gap velocities at the outer 

curve side were much less than the gap velocities at the inner curve side. This result was 

consistent with the pressure distribution of the diffuser wall as shown in Figure 5-58. As can be 

seen, the 30° swirl, the first time, slightly decreased the pumping of the entraining diffuser since 

the higher positive pressure at the outer curve wall. For the pumping of the mixing tube (Φ2nd), 

the ratio of Ejector-5 was no more than that of Ejector-3 when the swirl angle was less than 30° 

and became much larger than that of Ejector-3 at the 30° swirl condition. The ratio of Φ2nd /Φ3rd 

of Ejector-5 was higher than that of Ejector-3 at every swirl condition. This means that, for 

ejector with bent entraining diffuser, the importance of the secondary entraining was more 

weighted. 

 The data shown in Table 5-29 stated that the pumping ability of each diffuser ring still 

changed only in the range of ±2% at various swirl conditions for both cold and hot flow 

experiments. First two diffuser rings pumped 68% of the tertiary flow into the ejector. 
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Figure 5-60 (a) total pumping of the ejector, original data for φ=10°, cold  
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Figure 5-60 (b) total pumping of the ejector, fixed data for φ=10°, cold 

Figure 5-60: Total pumping ratios as a function of swirl angle for Ejector-5, cold and hot 
flow, with: (a) original data for φ=10°, cold (indicated by a dashed line 
circle), (b) fixed data for φ=10°, cold (indicated by a solid line circle). 
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Figure 5-61 (a) pumping of the mixing tube 
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Figure 5-61 (b) pumping of the entraining diffuser 

Figure 5-61: Pumping ratios as a function of swirl angle for Ejector-5, cold and hot flow: 
(a) Φ2nd, (b) Φ3rd, (c) ratio of Φ2nd /Φ3rd. 
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Figure 5-61 (c) ratio of the pumping of the mixing tube to the entraining diffuser 

Figure 5-61: Pumping ratios as a function of swirl angle for Ejector-5, cold and hot flow: 
(a) Φ2nd, (b) Φ3rd, (c) ratio of Φ2nd /Φ3rd. 

Table 5-27: Fitted n of various pumping ratios for Ejector-5. 

 Φ2nd
 Φ3rd Φt 

fitted n for Ejector-5 0.447 0.545 0.219 

Table 5-28: Comparison of pumping ratios between Ejector-5 and Ejector-3. 

  φ=0°  φ=10°  φ=20° φ=30° 
cold flow exp. 0.78 0.84 0.99 1.3 

3_2

5_2

−

−
Φ

Φ
End

End  
hot flow exp. 0.90 0.98 1.0 1.6 
cold flow exp. 0.69 0.73 0.80 0.67 

3_3

5_3

−

−

Φ
Φ

Erd

Erd  hot flow exp. 0.70 0.68 0.75 0.68 
cold flow exp. 0.89 0.90 0.94 0.93 

3_

5_

−

−
Φ

Φ
Et

Et  
hot flow exp. 0.89 0.90 0.91 0.94 

 

 The changing tendency of the secondary pumping can be linked to that of the average static 

gauge pressure of the secondary entrained flow at the mixing tube inlet (shown in Figure 5-62). 

That is, for the same ejector, lower inlet pressure caused higher secondary pumping (higher 

velocity) and vice versa. The total pumping of Ejector-5 was 5% to 10% less than that of Ejector-

3. 
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 The solution of the CFD models of Ejector-5 had the similar tendency as that of Ejector-3. 

The CFD models overpredicted the pumping of the mixing tube, underpredicted the pumping of 

the entraining diffuser and reasonably predicted the pumping of the ejector. 

Table 5-29: Ratio of entrained mass flow through each diffuser ring inlet to the total 
tertiary entraining, Ejector-5. 

Ejector-5  1st ring 2nd ring 3rd ring 4th ring 
φ=0° 38% 30% 20% 12% 
φ=10° 36% 31% 20% 12% 
φ=20° 34% 30% 20% 15% 
φ=30° 36% 30% 20% 12% 

Cold flow 
experiments 

average 36% 31% 21% 13% 
φ=0° 36% 31% 20% 14% 
φ=10° 35% 31% 20% 13% 
φ=20° 34% 32% 21% 13% 
φ=30° 36% 32% 20% 12% 

Hot flow 
experiments 

average 35% 32% 20% 13% 
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Figure 5-62: Average static pressure of the secondary entrained flow at the mixing tube 
inlet as a function of swirl angle for Ejector-5, cold and hot flow. 
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5.5.5 Wall Temperature Distribution 

Wall temperature distribution and profiles at the 0° swirl and 30° swirl conditions are shown in 

Figure 5-63 and Figure 5-64. The results of the CFD models are shown in Figure 5-65. As can be 

seen, under each swirl condition, the wall temperature of the mixing tube at 0° (inner curve) side 

had the similar range as at 180° (outer curve) side. This presented that the 22.5° bent diffuser did 

not have an obvious effect on the temperature distribution of the mixing tube. The wall 

temperature was greatly increased by the swirl because of the enhanced mixing. 

 As expected, the wall temperature of the diffuser outer wall was much higher than that of the 

inner wall, especially the last two rings, since primary hot flow was much closer to the outer wall 

than the inner wall. Again, the swirl increased the diffuser wall temperature at both inner and 

outer side because of the enhanced spreading. 

 Rough comparison between the CFD model and experimental profiles showed that the wall 

temperature was underpredicted by the CFD models. 
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Figure 5-63 (a) mixing tube inner curve side wall temperature, hot flow, φ=0° 
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Figure 5-63 (b) mixing tube outer curve side wall temperature, hot flow, φ=0° 
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Figure 5-63 (c) mixing tube inner curve side wall temperature, hot flow, φ=30° 

Figure 5-63: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube wall for Ejector-5: (a) φ=0° (inner curve side), (b) φ=0° (outer 
curve side), (c) φ=30° (inner curve side), (d) φ=30° (outer curve side). 
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Figure 5-63 (d) mixing tube outer curve side wall temperature, hot flow, φ=30° 

Figure 5-63: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube wall for Ejector-5: (a) φ=0° (inner curve side), (b) φ=0° (outer 
curve side), (c) φ=30° (inner curve side), (d) φ=30° (outer curve side). 
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Figure 5-64 (a) diffuser inner curve side wall temperature, hot flow, φ=0° 

Figure 5-64: Thermal images (°C) and experimental and CFD temperature profiles of the 
diffuser wall for Ejector-5: (a) φ=0° (inner curve side), (b) φ=0° (outer curve 
side), (c) φ=30° (inner curve side), (d) φ=30° (outer curve side). 
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Figure 5-64 (b) diffuser outer curve side wall temperature, hot flow, φ=0° 
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Figure 5-64 (c) diffuser inner curve side wall temperature, hot flow, φ=30° 
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Figure 5-64 (d) diffuser outer curve side wall temperature, hot flow, φ=30° 

Figure 5-64: Thermal images (°C) and experimental and CFD temperature profiles of the 
diffuser wall for Ejector-5: (a) φ=0° (inner curve side), (b) φ=0° (outer curve 
side), (c) φ=30° (inner curve side), (d) φ=30° (outer curve side). 
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Figure 5-65 (a) outer curve side wall temperature contour, hot flow, φ=0° 

 

Figure 5-65 (b) outer curve side wall temperature contour, hot flow, φ=30° 

Figure 5-65: CFD temperature contours (°C) of the mixing tube and diffuser wall for 
Ejector-5 (outer curve side): (a) φ=0°, (b) φ=30°. 
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5.6 Ejector-6 and Ejector-8 

The full dimensions of Ejector-6 and Ejector-8 systems are illustrated in Figure 5-66 and  

Figure 5-67 respectively. A 45° round bent entraining diffuser (BED2) is included in both 

ejectors. The standoff was fixed as 86 mm to check the effects of area ratio of Amt /Ane. The area 

ratio of Amt /Ane was 2 for Ejector-6 and 3 for Ejector-8. The matrix of experiments and 

simulations of Ejector-6 and Ejector-8 is listed in Table 5-30. 
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Figure 5-66: Dimensions (in mm) and computational domain of Ejector-6 (E-6). 
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Figure 5-67: Dimensions of Ejector-8 (E-8). 

 

Figure 5-68: View of Ejector-6 from the diffuser exit along the negative Z-axis direction. 

Table 5-30: Matrix for experiments and simulations of Ejector-6 and Ejector-8. 

  Ejector-6 Ejector-8 
  φ=0° φ=10° φ=20° φ=30° φ=0° φ=20° 

cold flow × × × × × × Exp. hot flow × × × × × × 
cold flow ×  × ×   CFD hot flow ×  × ×   

 

 Figure 5-66 to Figure 5-68 illustrate that the primary flow will directly impinge the outer 

curve side wall this time for both ejectors. A severe reversed flow from outer curve side gaps is 

expected to see. 
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5.6.1 Primary Mass Flow Rate 

The primary mass flow rate and back pressure coefficient of Ejector-6 and Ejector-8 are shown in 

Figure 5-69 and Figure 5-70 respectively. Comparison of mp and Cb between Ejector-6 and 

Ejector-3 are shown in Table 5-31. 
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Figure 5-69: Experimental primary mass flow rate as a function of swirl angle for 
Ejector-6 and Ejector-8, cold and hot flow. 
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Figure 5-70: Back pressure coefficient as a function of swirl angle for Ejector-6 and 
Ejector-8, cold and hot flow. 
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 It was not surprising that Ejector-6 had higher primary mass flow rate and much lower back 

pressure than Ejector-8 due to the larger nozzle exit area. The data for Ejector-3 to Ejector-8 

firmly supported that, on the same wind tunnel, the primary mass flow rate was mainly 

determined by the nozzle exit area. The back pressure of Ejector-6 was higher than that of 

Ejector-5 when the swirl angle was more than 10°. This was because the 45° bent diffuser caused 

higher pressure loss than the 22.5° bent diffuser, and this gave a higher pressure at the mixing 

tube inlet. 

Table 5-31: Comparison of mp and Cb between Ejector-6 and Ejector-3. 

  φ=0° φ=10° φ=20° φ=30° 

cold flow exp. 1.0 0.99 0.99 0.99 

3_

6_

−

−

Ep

Ep
m

m
 hot flow exp. 0.98 1.0 0.98 1.0 

cold flow exp. 1.0 0.93 1.0 1.3 
3_

6_

−

−

Eb

Eb
C

C
 

hot flow exp. 1.0 0.98 0.96 1.4 
 

5.6.2 Flow Structure for Ejector-6 

5.6.2.1 Reversed flow 

Due to the high bent angle of the entraining diffuser, the flow from the mixing tube exit impinged 

directly on the outer curve side wall of the diffuser. As a result, at the outer curve side, the 

reversed flow from the diffuser ring gaps was observed in both two ejectors. As shown in Figure 

5-71, the reversing started from the second diffuser ring inlet. Some reversed flow was entrained 

back into the first diffuser ring inlet. In the hot flow experiments, the average temperatures of the 

reversed flow (see Table 5-32) were in the range of 120°C to around 200°C. The sections of 

diffuser ring gaps with reversed flow were found by using streamers and are displayed and 

hatched in Figure 5-72. 
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Figure 5-71: CFD path lines showing the reversed flow from the 2nd diffuser ring gaps at 
the outer curve side (180° direction), Ejector-6, hot flow, φ=0°. 

Table 5-32: Average temperature (°C) of the reversed flow for Ejector-6 and Ejector-8, 
hot flow. 

 φ=0° φ=10° φ=20° φ=30° 

Ejector-6 (hot exp.) 175 193 188 128 

Ejector-8 (hot exp.) 199  178  

 

  
Figure 5-72: Schematic for the sections of the diffuser ring gaps with reversed flow 

(hatched) for Ejector-6 and Ejector-8. 

1st ring,            2nd ring,    3rd Ring,   4th Ring 
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5.6.2.2 Flow structure at the diffuser exit 

The velocity and temperature profiles of x-centerline at the diffuser exit for both ejectors are 

shown in Figure 5-73 and Figure 5-74 respectively. Comparing with the profiles of Ejector-5 

showed that very low velocity zone was enlarged up to 2.0−=deRx  for cold flow and 

4.0−=deRx  for hot flow. This was consistent with the geometry of the bent diffuser. Larger 

bent angle made primary flow closer to the outer curve side wall and further from the inner curve 

side wall. At the inner side, the tertiary entrained flow needed to travel a longer distance to mix 

with the stream from mixing tube. The Reynolds stresses in the mixing boundary layer of the hot 

flow case was much higher than the cold flow case. Higher Reynolds stresses caused a faster 

momentum transfer between the hot core flow and entrained cold flow and enhanced the flow 

mixing, and resulted in the low velocity starting to increase at 4.0−=deRx  instead of 

2.0−=deRx . As expected, the peak velocity at the diffuser exit of Ejector-8 was higher than 

that of Ejector-6 due to the higher velocity of primary jet of Ejector-8. At the 20° swirl condition, 

the wake region, which was caused by the flow separation after the annulus center body, of 

Ejector-8 was much smaller than that of Ejector-6 since the smaller nozzle exit diameter could 

improve the flow uniformity at the nozzle exit. The temperature profiles showed that the 

temperature spread faster than the momentum. 

 Table 5-33 shows the flow uniformity at the diffuser exit of Ejector-6 and Ejector-8 under 

various swirl conditions for both cold and hot flow experiments. The data showed that the 

primary jet with higher velocity decreased the velocity uniformity, but improved the temperature 

uniformity. Data comparison between Ejector-6 and Ejector-3 indicated that this 45° bent angle 

had a positive effect on the temperature uniformity. The uniformities of both ejectors were 

improved by the swirl.  
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 The CFD models again underpredicted the flow core separation and flow mixing inside the 

ejector. As a result, higher center velocity and core temperature were observed in the results of 

the CFD models. 
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Figure 5-73 (a) x-centerline axial velocity profiles (E-6), cold flow 
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Figure 5-73 (b) x-centerline axial velocity profiles (E-6), hot flow 

Figure 5-73: Velocity profiles of the x-centerline at the diffuser exit for Ejector-6: (a) cold 
flow, (b) hot flow; for Ejector-8: (c) cold and hot flow experiments. 
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Figure 5-73 (c) x-centerline axial velocity profiles (E-8), cold and hot flow 

Figure 5-73: Velocity profiles of the x-centerline at the diffuser exit for Ejector-6: (a) cold 
flow, (b) hot flow; for Ejector-8: (c) cold and hot flow experiments. 
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Figure 5-74 (a) x-centerline temperature profiles (E-6), hot flow 

Figure 5-74: Temperature profiles of the x-centerline at the diffuser exit, hot flow: (a) 
CFD and experimental data for Ejector-6, (b) experimental data for  
Ejector-8. 
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Figure 5-74 (b) x-centerline temperature profiles (E-8), hot flow 

Figure 5-74: Temperature profiles of the x-centerline at the diffuser exit, hot flow: (a) 
CFD and experimental data for Ejector-6, (b) experimental data for  
Ejector-8. 

Table 5-33: Velocity uniformity (fke) and temperature uniformity (ft) at the diffuser exit 
as a function of swirl angle for Ejector-6 and Ejector-8, cold and hot flow. 

  fke ft 
   Exp. CFD Exp. CFD 

φ=0° 3.9 3.4   
φ=10° 3.3    
φ=20° 2.8 2.3   

cold flow 

φ=30° 2.5 2.2   
φ=0° 4.0 3.8 0.20 0.010 
φ=10° 3.3  0.46  
φ=20° 3.0 2.4 0.63 0.25 

Ejector-6 

hot flow 

φ=30° 2.8 2.3 0.63 0.53 
φ=0° 5.1    cold flow 
φ=20° 3.4    
φ=0° 4.2  0.48  

Ejector-8 
hot flow φ=20° 3.1  0.70  

 

 Figure 5-75 shows the hot flow velocity contours at the diffuser exit for both ejectors. Instead 

of one vortex shown in the velocity contour at the diffuser exit of Ejector-5, two much larger 

vortices could be seen in the contours of Ejector-6. One was at the top side with counterclockwise 

inner curve side outer curve side
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rotating direction, another one was at the bottom side with clockwise rotating direction. Since the 

mixed flow inside the ejector was rotated by the swirl counterclockwise, the size of the top vortex 

was increased as the swirl angle was increased and the size of the bottom vortex was decreased 

by the increasing swirl angle and was vanished finally by the 30° swirl. Ejector-8 presented even 

larger vortices because of the higher pumping.  

 At the 0° swirl condition, the CFD models showed reasonable prediction on the axial velocity 

distribution at the diffuser exit. The sizes of two vortices were slightly underestimated. The 

locations were shown closer to y centerline. At the swirl conditions, the CFD models reasonably 

predicted the shape of the velocity contours, but underpredicted the centre velocity decay. 

 

 

 

 

 

 

 



 

 

 

Figure 5-75 (a) 

Figure 5-75: Axial velocity contours of the diffuser exit for Ejector-6, hot flow: (a) φ=0°, (b) φ=20°, (c) φ=30°; for Ejector-8, hot flow 
experiments: (d) φ=0°, (e) φ=20°. 
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Figure 5-75 (b) 

 

Figure 5-75: Axial velocity contours of the diffuser exit for Ejector-6, hot flow: (a) φ=0°, (b) φ=20°, (c) φ=30°; for Ejector-8, hot flow 
experiments: (d) φ=0°, (e) φ=20°. 
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Figure 5-75 (c) 

Figure 5-75: Axial velocity contours of the diffuser exit for Ejector-6, hot flow: (a) φ=0°, (b) φ=20°, (c) φ=30°; for Ejector-8, hot flow 
experiments: (d) φ=0°, (e) φ=20°. 
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Figure 5-75 (d) 

 

Figure 5-75 (e) 

 

Figure 5-75: Axial velocity contours of the diffuser exit for Ejector-6, hot flow: (a) φ=0°, (b) φ=20°, (c) φ=30°; for Ejector-8, hot flow 
experiments: (d) φ=0°, (e) φ=20°. 
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5.6.3 Wall Pressure Distribution 

Figure 5-76 shows the dimensionless wall static gauge pressure distribution along the mixing tube 

and diffuser at 0°, 90°, 180° and 270° direction (see Figure 5-66) for Ejector-6 and Ejector-8 

(cold flow) under all swirl conditions. The pressure distributions of the hot flow cases were 

similar to those of the cold flow cases. The details can be found in Appendix G. As can be seen, 

for Ejector-6, when the swirl angle was no more than 20°, the effects of the high bent angle (45°) 

on the mixing tube wall pressure could be observed at where L/Dmt > 1.5. That was, the wall 

pressure at the outer curve side was higher than the wall pressure at the inner curve side due to 

the flow impingement. At the outer curve side, positive static gauge pressure started to appear 

from the mixing tube exit and reached the maximum at around the third diffuser ring exit. This 

was also consistent with the primary flow path shown in Figure 5-66. At the 30° swirl condition, 

the positive pressure appeared inside of the mixing tube at about L/Dmt=1.5 at all four directions. 

Near the end of the mixing tube, a severe flow separation, which was indicated by the big wall 

pressure drop, could be observed. This was the same as what happened in Ejector-3 and Ejector-5. 

The higher swirl helped to lower the peak positive pressure and drove the flow from different 

angles (0°, 90°, 180° and 270°) to reach the similar condition at the end of diffuser exit. 

 For Ejector-8, at the 0° swirl condition, the starting spot of the positive pressure was delayed 

to around the exit of the first diffuser ring. This was probably because smaller nozzle diameter 

caused the primary jet to travel longer distance before it was spread to the outer-curve wall. At 

each swirl condition, the wall pressure at the mixing tube inlet of Ejector-8 was higher than that 

of Ejector-6. 

 When the swirl angle was no more than 20°, the CFD models showed reasonable wall 

pressure estimation until L/Dmt=1.5, except at the mixing tube inlet due to under prediction of 

separation bubble. The clear disagreement between the CFD model and experimental data started 

from the mixing tube exit. The over estimation of the diffuser wall pressure could not be 
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considered as an evidence of limitations of the CFD models. It might be caused by the 

dimensional discrepancy of computational domain and realistic experimental setting. At the 

mixing tube exit, the CFD models were capturing the pressure at the outer side, and again were 

missing the flow separation at the inner curve side. 

 The pressure recovery, which was calculated by using method 1 and method 2 (see 5.5.3 for 

the details) is shown in Figure 5-77. The best pressure recovery was achieved by the 20° swirl in 

method 1, and was obtained with the 30° swirl in method 2. The Ejector-6 had a better pressure 

recovery than Ejector-8. 
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Figure 5-76 (a) wall pressure distribution (E-6), cold flow, φ=0° 

Figure 5-76: Wall pressure distribution along the mixing tube and diffuser at 0°, 90°, 
180° and 270° direction for Ejector-6, cold flow: (a) φ=0°, (b) φ=10°, (c) 
φ=20°, (d) φ=30°; for Ejector-8, cold flow: (e) φ=0°, (f) φ=20°. 
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Figure 5-76 (b) wall pressure distribution (E-6), cold flow, φ=10° 
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Figure 5-76 (c) wall pressure distribution (E-6), cold flow, φ=20° 

Figure 5-76: Wall pressure distribution along the mixing tube and diffuser at 0°, 90°, 
180° and 270° direction for Ejector-6, cold flow: (a) φ=0°, (b) φ=10°, (c) 
φ=20°, (d) φ=30°; for Ejector-8, cold flow: (e) φ=0°, (f) φ=20°. 
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Figure 5-76 (d) wall pressure distribution (E-6), cold flow, φ=30° 
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Figure 5-76 (e) wall pressure distribution (E-8), cold flow, φ=0° 

Figure 5-76: Wall pressure distribution along the mixing tube and diffuser at 0°, 90°, 
180° and 270° direction for Ejector-6, cold flow: (a) φ=0°, (b) φ=10°, (c) 
φ=20°, (d) φ=30°; for Ejector-8, cold flow: (e) φ=0°, (f) φ=20°. 
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Figure 5-76 (f) wall pressure distribution (E-8), cold flow, φ=20° 

Figure 5-76: Wall pressure distribution along the mixing tube and diffuser at 0°, 90°, 
180° and 270° direction for Ejector-6, cold flow: (a) φ=0°, (b) φ=10°, (c) 
φ=20°, (d) φ=30°; for Ejector-8, cold flow: (e) φ=0°, (f) φ=20°. 
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Figure 5-77 (a) pressure recovery, method 1 

Figure 5-77: Pressure recovery as a function of swirl angle for Ejector-6 and Ejector-8, 
cold and hot flow: (a) calculated from average wall pressure (method 1) (b) 
calculated from average of misP _  and desP _  (method 2). 
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Figure 5-77 (b) pressure recovery, method 2 

Figure 5-77: Pressure recovery as a function of swirl angle for Ejector-6 and Ejector-8, 
cold and hot flow: (a) calculated from average wall pressure (method 1) (b) 
calculated from average of misP _  and desP _  (method 2). 

 

5.6.4 Pumping 

In the cold flow experiments, the gap velocities of the reversed flow were measured by a hot-wire 

velocity meter. However, this velocity meter could not be used to measure reversed flow velocity 

in hot flow experiments since the reversed flow temperature was above the temperature limitation 

of this device. Since lack of accurate measurement method for leaking gap velocities, the tertiary 

pumping of the hot flow experiments cannot be presented. 

 Table 5-34 shows the levels of the reversed flow for Ejector-6 and Ejector-8 under each swirl 

condition for cold flow experiments. The ratio was calculated by using reversed tertiary mass 

flow rate divided by the entrained tertiary mass flow rate ( edrd_entraindrd_reverse mm 33 ). The 

entrained, reversed and total tertiary pumping ratios for both ejectors are shown in Figure 5-78. 
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For Ejector-6, increasing swirl angle could slightly improve the entraining while decreasing the 

reversing, and as a result, enhance the total tertiary entraining. As is shown, higher velocity of 

primary flow caused higher tertiary entraining. 

Table 5-34: Ratio of reversed flow for Ejector-6 and Ejector-8, cold flow experiments. 

 φ=0° φ=10° φ=20° φ=30° 

Ejector-6 (cold flow) 93.5% 84.9% 80.0% 47.1% 

Ejector-8 (cold flow) 69.0%  69.6%  
 

 Figure 5-79 and Figure 5-80 present secondary (Φ2nd) and total (Φt) pumping ratios of 

Ejector-6 and Ejector-8 under each swirl condition for both cold and hot flow experiments 

respectively. The changing tendency of the pumping of the mixing tube could be linked to that of 

the average static pressure of the secondary entrained flow at the mixing tube inlet (shown in 

Figure 5-81). That was, for the same ejector, lower mixing tube inlet pressure caused higher 

secondary pumping (higher velocity) and vice versa. Secondary pumping of Ejector-8 was larger 

than that of Ejector-6 even with bigger inlet pressure. This was resulted from the larger area ratio 

of Amt /Ane. As a result, a higher total entraining could be seen in Ejector-8. The total pumping of 

the hot flow was higher for the higher primary jet velocity. Since the unknown tertiary pumping 

of the hot flow, the fitted n, which was calculated by Equation (5.6), was only provided for total 

entraining in Table 5-35.  

 The CFD models still showed a reasonable prediction on the total pumping of the ejector. 
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Figure 5-78 (a) entrained flow of the entraining diffuser 
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Figure 5-78 (b) reversed flow of the entraining diffuser 

Figure 5-78: Tertiary pumping ratios as a function of swirl angle for Ejector-6 and 
Ejector-8, cold and hot flow: (a) entrained flow, (b) reversed flow, (c) total. 
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Figure 5-78 (c) total pumping of the entraining diffuser 

Figure 5-78: Tertiary pumping ratios as a function of swirl angle for Ejector-6 and 
Ejector-8, cold and hot flow: (a) entrained flow, (b) reversed flow, (c) total. 
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Figure 5-79: Secondary pumping ratios as a function of swirl angle for Ejector-6 and 
Ejector-8, cold and hot flow. 
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Figure 5-80: Total pumping ratios as a function of swirl angle for Ejector-6 and Ejector-8, 
cold and hot flow. 
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Figure 5-81: Average static gauge pressure of the secondary entrained flow at the mixing 
tube inlet as a function of swirl angle for Ejector-6 and Ejector-8, cold and 
hot flow. 
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Table 5-35: Fitted n of total pumping ratio for Ejector-6 and Ejector-8. 

 Φt 
fitted n for Ejector-6 0.188 
fitted n for Ejector-8 0.374 

 

 Comparison of pumping ability between Ejector-6 and Ejector-3 is shown in Table 5-36. The 

data indicated the total pumping of Ejector-6 was around 80% of that of Ejector-3. Since there 

was very much less tertiary entraining, the 45° bent ejector showed higher secondary pumping 

than the straight ejector, especially at 30° swirl cases. 

Table 5-36: Comparison of pumping ratios between Ejector-6 and Ejector-3. 

  φ=0° φ=10° φ=20° φ=30° 

3_2

6_2

−

−

Φ
Φ

End

End  cold flow exp. 1.01 0.95 1.17 1.91 

3_3

6_3

−

−
Φ

Φ
Erd

Erd  cold flow exp. 0.03 0.07 0.08 0.20 

cold flow exp. 0.83 0.78 0.79 0.84 

3_

6_

−

−

Φ
Φ

Et

Et  
hot flow exp. 0.81 0.76 0.78 0.78 

 

5.6.5 Wall Temperature Distribution 

Wall temperature distribution and profiles for both ejectors at the 0° swirl and 20° swirl 

conditions are shown in Figure 5-82 and Figure 5-83. For the mixing tube, the wall temperature at 

both sides (0° and 180° direction) was increased by the applied swirl. The wall temperature at the 

outer curve wall was higher than that of the inner curve wall. The wall temperature of Ejector-8 

was much lower than that of Ejector-6 due to the much higher secondary pumping of Ejector-8. 

 For the diffuser outer curve wall, the wall temperature of Ejector-6 was much higher than that 

of Ejector-5 because the hot core impinged the outer curve side wall directly. Again, the wall 

temperature of Ejector-8 was lower than that of Ejector-6 due to the higher tertiary pumping of 

Ejector-8. 
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 At the 0° swirl condition, the CFD models overpredicted the mixing tube wall temperature at 

the outer curve side and underpredicted the mixing tube wall temperature at the inner curve side. 

At the 20° swirl condition, the wall temperature of the mixing tube was underestimated by the 

CFD models. The CFD models presented the right change tendency of the diffuser wall 

temperature with respect to swirl angle, i.e. increasing swirl angle could decrease the wall 

temperature at the diffuser outer wall. 
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Figure 5-82 (a) mixing tube inner curve side wall temperature (E-6), hot flow, φ=0° 
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Figure 5-82 (b) mixing tube outer curve side wall temperature (E-6), hot flow, φ=0° 

Figure 5-82: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube wall for Ejector-6: (a) φ=0° (inner curve side), (b) φ=0° (outer 
curve side), (c) φ=20° (inner curve side), (d) φ=20° (outer curve side); and 
for Ejector-8: (e) φ=0° (inner curve side), (f) φ=20° (inner curve side). 

flow 

flow 



246 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0.00 0.20 0.40 0.60 0.80 1.00

z/L

θ

E-6: Test (φ=20, inner side)

E-6: CFD (φ=20, inner side)

 
Figure 5-82 (c) mixing tube inner curve side wall temperature (E-6), hot flow, φ=20° 
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Figure 5-82 (d) mixing tube outer curve side wall temperature (E-6), hot flow, φ=20° 
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Figure 5-82 (e) mixing tube inner curve side wall temperature (E-8), hot flow, φ=0° 

Figure 5-82: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube wall for Ejector-6: (a) φ=0° (inner curve side), (b) φ=0° (outer 
curve side), (c) φ=20° (inner curve side), (d) φ=20° (outer curve side); and 
for Ejector-8: (e) φ=0° (inner curve side), (f) φ=20° (inner curve side). 
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Figure 5-82 (f) mixing tube inner curve side wall temperature (E-8), hot flow, φ=20° 

Figure 5-82: Thermal images (°C) and experimental and CFD temperature profiles of the 
mixing tube wall for Ejector-6: (a) φ=0° (inner curve side), (b) φ=0° (outer 
curve side), (c) φ=20° (inner curve side), (d) φ=20° (outer curve side); and 
for Ejector-8: (e) φ=0° (inner curve side), (f) φ=20° (inner curve side). 
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Figure 5-83 (a) diffuser outer curve side wall temperature (E-6), hot flow, φ=0° 

Figure 5-83: Thermal images (°C) and experimental and CFD temperature profiles of the 
diffuser wall (outer curve side) for Ejector-6: (a) φ=0°, (b) φ=20°; and for 
Ejector-8: (c) φ=0°, (d) φ=20°. 
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Figure 5-83 (b) diffuser outer curve side wall temperature (E-6), hot flow, φ=20° 
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Figure 5-83 (c) diffuser outer curve side wall temperature (E-8), hot flow, φ=0° 
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Figure 5-83 (d) diffuser outer curve side wall temperature (E-8), hot flow, φ=20° 

Figure 5-83: Thermal images (°C) and experimental and CFD temperature profiles of the 
diffuser wall (outer curve side) for Ejector-6: (a) φ=0°, (b) φ=20°; and for 
Ejector-8: (c) φ=0°, (d) φ=20°. 
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Figure 5-84 (a) inner curve side wall temperature contour, hot flow, φ=0° 

 

 

Figure 5-84 (b) outer curve side wall temperature contour, hot flow, φ=0° 

 

Figure 5-84: CFD temperature contours (°C) of the mixing tube and entraining diffuser 
wall for Ejector-6: (a) φ=0° (inner curve side), (b) φ=0° (outer curve side), (c) 
φ=20° (inner curve side), (d) φ=20° (outer curve side). 
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Figure 5-84 (c) inner curve side wall temperature contour, hot flow, φ=20° 

 

Figure 5-84 (d) outer curve side wall temperature contour, hot flow, φ=20° 

 

Figure 5-84: CFD temperature contours (°C) of the mixing tube and entraining diffuser 
wall for Ejector-6: (a) φ=0° (inner curve side), (b) φ=0° (outer curve side), (c) 
φ=20° (inner curve side), (d) φ=20° (outer curve side). 
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Chapter 6 

Conclusions and Recommendations 

An experimental and CFD model study of the short air-air ejectors with multi-ring entraining 

diffusers has been carried out. The work has included the investigation of geometric and flow 

variables on the ejector performance. The following conclusions can be made based on the work 

done. 

6.1 General Conclusions 

The design of ejectors with entraining diffusers is a major challenge to engineers. These ejector 

systems involve very complex flows, such as swirl, adverse pressure gradients, flow separation, 

film cooling and mixing between the hot and cold flows. This work shows designers that great 

care must be taken when using RANS based CFD models to predict the performance of the 

ejector systems. This project has identified the following areas in an ejector that challenge the 

capabilities of RANS based CFD models. 

• wake behind annulus centre body due to the flow transition from annulus to nozzle 

• flow pattern at nozzle exit due to swirl, flow transition and nozzle shape 

• separation bubble at mixing tube inlet and entraining diffuser inlet 

• large scale core separation and recovery inside ejector 

• entrained or reversed flow in diffuser gaps 

• film cooling in diffuser gaps 
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 The results presented in this work clearly show that the RANS based CFD models used were 

not able to accurately predict the details of the primary nozzle flow. This leads to errors further 

downstream when predicting the pumping of the mixing tube and entraining diffuser, pressure 

recovery, wall temperature, and flow conditions at the diffuser exit. However, the total pumping 

was accurately predicted in some cases because of the cancelling of errors of overpredicting the 

pumping of the mixing tube and underpredicting the pumping of the entraining diffuser, 

especially for the hot flow. Focusing on only the predicted flow conditions at the ejector exit 

could lead the designer to misjudge other issues in the device by using CFD models, such as wall 

temperature. 

 This work provides clear examples of these issues for designers. 

6.2 Experiments 

Since the ejector performance is a function of the ejector geometry, these experimental 

conclusions only apply for the specific ejector geometries studied here. 

1. The inlet swirl level could have significant effects on the ejector performance. It should 

be noted that the swirl level applied upstream of the nozzle could be highly changed by 

the nozzle shape.  

2. When the primary flow transitioned from the annulus region to the round nozzle inlet, a 

flow separation was initialized from the ellipsoidal end of the annulus center body. The 

wake region (or core separation) resulting from this separation was enlarged as the inlet 

swirl angle was increased. This core separation propagated downstream and affected the 

secondary flow entry into the mixing tube. The high temperature could help the recovery 

of the separated core due to the high turbulent kinetic energy. 

3. The swirl effects were not always positive. In general, when the inlet swirl angle was no 

more than 20°, the ejector performance was improved as the swirl angle was increased. 

This is because of the stabilizing effect of the swirl on the ejector performance. However, 
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when the inlet swirl angle was larger than 30°, a significant reduction in performance for 

some type of ejectors was noticed. This was due to the massive flow core separation 

inside the mixing tube caused by this severe swirl. 

4. The behaviours of the round straight mixing tube and entraining diffuser were dominated 

by the degree of the core separation. The big core separation caused by the 30° inlet swirl 

could be observed at the mixing tube exit. As a result, pumping performance of the 

mixing tube was greatly decreased. The lower velocity primary jet (caused by bigger 

nozzle exit area) was more susceptible to the core separation at the high inlet swirl 

condition. The pumping performance of the entraining diffuser was enhanced as the swirl 

angle was increased. In general, the wall pressure recovery of the ejectors was maximized 

with 20° swirl. Increasing swirl angle in the tested range could improve the velocity and 

temperature uniformity at the diffuser exit. 

5. For oblong straight ejector, the oblong shape notably reduced the swirl number inside the 

ejector. At low inlet swirl condition (φ ≤ 20°), the oblong ejector had much better mixing 

performance than the round ejector.  

6. For bent entraining diffusers, reversed flow from diffuser gaps on the outside of the bend 

was observed for the 45° bent angle. Hot core cooling with the 22.5° bent entraining 

diffuser was better than with the straight entraining diffuser since the hot core was cooled 

by the tertiary flow more efficiently at the outer curve side. 

7. The ejector performance in the hot flow test, such as pumping, velocity profile at the 

diffuser exit and wall pressure distribution, had many similarities to the cold flow tests. 

However, scaling between the hot and cold flows was not always direct. The classic rule 

of scaling by the temperature ratio to some exponent required a different exponent for 

each swirl and bend. The higher pumping ability of the hot flow was due to the higher 

turbulent stresses in the mixing shear layer enhancing the mixing. 



254 

8. The area ratio of Amt /Ane was recommended to be set to at least 2. Increasing Amt /Ane by 

reducing the nozzle exit area can considerably increase the ejector pumping, especially 

for the hot flow tests. However, higher back pressure was the drawback. 

6.3 CFD Models 

Several turbulence models that are available in the commercial code FLUENT were used in the 

CFD model study. Table 6-1 is a summary of the results from the various turbulence models. Of 

those used, the most practical in terms of user and computer resources was the Realizable k-ε 

turbulence model. 

 As can bee seen from all the presented data, the prediction by the Realizable k-ε model was 

acceptable when the inlet swirl angle was no more than 20°. The prediction got worse when the 

swirl angle was more than 30° probably due to the anisotropic turbulence in the strongly swirling 

flow. The RSM model was better able to predict the core separation, but required much more user 

effort on meshing and convergence direction. However, for the overall performance prediction, 

the RSM model did not show a noticeable advantage over the Realizable k-ε model. Some further 

comments relating to Table 6-1 are given below. 

1. For this research, the flow mixing inside the ejectors was under predicted by the CFD 

models. This leads to the underprediction of the wall temperature. 

2. The overprediction of the secondary pumping was due to the underprediction in the core 

separation off the annulus center body. For the hot flow, this overprediction might also 

because the effects of the large temperature (density) gradient on the mixing in the shear 

layer were not considered. The underprediction of the diffuser tertiary flow was due in 

part to the error in the mixing tube and an underprediction in the diffuser mixing and 

pressure recovery. Since the cancellation of the errors, in general, the CFD models can 

reasonably predict the total pumping ability of studied ejector systems. 
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3. The CFD models can capture the trends of the flow conditions at the diffuser exit, such as 

velocity profile, generated vortices.  

4. The agreement between the CFD model and experimental data of oblong ejector was 

better than that of round ejector. 

5. The CFD models can be used as an effective tool for the design of these devices. When 

the swirl angle was no more than 20°, the Realizable k-ε model with its great flexibility 

and reliable convergence process was still the first choice for the ejector simulations. 

However, for the ejector flow with inlet swirl angle more than 30°, the RSM model can 

be considered if the time and computing resources allow.  

 



 

Table 6-1: The performance of the Realizable k-ε model for the performance prediction of studied ejectors. 

 round straight ejector 
(Ejector-3) 

oblong straight ejector 
(Ejector-4) 

round ejector with 22.5° 
diffuser (Ejector-5) 

round ejector with 45° 
diffuser (Ejector-6) 

 φ ≤ 20° φ = 30° φ ≤ 20° φ = 30° φ ≤ 20° φ = 30° φ ≤ 20° φ = 30° 
Φ2nd good for cold 

flow, 
overpredict 
for hot flow. 

 

poor good for cold flow, 
overpredict for hot flow. 

overpredict poor underpredict 
for cold flow. 

good 

Φ3rd underpredict 
 

underpredict underpredict fair for cold flow 

Φt good poor good good good 
Cb under predict 

 
Psw good when  

φ ≤10° 
underpredict, 
poor at MT 

exit 

overpredict the flat wall 
pressure 

 

overpredict overpredict, 
poor at MT 

exit 

good for MT 
wall pressure 

underpredict, 
poor at MT 

exit. 
CpE under predict 
Tw underpredict overpredict the curve side 

wall temperature of MT 
underpredict diffuser wall 

temperature. 
 

under predict φ=0°, 
overpredict. 

φ >0°, 
underpredict. 

underpredict 

Profiles at 
the 

diffuser 
exit 

underpredict the flow mixing 
and over predict the core 

separation 
 

capture the big vortices with 
two additional small vortices . 

capture the vortices capture the vortices 

fke overpredict, prediction is getting better as the swirl angle is increasing 
 

ft underpredict, prediction is getting better as the swirl angle is increasing 
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6.4 Recommendations 

 The following recommendations are given:  

1. To precisely measure the wall pressure distribution for the mixing tube, much more wall 

pressure taps are needed on the mixing tube wall. 

2. To measure the secondary entraining accurately, it would be useful to add an enclosure 

plenum with installed flow meters. 

3. A hot-wire velocity meter, which can work with hot flow temperature (such as 200°C), is 

required to measure the reversing mass flow rate from the bent diffuser gaps during the 

hot flow tests. 

4. The effects of the standoff on the ejector performance should be investigated in more 

details. 

5. Due to the time limitation, the RSM model was only applied on round straight ejector 

(Ejector-3). RSM solutions for oblong ejector (Ejector-4) or bent ejector (Ejector-5 and 

Ejector-6) should be studied. 

6. Since the solutions of Realizable k-ε turbulence model are related to the code, other 

commercial CFD solvers with this model should be tested. 

7. Detailed turbulence properties in an ejector should be studied using a suitable technique, 

such as Laser Doppler Velocimetry. 
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Appendix A 

Experimental Rig Design 

A.1 Design of the Extension of the Hot Gas Wind Tunnel 

The original outlet of the hot gas wind tunnel is a round pipe (see Figure 3-2 in Chapter 3, section 

3.1). To install swirlers before the test components, a new annulus section was designed to 

connect the round outlet with the swirler section. An inlet section, which holds four 7-hole probes 

to measure flow conditions before the nozzle, was mounted just after the swirler section. The 

exploded view of each part is illustrated in Figure A-1. All the components were made by 

stainless steel, and manufactured in the Department of Mechanical and Materials Engineering, 

Queen’s University, Kingston, Canada. The detailed drawings will be available upon the 

requirements. 

 Since the walls of the inlet section are not transparent, to position precisely the 7-hole probes 

at the designed locations, four linear positioners with scale (± 30mm) were installed on the inlet 

section (see Figure A-2). The position of probes was adjusted by turning the knobs. This design 

made the measurements at the inlet section much easier, especially during the hot flow 

experiments.  
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Figure A-1: Exploded view of the new designed components. 

   

Figure A-2: Schematic of the inlet section. 
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Appendix B1 

Seven Hole Probe Calibration 

The advantage of using 7-hole probe is that the flow parameters (such as, velocity fields and 

pressure) can be determined at flow attacking angles up to 60° relative to the probe axis in non-

nulling mode, which makes the measurement much more easier and convenient than operating a 

probe in nulling mode, especially in the hot flow experiments. 

 Since the complex three-dimensional flow conditions were expected after the swirlers and at 

the exit of the ejectors, therefore, the 7-hole probes were mainly used for the flow measurement at 

the nozzle inlet and the diffuser (or mixing tube) exit. In total, six 7-hole probes were involved in 

this research. One was used on the cold flow wind tunnel and was designed and calibrated by the 

previous researchers. The other five 7-hole probes were specially designed and calibrated for the 

flow measurement on the hot gas wind tunnel. They could be used to measure the air velocities in 

the flow with 500 °C. As the 7-hole probes had to be made very small (about 3.76 mm in 

diameter) to minimize disturbance to the flow, they were sensitive to the manufacturing process. 

Therefore, each probe must be calibrated before use. The calibration method presented here was 

mainly based on the work of Gerner et al. [55]. 

                                                      

1 This Appendix was a combined effort of the author and Mr. Asim Maqsood who was a graduate student in 

the Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada at the 

time author was pursuing his degree 
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 The probes were calibrated on the cold flow wind tunnel. They were positioned in a nearly 

uniform axial flow field with known velocity and local pressure, which were measured by a Pitot 

static probe. The Reynolds number based on the probe diameter was in the range of 1.84x105, and 

the Mach number was below 0.3. Cunningham [26] summarized that the sensitivity of 5-hole 

probe calibration with respect to the Reynolds number and turbulence intensity was not primary 

concern when the Reynolds number was larger than 2x104. In addition, the effects of Mach 

number were also minimal. He also deduced that the sensitivity of 7-hole probe to these 

parameters was even lower than the 5-hole probe since the measurement of the 7-hole probe was 

not dependant on the holes in the separated region. 

 In total, the probe was calibrated at 1809 points. Each point had different cone and roll angle 

within the range of ±60°. At each measurement point, the pressures of all the probe holes were 

recorded for the postprocessing. 

B.1 Definitions 

The configuration of probe number system is shown in Figure B-1 (a). According to the highest 

pressure among the probe holes, the calibration regions of probes can be divided into seven 

subdomains (see Figure B-1 (b)); and, two calibration regimes can be determined as follows: 

 • Low flow angles: the center hole had the highest pressure and the flow was fully attached 

to the probe surface; 

 • High flow angles: one of the circumferential holes had the highest pressure and the flow 

was separated at the downstream side of the probe. 

 All kind of flow angles are illustrated in Figure B-2. The meanings are stated in Table B-1. 

The mathematical relationships between velocity components and flow angles are summarized in 

Table B-2. 
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Figure B-1: (a) Schematic of probe number convention; (b) calibration regions:  
region 1 as low-angle region; region 2~7 as high angle region. 
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Figure B-2: Definitions of the flow angles for 7-hole probe. 
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Table B-1: Definitions of flow angles for 7-hole probe. 

Angle Definition 
pitch, αT between the probe’s axial-axis (Z) and the projection of the velocity vector in the 

Y-Z plane. 
 

yaw, βT between the probe’s axial-axis (Z) and the projection of the velocity vector in the 
X-Z plane. 
 

cone, θ between probe’s axial-axis (Z) and the velocity vector. 
 

roll, γ between negative Y-axis and the projection of the velocity vector in the X-Y plane. 
 

 

Table B-2: Mathematical relationships between velocity components and flow angles. 

u = V sin β u = V sin θ sin γ αT = arctan (v/w) 

v = V sin α cos β v = V sin θ cos γ βT = arctan (u/w) 

w = V cos α cos β w = V cos θ  

 

B.2 Coefficients 

In total, four unknown variables (two directional flow angles, total pressure and dynamic pressure) 

needed to be solved. 

 Two angular coefficients, which were expressed as the functions of dimensionless pressure 

coefficients defined from probe port pressures, were used to determine the local flow angles. At 

the low flow angles (typically less than 30° [55]), all pressures of the seven holes were used to 

define the angular coefficients, which were CαT for the pitch angle, and CβT for the yaw angle. At 

the high flow angles, only pressures of the holes in the attached flow region were used to 

determine the angular coefficients, which were Cθ for the cone angle, and Cγ for the roll angle. 

 Two pressure coefficients (Ct and Cq), which were expressed as the functions of the angular 

coefficients, were used to calculate local total and dynamic pressures. 
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B.2.1 Coefficients of Low Flow Angle 

The coefficients of low flow angle can be expressed by using the following equations: 

  Pitch angular coefficient: ( )
cba

CCCC T αααα −+= 2
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  Yaw angular coefficient: ( )
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  Dynamic pressure coefficient: 
q
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  where Pq is the actual local dynamic pressure. 
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B.2.2 Coefficients of High Flow Angle 

The coefficients of the high flow angle in the region n, where the hole n had the highest pressure, 

can be determined by using the following equations: 

  Cone angular coefficient: 
nn

n

PP
PPC

−
−

= 1
θ  (B.7) 

  Roll angular coefficient:  
nn

nn

PP
PPC

−
−

= +−
γ  (B.8) 

  where,     
2

+− += nn
n

PPP  (B.9) 



270 

  and Pn- is the pressure of previous adjacent hole, and Pn+ is the pressure of 

  next adjacent hole. 

 

 

  Total pressure coefficient: 
n
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  Dynamic pressure coefficient: 
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B.3 Calibration Constants 

According to the highest hole pressure, the calibrated data points were allocated to the proper 

regions and the corresponding coefficients were calculated. The desired flow parameters, which 

were the functions of the angular pressure coefficients, were determined by using a fourth order 

polynomial expansion as: 

 for the low flow angles:  
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 where, A represents one of the flow parameters, αT, βT, Ct, Cq. The Kn are the 

   calibration coefficients 
 

 for the high flow angles:  
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 where, A represents one of the flow parameters, θ, γ, Ct, Cq.  
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 In each region, a matrix (shown in Equation (B.14) can be build from m data points. The 

items in matrix A can be determined in terms of known flow conditions of the wind tunnel. The 

items in matrix C can be calculated from the probe pressures. Therefore, the calibration constants, 

Kn, can be solved. A spreadsheet with programmed macros was used to divide the experimental 

data into the specific regions. A FORTRAN program was made to solve the matrix to get 

constants. 
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 With solved calibration constants, the 7-hole probe was ready to measure the unknown flow 

field. The process was simply listed as the following: 

1. Recorded the calibration test data; 

2. Allocated the data points to the proper regions; 

3. Calculated the angular coefficients by selecting the proper equations from Equation (B.1), 

(B.2), (B.7) and (B.8); 

4. Used Equation (B.12) or (B.13) to determine the flow parameters; 

5. Used Equation (B.5), (B.6) or (B.10), (B.11) to calculate the total pressure and dynamic 

pressure, and further calculate the velocity components; 

 Step 2 was finished by a designed spreadsheet. Step 3 to 5 were done by the FORTRAN 

program. 
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Appendix C 

Inlet Mass Flow Measurement 

On the hot gas wind tunnel, to measure the mass flow rate before the nozzle inlet, four 7-hole 

probes, which were located at 0°, 90°, 180° and 270° direction within annulus, were traversed 

based on the inlet grid shown in Figure C-1. Data were measured at 12 radial locations with a 

total of 48 experimental data points. 

 Due to the large fillet radius of the 7-hole probe (see Figure C-2), the space between the first 

point (point-1) to the inner wall and the last point (point-12) to the outer wall could not be 

reached by the probe tip. A technique was needed to estimate the velocities at these two areas. As 

shown in Figure C-1, the probe was traversed from point-1 to point-12 with 3 mm traversing step. 

From point-2 to point-11, each data point was treated to present the average velocity at the center 

of 90° sector area with 3 mm width. Based on the similar dividing methodology, one more point 

(point-0) was added at the area-1, and four more points (point-13 to point-16) were inserted into 

the area-2. 

 The axial velocity profile at various swirl conditions (see Figure C-3) indicated that different 

methodologies should be used to estimate the velocity of new points based on the known info at  

no-swirl condition and swirl conditions. 

 Similar methods were used to calculate the mass flow rate with 3-hole probe data. The details 

have been presented by Mateer [14]. 
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Figure C-1: Traversing grids for the inlet flow measurement on HGWT. 
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Figure C-2: Photograph of 7-hole probe. 
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Figure C-3: Experimental axial velocity profiles in the annulus, cold flow, φ=0°, 30°. 

 

C.1 Method for No Swirl Condition 

At the no swirl condition, the empirical power law function (Equation (C.1)) [15] was used to 

estimate the velocity profiles at the unknown regions. The very thin viscous layer and overlap 

layer at the near wall region were not considered. The power law applied up to the wall. The 

Large fillet radius is 
required to bend outer 
tube without hurting 
seven very small tubes 
inside. 
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exponent n was estimated from the velocities of the center points (average of point-7 to point-9) 

and point-1 for the area-1, and point-12 for the area-2. The “n” for the area-1 and area-2 was 

different. 

n

center R
r

w
w

1

1 ⎟
⎠
⎞

⎜
⎝
⎛ −=  (C.1) 

Where:  

  r:  distance from the wall 

  R:  distance from the annulus center to the wall 

  w:  velocity at distance “r” 

  wcenterline: annulus centerline velocity. 

 After “n” was calculated, the velocity profiles of the area-1 and area-2 became known. The 

mass flow rate can be integrated directly by using Equation (C.2) for the area-1 and Equation (C.3) 

for the area-2: 
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C.2 Method for Swirl Conditions 

At the swirl conditions, in the area-2, instead of power law, a linear profile (see the trendline in 

Figure C-3) developed from experimental data was used to estimate the velocities for the new 

added points. For example, the velocities of point-13 to point-16 were calculated from the linear 

equation, which was fitted from the data of point-8 to point-12. Similarly, the velocity of point-0 

was calculated from the linear equation, which was fitted from the data of point-1 to point-5. 

C.3 Verification of Estimation Methods 

A number of mass balance tests (cold flow) were run at various swirl conditions to verify the 

employed estimation methods. The test setup is illustrated in Figure C-4. The total mass flow rate 

before the nozzle inlet, minlet, was calculated by using the applied methods. The total mass flow 

rate at the nozzle exit, mexit, was integrated from the data of another 7-hole probe, which was 

traversed at the nozzle exit with fine traversing grids. The comparison results are shown in  

Table C-3. The data presented that the difference between the minlet and mexit was within 3%. This 

indicated that the inlet mass flow estimation was good enough for the current research. 

Nozzle

7-hole probe

swirler

7-hole probe

 

Figure C-4: Schematic of mass balance test rig. 
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Table C-3: The comparison results of the mass balance tests. 

 minlet (kg/s) mexit (kg/s) 
difference based on 

mexit 

φ=0° 2.26 2.30 1.6% 

φ=20° 2.20 2.15 2.4% 

φ=30° 2.08 2.04 2.4% 
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Appendix D1 

Uncertainty Analysis 

D.1 Uncertainties in Measurements 

Uncertainties due to a measuring system can be measured by either experimental or analytical 

methods. Analytical methods are usually based on the manufacturer’s specifications. In many 

cases the manufacturer specifications are not described in terms of statistical properties therefore 

some approaches are applied to identify measuring system errors based on the manufacturers’ 

specifications. Taylor [59] proposed a procedure for extracting the error estimates from the 

manufacturers’ specifications. As two of the main measuring systems were built and calibrated so 

there was enough calibration data for the error or uncertainty analysis. The calibration data and 

auxiliary experiments were used to find the uncertainty in the measurements of the instruments 

used with the exception of thermocouples where the manufacturer’s data was available. 

 In the experimental approaches, an end-to-end calibration was done to find the fixed and 

variable error of the measuring system. The readings of the measuring system were recorded 

against a known constant input of the variable e.g. velocity or the temperature. Offset of the mean 

                                                      

1 This Appendix was a combined effort of the author and Mr. Asim Maqsood who was a graduate student in 

the Department of Mechanical and Materials Engineering, Queen’s University at the time author was 

pursuing his degree. 
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reading from the known input showed the fixed error of the measuring system. Variable error was 

estimated from the variation in the instrument readings. 

 In the current study, the calibration data of each 3-hole and 7-hole probe gave the uncertainty 

estimates in the measurement of the velocity and the pressure. The uncertainty estimates obtained 

from the calibration data gave the uncertainties in the bias errors. Auxiliary experiments were 

performed for the uncertainties in the precision errors. Then both the bias and the precision errors 

were combined according to the method suggested by Moffat. 

D.1.1 Measuring Instrument Uncertainties 

D.1.1.1 7-hole probe 

Velocity magnitude, direction, static, dynamic and total pressures were measured by the 7-hole 

probes. The bias errors in all the variables measured with the 7-hole probe were estimated by the 

calibration data of the 7-hole probes. Following are the error estimates for the 7-hole probe 

measurements. 

Table D-1: Bias uncertainty estimates of the measurements for the 7-hole probe. 

Velocity 
angle (°) 

Axial 
velocity (m/s) 

Velocity 
magnitude 

(m/s) 

Static 
pressure 

(Pa) 

Dynamic 
Pressure 

(Pa) 

Total 
Pressure 

(Pa) 

0.59 1.3 1.1 94 96 47 

 

 Moffat [60] suggested using auxiliary experiments for the estimation of the uncertainties as 

Zeroth, 1st and Nth. As the measurements were done for the velocity, for which the system could 

not be held constant, therefore the experiments were not strictly designed according to the 

Moffat’s suggestions. For the estimation of the precision errors for the 7-hole probes two types of 

auxiliary experiments were designed as: 
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(i) repeated measurements of velocity and pressure were taken at a single point 

in flow with the traverse rig stationary. 

(ii) repeated measurements were taken at the same point with the traverse rig 

moving and then coming back to the same point. By this way the variation 

due to the instrument alone and the variation due the movement of complete 

measurement system was considered in two different experiments. 

 The measurements were performed at the round nozzle exit with diameter as 172mm. The 

uncertainty estimates from the auxiliary experiments are tabulated in Table D-. 

Table D-2: Precision uncertainty estimated by the 7-hole probe stationary. 

 Axial 
velocity (m/s) 

Velocity 
magnitude 

(m/s) 

Static 
pressure 

(Pa) 

Dynamic 
Pressure 

(Pa) 

Total 
Pressure 

(Pa) 

2σ 1.7 1.7 17 131 140 

95 % CI 0.31 0.31 3.2 23.9 25.5 

% error 
based on CI 0.19% 0.19% 0.67% 0.36% 0.36% 

 

 The second auxiliary experiment, in which the probe was moved to a new location and then 

brought back to see the effect of probe motion on the readings, revealed no difference in the 

uncertainties from the uncertainties of the previous experiment. This showed that the traversing of 

the measuring instrument had no effect on the errors for the 7-hole probe measurements. 

D.1.1.2 3-hole probe 

The bias error of the 3-hole probes was estimated from the clibration data. The precision error 

was estimated from statistical analysis of a sample of data. The calibration process was performed 

by a previous resercher and the computed estimated uncertainties are provided in Table D-3. 
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Table D-3: Bias and precision uncertainties estimated for 3-hole probe measurements 
[14]. 

 Velocity angle 
(°) 

Velocity 
magnitude (m/s) 

Static 
pressure (Pa) 

Total 
pressure (Pa) 

Bias 0.20 2.7 94 91 

Precision 1.0 1.0 40 30 

D.1.1.3 Pitot static tube 

Auxiliary experiments were performed to get the estimates of uncertainties in the measured 

values of Pitot tube. Table D-4 lists the uncertainties associated with the Pitot tube measurements. 

Table D-4: Precision uncertainty estimated for Pitot tube measurements. 

 Velocity 
(m/s) 

Static 
pressure 

(Pa) 

Dynamic 
Pressure 

(Pa) 

Total 
Pressure 

(Pa) 

2σ 1.6 105 168 247 

95 % CI 0.28 19.3 30.7 45.1 

% error 
based on CI 0.30% 4.2% 0.62% 0.83% 

D.1.1.4 Wall static taps 

Wall taps were used to check the primary flow pressure at the 7-hole measurement station 

upstream of the nozzle and at the ejector walls. Auxiliary experiments were performed to get an 

estimate of the precision error of the wall taps. 

Table D-5: Precision uncertainties associated with the wall taps measurements. 

 Inlet Taps Ejector wall taps 

2σ 13 28 

95 % CI 2.3 8.9 
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D.1.1.5 Thermocouples 

K-type thermocouples were used for the measurement of flow, ambient air and the temperature of 

the mixed stream. The bias uncertainty was obtained form the manufacturer’s specifications and 

the precision uncertainties were estimated from the auxiliary experiments. 

Table D-6: Bias and precision errors of thermocouples. 

Precision 
Location Bias 

2σ 95 % CI 

Primary inlet 3.3 7.3 1.3 

Ejector exit 2.2 4.7 0.86 

Ambient 1.0 0.52 0.09 

 

 The overall uncertainty in the measurement was calculated as the root-sum-square (RSS) 

combination of the bias and precision uncertainties, similar to the suggestions by Moffat [61] for 

the Nth-order uncertainty. The Nth-order uncertainty interval is equivalent to the 95% confidence 

interval uncertainty but the value might be different because of the fact that the Nth-order 

uncertainty includes the effect of process unsteadiness. The overall uncertainty of the 

measurement is the root-sum-squared (RSS) of the individual uncertainties [61]: 

 The overall uncertainties in the measured values are given in Table D-7. 
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Table D-7: Overall uncertainties of the measured values. 

Instrument Variable/Station Total Uncertainty 

Velocity angle 0.59° 

Axial velocity 1.3 m/s (or 1.5%) 

Total velocity 1.2 m/s (or 1.4%) 

Static pressure 94 Pa 

Dynamic pressure 99 Pa 

7-hole probe 

Total pressure 54 Pa 

Velocity angle 1.0° 

Velocity magnitude 2.9 m/s 

Static pressure 102 Pa 
3-hole probes 

Total pressure 95 Pa 

Temperature (inlet) 3.6° 

Temperature (exit) 2.4° Thermocouples 

Temperature (ambient) 1.0° 

Inlet static pressure 2.3 Pa 
Wall taps 

Ejector wall pressure 8.9 Pa 

Velocity 0.28 m/s (2% up to angle of 
attack of 30°)† 

Static pressure 19 Pa Pitot static tube 

Total pressure 45 Pa 

Laser Doppler Velocimetry Turbulence Intensity 0.13% 

†: Based on manufacturer’s data. 
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D.1.2 Uncertainty in Area 

The uncertainty in area was based on the manufacture’s tolerance. In addition, in the hot flow 

tests, the uncertainty due to the thermal expansion also needs to be considered. The uncertainties 

in area are listed in Table D-8. 

Table D-8: Uncertainty in area. 

 due to toleance (m2) due to thermal 
expansion (m2) total (m2) 

annulus (A=0.024 m2) 0.00026 (1.1%) 0.00026 (1.1%) 0.00037 (1.5%) 

mixing tube (A=0.047 m2) 0.00030 (0.65%) 0.00023 (0.49%) 0.00038 (0.81%) 

diffuser ring (A=0.053 m2) 0.00044 (0.84%) 0.00026 (0.49%) 0.00079 (1.0%) 

ejector exit (A=0.10 m2) 0.00044 (0.45%) 0.00048 (0.49%) 0.00066 (0.66%) 

 

D.2 Uncertainties in Calculated Results 

The uncertainties in the measured values propagate into the calculated results. The uncertainties 

in the calculated performance parameters were estimated by the method suggested by Kline and 

McClintock [62]. This method showed that the constant odd combination of the individual 

uncertainties represent the uncertainty in the result R with good accuracy. The constant odd 

combination is given as: 

 In the current study, based on the Equation (D.1), the uncertainties in the flow parameters are 

tabulated in Table D-9. They were calculated based on the cold and hot flow experimental data 

for Ejector-3 with the 0° swirl condition. 

2
1

1

2

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

= ∑N
i

i

X
X
RR δδ  (D.1) 



285 

 

Table D-9: Uncertainties in the flow parameters. 

  Uncertainty 

  magnitude % 

primary mass flow rate, mp cold flow 0.043 kg 1.9% 

 hot flow 0.040 kg 2.2% 

total mass flow rate, mt cold flow 0.062 kg 1.6% 

 hot flow 0.063 kg 1.7% 

tertiary mass flow rate, m3rd cold flow 0.018 kg 2.2% 

 hot flow 0.025 kg 2.2% 

secondary  mass flow rate, m2nd cold flow 0.078 kg 8.8% 

 hot flow 0.078 kg 9.2% 

total entraining ratio, Φt cold flow 0.042 2.5% 

 hot flow 0.058 2.8% 

tertiary entraining ratio, Φ3rd cold flow 0.010 2.9% 

 hot flow 0.019 3.1% 

secondary entraining ratio, Φ2nd cold flow 0.035 9.0% 

 hot flow 0.045 9.5% 

ejector pressure recovery, CpE cold flow 0.0075 2.7% 

 hot flow 0.0050 1.8% 

diffuser pressure recovery, CpD cold flow 0.0034 5.4% 

 hot flow 0.0024 3.2% 

 

 

 



286 

D.3 Thermocouple Response 

The thermocouple traversed at the exit section of the ejector moved from one temperature region 

to another. This was because of the incomplete mixing of the hot primary and the cold secondary 

flows. It was important to consider the response time of the thermocouple so that the temperature 

measured at a point do not have the influence of the temperature of the last point traversed. There 

were two ways of measuring the response time of the thermocouple (i) analytical and (ii) 

experimental measurement. 

 Time required holding the thermocouple at a point is based on the balance between the heat 

transfer to/from the thermocouple by convection and the rate of change of thermocouple 

temperature. The conduction and radiation terms were negligible in the current study and were 

not considered. 

where m is the mass of the thermocouple tip, c is the specific heat, A is the surface area and h is 

the convective heat transfer coefficient, Tg and Tp are the gas and thermocouple probe 

temperatures respectively. 

 above equation can be written as: 

 such that: 

( )pg TTAh
dt
dTcm −=  (D.2) 
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 τ is called time constant of the thermocouple. The mass and specific heat of the thermocouple 

was found from the physical properties of Chromel and Alumel materials of the thermocouple. 

Area and volume were calculated by assuming the tip of the thermocouple as spherical in shape. 

Equation (D.3) can be integrated to  

 Tp0 is the temperature of the thermocouple probe before coming to the new temperature 

location. A process is considered practically completed in five time constants [63]. Therefore to it 

was considered to hold the thermocouple at the position for t = 5τ. 

 One approach was to find the time constant by analytical method and then keep the probe for 

5τ at one position. Another method was to continuously monitor the temperature of the 

thermocouple with respect to time and mark the time when the temperature becomes constant 

with time. 

D.3.1 Analytical Method 

Analytical method included calculating the values of m, c, h, and A for the thermocouple to find τ. 

Following equations are used in the calculation of the response time of the thermocouple. 

where k is the thermal conductivity of air, d is the diameter of the thermocouple and average 

Nusselt number for a sphere is given as Holman [64]: 
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 For calculating the time constant τ certain assumptions were made which were: 

• Thermocouple tip was assumed spherical in shape. 

• A fixed velocity of the flow was assumed to find the heat transfer coefficient. 

• Physical properties of the thermocouple were interpolated between the properties of 

Chromel and Alumel. 

• Physical properties of air were taken on assumed temperatures of the flow and the 

temperature of the thermocouple probe. 

 The properties of the thermocouple are taken from the physical properties of Alumel and 

Chromel given in Table D-10. The diameter of the thermocouple was measured and found close 

to 1 mm. Flow and material properties of air assumed for the calculations are given in Table D-11. 

The velocity at the exit of the ejector varies therefore; values of time constant are obtained for 

different velocity magnitudes. The equations were solved in EES software package. A variation 

of time constant with the velocity is given in the Figure D-1. 

Table D-10: Thermophysical properties of thermocouple materials [65]. 

Material k (Btu/s-ft-°R) c (Btu/lbm-°R) ρ (lbm/ft3) 

Alumel 0.00480 0.124 537 

Chromel 0.00310 0.106 545 

   Source: NACA TN 2599 

Table D-11: Thermophysical properties of air. 

Viscosity, μw 
at 200°C 

(N-s/m2)† 

Viscosity, μ∞ 
at 200°C 

(N-s/m2)† 

Thermal 
conductivity, k 

(W/m)‡ 

Prandtl 
Number, Pr‡ 

Density, ρ 
at 200°C 

(kg/m3)† 

2.635 x 10-5 2.596 x 10-5 0.03886 0.6850 0.7461 

   Sources: -† Blevins [7], ‡- Incropera [66] 
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Figure D-1: Thermocouple time constant as a function of flow velocity. 

 

D.3.2 Experimental Method 

During the analytical method, a number of assumptions were made due to which it was felt 

necessary to find the value of time constant experimentally. In the experimental method, the 

thermocouple was brought from one temperature region to another temperature region and was 

held at the new location of constant temperature for 20 seconds. The instantaneous temperature of 

the thermocouple was recorded and then plotted with respect to the time. The time at which the 

reading of the thermocouple became stable was the time required to hold the thermocouple at a 

location to minimize the effect of thermocouple response. The temperature measured with respect 

to the time is plotted in Figure D-2. 

τ (
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Figure D-2: The instantaneous temperature measured by the thermocouple in the flow of 
constant temperature and velocity. 

 Figure D-2 shows that the temperature measured by the thermocouple increases as it is 

brought to the new location and then becomes stable at 2.5s. If this time is considered as the time 

at which the temperature of the thermocouple is 99% of the flow temperature then t = 4.6τ so that 

τ = 0.54s. This value is close to the calculated value of τ at velocity magnitude of 100 m/s in 

Figure D-1. 

 Based on the above study of the time constant the thermocouple was held at a location for 

1.875s before taking the temperature reading. Total 900 samples were taken at a sampling rate of 

900 samples/s. The process of taking samples started after 1.875s of the probe arrival at the new 

location and finished at 2.875s after the probe arrival. The average of 900 samples was 

considered the temperature of that point. 
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Appendix E 

Correction for Mass Flow Rate 
Measurement at the Diffuser Exit for 
Ejector-5 at Cold Flow, 10° Swirl 
Condition 
 

E.1 Error of Velocity Measurement at 10° Swirl Condition 

Figure E-1 presents total pumping ratios of Ejector-5 under each swirl condition for both cold and 

hot flow tests. Comparing with hot flow pumping ratios, a measurement error of the total mass 

flow rate of the cold flow at the 10° swirl condition might exist. As can be seen in Figure E-2, 

velocity contour at the 10° swirl condition showed much more -3 points than the other two.  

The value of -3 means that the local velocity of that point was not captured by the 7-hole probe. 

The percentages of -3 points for various swirl conditions are listed in Table E-. Comparison 

indicated that, at the 10° swirl condition, the velocity measurement at the diffuser exit was not 

recorded properly. The reason of this error mainly caused by, during the experiment, 7-hole probe 

was not positioned at the designed location with the right angle. As a result, the flow was 

attacking the probe at the angle beyond the measurement ability of the 7-hole probe. 
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Figure E-1: Total pumping ratios as a function of swirl angle for Ejector-5, cold and hot 

flow, with original data for φ=10°, cold (indicated by a dashed line circle). 

 
Figure E-2 (a)     Figure E-2 (b) 

 
Figure E-2 (c) 

Figure E-2: Velocity contours at the diffuser exit for Ejector-5, cold flow: (a) φ=0°, (b) 
φ=10°, (c) φ=20°. 
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Table E-1: Percentage of -3 points at the diffuser exit for Ejector-5 under various swirl 
conditions. 

 φ=0° φ=10° φ=20° φ=30° 
% of -3 points at the 

diffuser exit 3.3% 14.2% 1.3% 2.2% 

E.2 Error Correction 

All the experimental data shows the total entrainment of hot flow and cold flow can be linked by 

using Equation (5.1). For this ejector, the fitted “n” can be found by using data of 0°, 20° and 30° 

swirl conditions. The value is shown in Table E-2.  

Table E-2: Fitted n of total entrainment ratio for Ejector-5. 

 Φt 
fitted n for Ejector-5 0.219 

 

 At the 10° swirl condition, the total entrainment of cold flow can be estimated from total 

entrainment of hot flow by using equation below. The fixed data is presented in Figure E-3. 

( ) 219.0θ×Φ=Φ hotcold  (E.1) 
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Figure E-3: Total pumping ratios as a function of swirl angle for Ejector-5, cold and hot 
flow, with fixed data for φ=10°, cold (indicated by a solid line circle). 
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Appendix F 

Turbulence Intensity Measurement 

F.1 Laser Doppler Velocimetry System 

The turbulent intensity was measured by using a Laser Doppler Velocimetry system as shown in 

Figure F-1. The light from the argon-ion laser (the laser power was set to 150 mW for the laser 

measurements) was separated by the Model 9201 ColorBurst Multicolor Beam Separator into 

three pairs of shifted and unshifted output beams: two blue beams at 488 nanometers, two green 

beams at 514.5 nanometers and two violet beams at 476.5 nanometers. These beams were 

transmitted into the Model 9800 Fiber Optic Probe and a measurement volume was formed and 

focused on the measured point. The scattered light from the seeding particles in the flow was 

collected by the probe and transmitted into the Model 9230 ColorLink Multicolor Receiver 

through an optical receiving fiber. The light was separated by colors and converted into electrical 

signals. There signals were captured by a high speed (50MZ) DAQ card and transferred into a 

Visual Basic code for the analysis. 100 readings were taken at each measurement point. The 

turbulence intensity and mean velocity was calculated from these 100 readings. The mean 

velocity measurement from the LDV system was confirmed by comparing with the measurement 

from the 7-hole probe. 
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Figure F-1: Schematic of Laser Doppler Velocimetry system [1]. 
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 In this research, two pairs of the laser beams (blue and green) were used to measure the axial 

and vertical component of the flow velocity simultaneously. The probe was mounted on a 

traversing system (see Figure F-2) to move vertically and horizontally for aligning and 

positioning the beams. 

 

 

Figure F-2: Photograph of the traversing system for the optic probe. 
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F.2 Experimental Data 

The turbulence intensity measurements were conducted at the annulus exit, round nozzle exit and 

oblong nozzle exit with the 0° and 30° swirl conditions for both cold and hot flow. The test 

matrix is listed in Table F-1. 

Table F-1: Test matrix for the turbulent intensity measurements. 

 cold flow hot flow 
 φ=0° φ=30° φ=0° φ=30° 

annulus exit × × × × 
round nozzle exit × × × × 

oblong nozzle 
exit 

× × × × 

 

 As shown in Figure F-3, the measurements were taken at eight designed points at the annulus 

exit, eleven points at the round nozzle exit and nine points at the oblong nozzle exit. Since only 

two velocity components (y velocity and axial velocity) could be measured simultaneously, the TI 

at the measurement point was calculated by using Equation (F.1). 

 

( )
V

wv
TI

2'2'

2
1

+
=  

where, vʹ is the fluctuating component for y velocity. 

  wʹ is the fluctuating component for axial velocity. 

  V is the local velocity magnitude. 

(F.1) 

 

 

 

 

 The measured TI distributions are shown in Figure F-4 ~ Figure F-6. The mass-averaged TI at 

various conditions is summarized in Table F-2. 
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Figure F-3: Schematic of the measurement points at: (left) the annulus exit, (middle) the round nozzle exit, (right) the oblong nozzle 
exit. 
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Figure F-4 (a) 

0%

4%

8%

12%

16%

20%

0.0 0.2 0.4 0.6 0.8 1.0

x/R

T
 I

annulus, φ=30, cold
annulus, φ=30, hot

 

Figure F-4 (b) 

Figure F-4: Experimental TI distribution along positive x-axis at the annulus exit, cold 
and hot flow: (a) φ=0°, (b) φ=30°. 
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Figure F-5 (a) 
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Figure F-5 (b) 

Figure F-5: Experimental TI distribution along positive x-axis at the round nozzle exit, 
cold and hot flow: (a) φ=0°, (b) φ=30°. 
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Figure F-6 (a) 
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Figure F-6 (b) 

Figure F-6 : Experimental TI distribution at the round nozzle exit, cold and hot flow, 
along positive x-axis: (a) φ=0°, (b) φ=30°; along negative y-axis: (c) φ=0°, (d) 
φ=30°. 
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Figure F-6 (c) 
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Figure F-6 (d) 

 

Figure F-6: Experimental TI distribution at the round nozzle exit, cold and hot flow, 
along positive x-axis: (a) φ=0°, (b) φ=30°; along negative y-axis: (c) φ=0°, (d) 
φ=30°. 
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Table F-2: Mass-averaged turbulent intensity. 

 cold flow hot flow 

 φ=0° φ=30° φ=0° φ=30° 

annulus exit 7.2% 6. 8% 6.9% 5.1% 

round nozzle exit 7.8% 5.8% 6.7% 5.8% 

oblong nozzle 

exit 

7.3% 6.1% 6.8% 5.3% 

 

F.3 Precision Uncertainty for TI Measurements 

A precision uncertainty experiment was carried out by repeating the TI measurements at one 

point for 31 times. The results are tabulated in Table F-3. 

Table F-3: Precision uncertainty estimated for TI measurements. 

 TI 

average 5.96% 

2σ 0.74% 

95 % CI 0.13% 

% error based on CI 2.2% 
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Appendix G 

Complementary Experimental and 

CFD Model Data 
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(a)  

(b)  

(c)  

Figure G-1: CFD axial velocity (m/s) contours at the xz center plane for Ejector-5, hot 
flow: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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(a)  

(b)  

(c)  

Figure G-2: CFD temperature (°C) contours at the xz center plane for Ejector-5, hot 
flow: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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Figure G-3 (a) 
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Figure G-3 (b) 

Figure G-3 : Wall pressure distribution along the mixing tube and diffuser for Ejector-5, 
hot flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure G-3 (c) 
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Figure G-3 (d) 

Figure G-3: Wall pressure distribution along the mixing tube and diffuser for Ejector-5, 
hot flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°. 
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Figure G-4: CFD axial velocity (m/s) contours at the xz center plane for Ejector-6, hot 
flow: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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(a)  

(b)  

(c)  

Figure G-5: CFD temperature (°C) contours at the xz center plane for Ejector-6, hot 
flow: (a) φ=0°, (b) φ=20°, (c) φ=30°. 
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Figure G-6 (a) 
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Figure G-6 (b) 

Figure G-6: Wall pressure distribution along the mixing tube and diffuser for Ejector-6, 
hot flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°; for Ejector-8: (e) φ=20°, 
(f) φ=30°. 
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Figure G-6 (c) 
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Figure G-6 (d) 

Figure G-6: Wall pressure distribution along the mixing tube and diffuser for Ejector-6, 
hot flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°; for Ejector-8: (e) φ=20°, 
(f) φ=30°. 
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Figure G-6 (e) 
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Figure G-6 (f) 

Figure G-6: Wall pressure distribution along the mixing tube and diffuser for Ejector-6, 
hot flow: (a) φ=0°, (b) φ=10°, (c) φ=20°, (d) φ=30°; for Ejector-8: (e) φ=20°, 
(f) φ=30°. 




