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ABSTRACT 

The Medium Speed Wind Tunnel (MSWT) of the Aeronautic Systems Competency (ASC) within 

the Council for Scientific and Industrial Research (CSIR) performs majority static stability wind 

tunnel testing. The facility does not have an active inlet simulation capability, or a pressure system 

to support such a capability. Airframes with air breathing engines are tested with inlets either 

covered with fairings or left open to operate in a passive mode. To expand the wind tunnel offerings 

to include an inlet test capability, an active inlet flow induction and metering system was required. 

An ejector driven duct was designed to provide simulated engine air flow at rates and conditions 

appropriate for the MSWT size and operating envelope. Integral to the design was a mass flow 

metering system featuring a translating conical plug. To reduce the risk and size footprint the 

ejector unit comprised 14 ejectors clustered around a hollow central core housing the mass flow plug 

support and drive system. The ESDU 92042 software was utilised as the design tool to develop the 

ejector geometry and Computational Fluid Dynamics (CFD) was employed as a verification and off-

design performance prediction tool. The entrained mass flow rate predicted by the CFD model for 

the 14-ejector unit exceeded the predicted entrained mass flow rate determined by the ESDU 92042 

software. Experimental tests were performed to determine the actual entrained mass flow rate of a 

single ejector in order to verify the design predictions of the CFD model. The maximum entrained 

mass flow rate determined from the experiment is greater than the maximum entrained mass flow 

rate predicted by the CFD model. The CFD model over-predicts the entrained mass flow rates of 

the ejector in the sub-critical mode and will envisage it to under-predict the entrained mass flow 

rates in the critical mode. The experimental results for the single ejector suggest that the designed 

operating envelope predicted for the parallel arrangement of 14 ejectors should be reached. 
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1. INTRODUCTION 

 Research Background 1.1

Inlet tests form part of the integration process of an airframe and a propulsion system. The rated 

performance of a propulsion system is only achievable within a defined operating envelope that is 

expressed in terms of the quality of the airflow being delivered to the unit. The ideal uniform flow 

profile is distorted in terms of the total pressure distribution and degree of rotation (swirl) in the 

flow. These irregularities in the flow are produced by the interaction of the inlet flow with the 

external airframe and the duct leading to the engine. Significant inlet distortion levels lead to 

degraded performance of the engine and eventual surge or propulsion failure [1]. An inlet test is 

performed to quantify the distortion levels that are induced by a particular airframe and inlet duct 

combination. Appropriate matching of the results from such a test and the performance tests of the 

engine under similar conditions are required for the successful integration of an airframe and its 

propulsion system. 

 Research Motivation 1.2

Subsonic inlet testing has been performed at the Council for Scientific and Industrial Research 

(CSIR) with flow induction systems. Wind tunnel testing at the Medium Speed Wind Tunnel 

(MSWT) has been applied to static aerodynamic coefficient testing of airframes and airframe 

components. No attempts were made to simulate propulsion effects and any effects these may have 

on the aerodynamic measurements. In the case of air breathing propulsion systems, measures were 

taken to artificially cover the inlet region by a fairing in a way to cause minimal disturbance to the 

surrounding region. With no demand for modelling these effects, no augmented inlet flow simulation 

capability was developed for the MSWT. However, recently there has been a growing interest in the 

potential application of the MSWT to aerodynamic inlet flow simulations [1]. 
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 Objectives 1.3

 Design a mass flow quantity metering system that will allow for accurate control and 

measurement of airflow through an inlet for the Medium Speed Wind Tunnel conditions. 

 A mass flow generation system should be designed to augment the required airflow through 

an inlet. 

 The mass flow generation system should be able to perform at different angle of attacks in 

the Medium Speed Wind Tunnel. 

 Computational Fluid Dynamics should be used as a verification and performance prediction 

tool to determine acceptable mass flow rates. 

 Design and construction of an experimental test rig for the verification of the predicted 

computational results. 
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2. LITERATURE REVIEW 

 Inlet Test System 2.1

An inlet test system requires a mechanism to provide the required mass flow rate through the 

simulated inlet and some means of quantifying this flow rate. To accomplish this, two techniques 

have been utilized. The first technique is a long exhaust and measuring duct driven by a pressure 

sink such as an ejector, vacuum pump or vacuum chamber. The second technique employs a 

compact arrangement where a variable area mass flow device is operated in a choked mode via a 

close-coupled ejector. 

The design of an inlet simulation system is not prescriptive and different approaches are undertaken 

by different test institutions. STARCS air inlet testing capability was developed for their transonic 

wind tunnel. They employed an inlet simulation system that used a ducted exhaust with a standard 

mass flow measurement system as illustrated in Figure 2-1.  

 

Figure 2-1 : STARCS air inlet testing capability in the transonic wind tunnel [2] 

The different components that encompass their inlet test system are illustrated in Figure 2-2. A 

valve is used to control the air mass flow rate through the inlet. The air is then conditioned by a 

flow straightener and also by having a long onset distance with a straight pipe. The air mass flow 

rate measurement is accomplished by means of a venturi nozzle. An ejector is used to extract air 

through the inlet. This ejector is situated in the wind tunnel diffuser downstream of the choke 

section as illustrated in Figure 2-2. STARCS have designed and tested two different mass flow rate 

valves and several venturi nozzles for different mass flow rate regimes [2].   
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Figure 2-2 : Schematic of the air inlet test rig in the STARC transonic wind tunnel [2] 

Standard mass flow measurement devices frequently require the inclusion of long upstream constant 

area ducting in order for the stated accuracy to be realised. Flow metering may be accomplished 

with an alternative system that is integral with the model, but in the ducted exhaust approach, a 

duct is still required to connect the model airflow duct to the pump device. The exhaust duct may 

be driven by a pump device located inside or outside of the tunnel. An arrangement like the one 

mentioned above presents undesirable additional structures, such as support bracing and piping, in 

the wind tunnel ducting increasing blockage and complicating model motion [1]. 

The second technique which uses a variable area mass flow device operated in a choked mode via a 

close-coupled ejector is the approach that is commonly undertaken. This technique has been applied 

in the transonic wind tunnels by Northrop, Calspan and National Aeronautics and Space 

Administration (NASA). 

Northrop employs a plug valve system, illustrated in Figure 2-3, which is used for the metering and 

control of duct mass flows in wind tunnel inlet-airframe models. The plug valve system utilises the 

stability of choked flows which is accomplished by using a translating plug and an ejector system. 

The model houses the operating system which exhausts flow back into the tunnel circuit [3].  

 

Figure 2-3: Inlet-airframe model with ejector augmented choking valve [3] 
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Inlet testing and research at the Calspan and the NASA Langley transonic wind tunnels employ a 

high pressure ejector and a mass flow plug to vary the airflow through the aircraft testing model. 

Their variable area mass flow device is the mass flow plug, whose position can be varied to allow for 

fine adjustments to the mass flow [4]. A compact inlet test arrangement in the Calspan transonic 

wind tunnel is illustrated in Figure 2-4 and the ejector mass flow system used at NASA is illustrated 

in Figure 2-5.  

 

Figure 2-4 : Inlet test arrangement at the Calspan Transonic Wind Tunnel [4] 

 

Figure 2-5 : Ejector mass flow system at NASA Langley (Dimensions are in inches) [5] 

The compact arrangement of the above inlet test systems offers numerous advantages such as size, 

simpler support and potential inter-facility portability. This arrangement and technique is 

preferential for application in the Medium Speed Wind Tunnel (MSWT). An inlet test system 

fundamentally employs a mass flow generation system and a flow quantity and quality metering 

system. These systems will be discussed further more in the subsequent sections. 
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2.1.1 Mass Flow Generation System 

Inlet test systems require a system to provide or augment the required airflow through an inlet 

under investigation over a range of test conditions. Wind tunnel test that are conducted at high 

Mach numbers may provide sufficient energy to drive air through an inlet system. However, at low 

Mach numbers there is insufficient pressure ratio across the inlet system to induce the desired 

airflow [6]. A high-pressure air-powered ejector is employed to provide or augment the required 

airflow through the inlet at the low Mach numbers.  

2.1.1.1 Ejectors 

Ejectors are devices that utilise a high energy fluid stream to entrain and accelerate a low energy 

fluid stream. These devices consist of no moving components and operate consuming little electrical 

or mechanical energy. The operation of an ejector relies on the principle of interaction between two 

fluid streams at different energy levels, in order to provide compression work. The high energy fluid 

stream is the motive flow or the primary flow stream (primary mass flow rate) whereas the low 

energy stream is the suction flow or the secondary flow stream (secondary/entrained mass flow rate) 

[7].  

The ejector comprises of four components as illustrated in Figure 2-6. High energy fluid flows 

through the primary inlet which exits from sonic or supersonic nozzles and entrains the low energy 

fluid from the secondary inlet. A mixing duct is located after the primary inlet which is usually 

cylindrical with constant cross section. The high energy and low energy fluid streams are mixed by 

formation of a shear layer so that a uniform profile is produced at the end of the duct. A diffuser is 

located at the end of the ejector which reduces the fluid velocity and increases the pressure of the 

fluid to be discharged to the outlet [8]. With regards to the inlet test system, the ejector is typically 

located at the rear of the system downstream of the mass flow plug.  

 

Figure 2-6 : Components of a basic ejector [1] 
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This ejector is known as a single nozzle ejector which is illustrated in Figure 2-7. In the single nozzle 

ejector mixing of the two fluid streams are completed in a long mixing duct. This is not suited for 

applications where there are space limitations.  

 

Figure 2-7 : Single nozzle ejector [9] 

Ejector efficiency and compactness may be significantly improved by using more complex designs 

such as multi-nozzle or annular flow ejectors [10]. This is important in aeronautical applications 

where performance requirements and space limitations preclude the use of simple single nozzle 

applications. Single nozzle ejectors are considered adequate for use when low mass flows are 

required, however for high mass flow ratios a multi-nozzle or annular flow ejector is considered 

beneficial [10]. 

Multi-nozzle ejectors allow mixing of the two fluid streams to be completed in a shorter length, 

hence its suitability to applications where constraints are placed on the mixing duct length. This 

multi-nozzle ejector performance is greater although there are losses due to lower primary discharge 

coefficients and blockage which is caused by the multi-nozzle assembly [10]. An example of a six 

nozzle assembly is illustrated Figure 2-8(a) and the configuration of a nine nozzle ejector is 

illustrated in Figure 2-8(b).  

 

 

 

(a) Assembly of 6 nozzles [11] (b) Configuration of 9 nozzles [12] 

Figure 2-8 : Multi-nozzle ejector 

An experiment was conducted by Aissa [13] to study the effect of introducing multiple nozzles with 

and without swirl instead of one nozzle in the primary stream of an air ejector. Three nozzle 
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configurations, illustrated in Figure 2-9, were tested: single nozzle, multiple nozzles with swirl and 

multiple nozzles without swirl. All nozzles were convergent having a 20° convergence cone angle. It 

was concluded from the experiment that utilising multiple nozzles instead of a single nozzle 

increased the ejector mass flow ratio and efficiency, and by introducing swirl in the flow resulted in 

an increase in the ejector mass flow ratio. Flow visualization was used to show that multiple nozzles 

with and without swirl resulted in a decrease in mixing length which would enable development of 

shorter ejectors [13].  

 

 

Figure 2-9 : Different primary nozzle(s) configurations [13] 

Annular flow ejectors as illustrated in Figure 2-10 allows for the injection of the primary fluid 

through multiple nozzles which improves the mixing of the primary and secondary fluids resulting in 

a reduced mixing duct length thereby reducing losses. Caution should be taken when increasing the 

number of nozzles as blockage becomes more significant in this arrangement. Additional losses for 

this configuration may be incurred in the primary and secondary supplies due to the increased 

mechanical complexity of the ductwork [10]. 
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Figure 2-10 : NASA's NATR using an annular ejector with multiple nozzles [14] 

2.1.1.2 Flow Regimes of Ejector Operation 

In order to design for maximum ejector efficiency, the flow regimes of the ejector should be 

considered. There are a variety of flow regimes that are possible when designing an ejector, 

depending on operating conditions and the ejector geometry [15]. Flow regimes within an ejector of 

fixed geometry and the flow regimes within an ejector with fixed operating conditions are explained 

in this section with reference to the ejector illustrated in Figure 2-11 [15]. 

 

Figure 2-11 : Schematic diagram of an ejector [15] 

Flow regimes within an ejector of fixed geometry revolves around the concept of critical 

backpressure, 𝑃𝐷
∗ . The primary nozzle throat area, the mixing duct area and the primary and 

secondary fluid states at the inlet to the ejector are fixed for this flow regime. A reversed flow region 

exists when the discharge pressure is too high to allow entrainment of the secondary fluid, the 

primary fluid partially flows towards the secondary inlet and the flow through the converging-

diverging primary nozzle is overexpanded resulting in compression shocks. The reverse flow region is 

illustrated in Figure 2-12 [15] where 𝑃𝐷 is to the right of point A on the x-axis. Unchoked 
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entrainment occurs when the discharge pressure drops to point A in Figure 2-12, causing the 

compression shocks at the exit of the primary nozzle to weaken which allows the pressure at the 

primary nozzle exit, NE in Figure 2-11, to decrease and provoke entrainment of the secondary fluid 

[15]. Critical operation of the ejector occurs when the discharge pressure reaches 𝑃𝐷
∗ which allows a 

decrease in pressure upstream, causing the entrained flow to be accelerated to sonic speed within the 

mixing region. A choked regime occurs for discharge pressures below 𝑃𝐷
∗ and the entrainment ratio 

remains constant hence the entrained mass flow rate is constant. The primary flow remains choked 

at the primary nozzle throat and the entrained flow remains choked in the mixing region [15]. 

 

Figure 2-12 : Variation of entrainment ratio with discharge pressure [15] 

Three flow regimes within an ejector with fixed operating conditions are identified which depend on 

the ejector geometry. A fixed inlet fluid state and a fixed discharge pressure is considered for this 

flow regime. For overexpanded flow the operating conditions are such that the primary fluid is 

choked at the primary nozzle throat and the secondary fluid is choked in the mixing duct. The area 

ratio of the mixing duct to primary nozzle throat area, , is small, such that the primary nozzle is 

overexpanded [15]. For perfectly expanded flow  is reduced causing a higher entrainment ratio. The 

pressure at the uniform flow cross section, U in Figure 2-11 [15], as well as upstream of U decreases. 

When the primary nozzle is perfectly expanded, the compression shocks downstream of the primary 

nozzle weaken until they cease to exist, which results in an increase in the effective flow area of the 

secondary fluid and hence an increase in the entrainment ratio. At this point the  is considered to 

be the optimal area ratio for a given set of inlet conditions and discharge pressure, the entrainment 

ratio is maximum and the static pressures of the primary and secondary fluid are equal at section 

NE [15]. For underexpanded flow  is reduced below optimal which causes a decrease in 

entrainment ratio. The underexpanded primary jet spreads at the exit of the primary nozzle, 
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restricting the flow area of the secondary fluid [15]. A flow structure in an ejector with an 

underexpanded primary nozzle and choked entrained flow is illustrated in Figure 2-13 [15] 

 

Figure 2-13 : Flow structure in an ejector with an underexpanded primary nozzle and choked entrained flow [15] 

2.1.2 Flow Quantity Metering 

Inlet tests are conducted at specific conditions that require quantification in order to properly 

establish corresponding operation points on engine performance maps. Hence a system is required to 

accurately measure and control the amount of airflow through an inlet.  

Two methods have been noted for flow quantity metering. The first method employs a device that is 

operated in a chocked mode. This requires the throat i.e. the minimum area of the entire inlet duct 

system be at the device itself rather than at an upstream or downstream location [6]. Once the flow 

metering device is choked, the airflow through the system is a function of the area only. This means 

that the amount of airflow through the system can be varied by varying the area. In most flow 

metering devices the area is directly related to a measureable position of the choking device [6].  

The second method employs a combination of pressure measurements taken at the engine 

compressor face to measure the mass flow through the inlet. Total pressure probes are situated at 

the compressor face. The average static to total pressure ratio at each probe is used to calculate the 

local Mach number which is converted to velocity. The mass flow element is then obtained by using 

the velocity, area and local air density. The total mass flow at the compressor face is achieved by 
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summing up all the individual mass flow elements and then multiplying the sum by a discharge 

coefficient [6]. 

According to Davis et al. [6] the method employing a device operated in a choked mode is usually 

favoured for a flow quantity metering system as it provides a more accurate measurement of airflow 

through an inlet. Davis et al. [6] stated that the compressor face pressure method provides a less 

accurate measurement of airflow through an inlet and should be used as a check for the device 

operated in a choked mode.  

2.1.2.1 Mass Flow Plug 

The flow quantity metering system requires regulation to achieve various specific steady state flow 

rates. A translating conical mass flow plug, illustrated in Figure 2-14, is the most common device 

which combines a regulation function with a measurement function. The regulation function is 

achieved by the translational action of the conical plug fore and aft a restriction in the duct. The 

translation of the conical plug through the restriction in the duct results in a geometric converging-

diverging nozzle and hence a geometric “throat” where choking can be achieved. Increasing and 

decreasing the duct throat area, by translation of the conical plug, results in a change of airflow 

through the duct. This approach implies an additional requirement of operating the conical plug 

with a sufficiently low back pressure to ensure that the plug remains choked [6].  

 

Figure 2-14 : Northrop schematic of a choking conical plug [3] 

The area variation produced by the translation of the conical plug into a duct can be estimated 

from the system geometry and is illustrated in Figure 2-15 [1], showing the area reduction caused by 

plug extension. The metering function is achieved by correlating measurements of total and static 

pressure, temperature and conical plug position. 
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Figure 2-15 : Variable area converging-diverging nozzle achieved with plug translation [1] 

The geometry of the conical mass flow plug and duct sizes are arbitrary but does have a demeanour 

on the sensitivity of the device as a mass flow meter and also on the overall system resistance. The 

relationship between mass flow rate and plug position is non-linear and is less sensitive for smaller 

duct sizes as shown on the graph in Figure 2-16. 

 

Figure 2-16 : Influence of throat duct size on mass flow plug sensitivity [1] 

NASA Langley employs a translating conical plug, illustrated in Figure 2-5, with an approximate 

included cone angle of 30°. They use the conical mass flow plug to change the airflow, by changing 

the duct area as described above. The mass flow is computed from the ratio of the average flow plug 

exit static pressure to the average total pressure measured at the interface plane [5].  

Northrop employs a choking plug valve system for the metering and control of duct mass flows, as 

illustrated in Figure 2-14. Boccadoro and Franco [3] from Northrop point out that the true throat 

area cannot be measured directly, hence a calibration exercise was performed against an appropriate 
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standard by means of a displacement transducer. This would effectively allow the throat area to be 

expressed as a function of the conical plug axial position.  

Boccadoro and Franco state that with choked flow at the throat, each position of the conical plug 

corresponds to a specific mass flow rate. This mass flow rate will be insensitive to changes in the 

back pressure and will be a function only of the upstream total pressure and temperature [3]. This 

would be the preferred mode of operation as it removes the dependency of the mass flow on the 

throat static pressure [1]. 

2.1.3 Flow Quality Metering 

For an inlet test, flow quality metering is accomplished by employing a pressure rake array which is 

located at the “aerodynamic interface plane” (AIP). The AIP is the location of the instrumentation 

plane used to define inlet distortion and performance at the aerodynamic interface between the inlet 

and the engine. It is required that the AIP be located in a circular or annular section of the inlet 

duct as close as practical to the engine-face plane which is defined by the leading edge of the most 

upstream engine strut, vane or blade row [16]. According to the Society of Automotive Engineers 

(SAE) Aerospace Recommended Practice ARP-1420, a typical pressure rake array for measuring 

inlet recovery and distortion should be employed [16]. The pressure rake array utilises eight rakes 

spaced 45° apart with five probes on each rake as illustrated in Figure 2-17(a). The probes are 

located at the centroid of five rings, illustrated in Figure 2-17(b), with each ring representing an 

equal area of the AIP. The arrangement of the rakes at 45° allows for the measurement of the 

circumferential distortion component whereas the arrangement of the probes at the centroid of the 

rings allow for the radial distortion component to be determined [6]. 

  

(a) Rake and probe orientation [16] (b) Probe  location on each ring [6] 

Figure 2-17 : Standard SAE 40-port pressure rake array 

An inlet pressure rake, illustrated in Figure 2-18, was designed and built according to the 

specifications of SAE ARP 1420 to perform inlet distortion measurements during taxi tests of an 
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Unmanned Aerial Vehicle (UAV) [17]. It was found that the maximum blockage of the rake 

structure amounted to 8% of the inlet area. The 8% blockage was due to the location of the rakes 

and supporting structure in a constant area duct and this limitation generally applies to all flying 

applications. However, scaled applications may make use of a diffuser downstream of the AIP so 

that the structural support of the rake does not cause too much blockage [1]. 

 

Figure 2-18  UAV 40 port pressure rake [17] 

 One-Dimensional Ejector Theory 2.2

In 1939, Flügel [18] presented a one-dimensional analysis of the mixing of two gas streams by 

applying the equations of continuity, momentum and energy to the design of ejectors. Two models 

were considered by Flügel [18], mixing at constant cross-sectional area and mixing at constant 

pressure, however the published results of his calculations were insufficient [18]. In 1950, Keenan et 

al. [18] presented a one-dimensional theoretical and experimental analysis of an ejector. Their model 

was based on ideal gas thermodynamics and the principles of mass, momentum and energy 

conservation. The analysis considered a constant-area mixing model and a constant-pressure mixing 

model, which became the foundation of ejector design. To simplify the analysis, Keenan et al. [18] 

assumed the primary stream and secondary stream have the same molecular weight and ratio of 

specific heats, and the shear forces between the streams and the walls are zero. 

Keenan et al. [18] showed that the results of a constant-area mixing model analysis agreed with the 

experimental results and concluded that the method of analysis is adequate to represent reality. 

They stated that it was difficult to obtain an accurate comparison between the analysis and 

experiment of a constant-pressure mixing model. This was due to the curved shape and dimensions 

of the constant-pressure mixing section being difficult to accurately design. 
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2.2.1 Constant-Area Mixing Model 

The mixing in a constant-area ejector, as illustrated in Figure 2-19, occurs between section 1 and 3. 

Section 1 is the exit plane of the primary nozzle which is situated within the constant-area mixing 

section. The mixing process of the primary stream and secondary stream starts at section 1 and 

completes at section 3, the exit of the mixing chamber. During the ejector operation an aerodynamic 

throat could occur in the mixing chamber. When the static pressure of the primary stream is higher 

than that of the secondary stream between sections 1 and 2, this causes the primary stream to 

expand against the secondary stream [24]. The primary stream acts as an aerodynamic nozzle for 

the secondary stream and causes the aerodynamic throat to form. The secondary stream could be 

choked at the aerodynamic throat if the downstream pressure is low enough [24]. 

 

Figure 2-19 : Schematic of constant-area ejector model [24] 

2.2.2 Constant-Pressure Mixing Model 

The mixing in a constant-pressure ejector, as illustrated in Figure 2-20, occurs between sections 1 

and 2. Mixing of the primary stream and the secondary stream occurs in a chamber, between section 

1 and 2, with constant uniform pressure. A normal shock wave occurs in the constant area chamber, 

between section 2 and 3, if the velocity of the fully mixed flow is supersonic at section 2. The static 

pressure of the mixed flow leaving section 3 at uniform subsonic velocity is increased in the diffuser 

[24]. 
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Figure 2-20 : Schematic of constant-pressure ejector model [24] 

 ESDU 92042 2.3

Engineering Science Data Unit (ESDU) 92042 describes a computer software for the design and 

performance of gas ejectors. The ESDUpac A9242 computer software integrates one-dimensional 

flow theory and data from previous experiments to design an ejector. 

The software provides the following design and performance prediction procedures [10]. 

a) Quick Design Procedure - This method requires the input of the entry and required 

pressures, temperatures, mass flow rates and dimensions. The software calculates the 

primary nozzle and exit dimensions, using empirical data for air-air ejectors. This method is 

restricted to ejectors with constant area mixing and air as both working fluids. 

b) Detailed Design Procedure - This method requires the input of the entry and required 

pressures, temperatures, mass flow rates, dimensions and loss factors as well as user defined 

constraints on the flow conditions. The software calculates the primary nozzle and exit 

dimensions, and flow conditions throughout the ejector using one-dimensional flow theory. 

c) Performance Prediction Calculation - This method requires the input of the ejector 

dimensions, loss factors and a range of entry flow conditions. The software calculates the 

outlet conditions and the flow conditions throughout the ejector using one-dimensional flow 

theory. 

A typical gas ejector configuration employed by the ESDU software for the design and performance 

of an ejector is illustrated in Figure 2-21. The design procedures optimises for the shortest mixing 

duct length for complete mixing of the primary and secondary streams and for the highest efficiency. 

The ESDU ejector design procedures determine performance at the primary nozzle ‘on-design’ point, 

i.e. the conditions under which the primary static pressure matches the secondary static pressure at 
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the nozzle exit plane [1]. ESDU states that an ejector may be required to operate over a range of 

primary pressures or secondary Mach numbers, in which case estimates of ‘off-design’ performance 

must be pursued [10]. The ESDU software can only be applied to designs were the secondary to 

primary mass flow ratio, rm, ranges from 0.05 to 1, as illustrated in Figure 2-22. Mass flow ratios 

that do not lie in this range results in data being less reliable. 

 

Figure 2-21 : Ejector configuration used by ESDUpac A9242 [10] 

 

Figure 2-22 : Optimum performance relationship between pressure ratios and mass flow ratio [10] 
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A few mechanical design considerations were made by ESDU that are worth stating. The secondary 

inlet and primary nozzle assembly should be designed for minimum loss in order to achieve good 

performance. ESDU [10] states that the secondary flow should be ducted into a plenum chamber 

and thence into the mixing duct via a bellmouth entry. However, if space is limited a conical entry 

may be employed. When employing a conical entry, the optimum included angle for the conical inlet 

should lie between 20° to 30° to ensure that the ejector performance does not degrade substantially 

in comparison to ejectors that employ bellmouth entries. The junction between the conical entry 

and the mixing duct should be radiused for minimum losses [10]. 

ESDU [10] recommends a convergent-divergent primary nozzle, provided the primary pressure is 

sufficiently high to enable it to operate correctly. The convergent-divergent nozzle should have a 

sharp lip so that there is no wake and an internal smooth surface to reduce friction losses. According 

to ESDU [10] the mixing duct need not be cylindrical. However, square and rectangular section 

ducts having sharp corners would produce unstable flow. The surface finish of the mixing duct 

affects the efficiency and the secondary mass flow; hence a smooth surface finish is required to 

reduce friction [10]. ESDU [10] states that the diffuser included angle is recommended to lie in the 

range 6° to 10° and that it is not worthwhile radiusing the mixing duct and diffuser junction for 

these angles. 

 Nozzle Design 2.4

The primary nozzle employed in an ejector according to ESDU [10] is shown schematically in Figure 

2-23. The nozzle has two distinct sections: a convergent section where the gas is accelerated to sonic 

conditions at the nozzle throat, followed by a divergent section that accelerates the gas from sonic 

to supersonic conditions. Of particular significance is the nozzle contour, which is designed to cancel 

shock waves that develop in the nozzle due to the supersonic flow of gases through it [19].  

 

Figure 2-23 : Schematic of a convergent- divergent nozzle [19] 
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2.4.1 Supersonic Nozzle Contours 

A numerical technique that is able to define the wall boundaries in supersonic flow is known as the 

Method of Characteristics (MOC), which is commonly combined with calculus and used for the 

development of the wall contours of bell-nozzles for maximum thrust performance [20]. Two nozzle 

profiles viz. Minimum Length Nozzle (MLN) and Rao [22] Thrust Optimised Parabolic (TOP) 

nozzle were considered for the supersonic nozzle contour. 

2.4.1.1 Minimum Length Nozzle 

The method of characteristics provides a technique for designing the contour of a supersonic nozzle 

for shockfree isentropic flow as illustrated in Figure 2-24 [21]. In the convergent section of the 

nozzle, the subsonic flow is accelerated to sonic conditions at the throat region. A sonic line 

illustrated by the dashed line from a to b in Figure 2-24 is generally curved, however for most 

applications it is assumed to be straight. Downstream of the sonic line an expansion section occurs 

where expansion waves are generated and propagate across the flow downstream as they reflect from 

the opposite wall of the nozzle. The expansion region acejb is defined as a non-simple region, 

consisting of both left and right running curved characteristic lines. The angle of the nozzle wall 

with respect to the x direction, 𝜃𝑤, increases in the expansion section and reaches a maximum at the 

inflection point, c, of the nozzle contour as illustrated in Figure 2-24 [21]. Downstream of point c, 

𝜃𝑤 decreases until the wall becomes parallel to the x direction at point d and f. The section from c 

to d denotes the straightening section which is designed to cancel all the expansion waves generated 

in the expansion section. The regions cde and jef in the straightening section covers the 

characteristics of only one family and is described as a simple region where the characteristic lines 

are straight. Downstream of points def the flow is uniform and parallel at the desired Mach number 

[21]. 

 

Figure 2-24 : Schematic of a supersonic nozzle designed by the method of characteristics [21] 

The supersonic nozzle as illustrated in Figure 2-24 is typically used in wind tunnels where high-

quality and uniform flow is desired in the test section which is downstream of section def. Wind 
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tunnel nozzles are generally long with a relatively slow expansion. However, long nozzles with a slow 

expansion are not suitable for certain nozzles such as a rocket nozzle. In these cases a short nozzle is 

required in order to minimize weight. A minimum length nozzle allows for rapid expansion to 

produce short nozzles that minimize weight. In a minimum length nozzle, the expansion section 

shown in Figure 2-24 is shrunk to a point and the expansion takes place through a centred Prandtl-

Meyer expansion wave emanating from a sharp corner, point a, at the throat with an angle 𝜃𝑤,𝑚𝑎𝑥 

as illustrated in Figure 2-25 [21]. Unlike the nozzle in Figure 2-24 where multiple reflections of the 

expansion waves occurred from the wall along ac, the minimum length nozzle encounters only two 

systems of waves, right-running waves emanating from point a and the left-running waves 

emanating from point d in Figure 2-25 [21]. As a result of no multiple reflections, 𝜃𝑤,𝑚𝑎𝑥 in a 

minimum length nozzle must be larger than 𝜃𝑤,𝑚𝑎𝑥 in Figure 2-24 for the same exit Mach number. 

The length, L, of the supersonic nozzle is a minimum to ensure shockfree isentropic flow occurs [21]. 

 

Figure 2-25 : Schematic of a minimum length nozzle [21] 

2.4.1.2 Rao TOP Nozzle 

Rao [22] developed a rapid technique to approximate nozzle designs for optimum thrust, which was 

derived from extensive MOC computations of various bell-nozzles. This technique is referred to as 

the parabolic approximation of optimum thrust nozzles, and the resulting bell-nozzles are known as 

Rao Thrust Optimised Parabolic (TOP) nozzles. 

The parabolic approximation to bell-nozzles has the design configuration shown in Figure 2-26, 

where the entrance curve upstream of the nozzle throat, 𝑡, is a circular arc with a radius of 𝑟𝑐 =

1.50𝑅𝑡, where 𝑅𝑡 is the radius of the nozzle throat in the axisymmetric nozzle. The divergent section 

consists of two parts: the expansion section that lies between 𝑡 and the inflection point 𝑁, which has 

a circular radius of 𝑟𝑒𝑠 = 0.382𝑅𝑡 and produces an initial wall angle at 𝑁 of 𝜃𝑁; and the 

straightening section, which has a parabolic wall contour referred to as the terminal curve, 
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terminating at the nozzle exit, 𝐸, at an exit angle of 𝜃𝐸 and an exit radius of 𝑅𝐸 = √𝜀𝑅𝑡. The 

expansion ratio 𝜀 relates 𝑅𝑡 to 𝑅𝐸, thereby fixing flow conditions at the nozzle exit and the nozzle 

length, 𝐿𝑁 [19]. 

 

Figure 2-26 : Typical design configuration for the parabolic approximation to optimum thrust nozzles developed by Rao [22]  

The length of the nozzle can be approximated using Equation 2.1 [19], where 𝐾 is the length 

fraction of an ideal 15º conical nozzle.  

 𝐿𝑛 =
𝐾(√𝜖 − 1)𝑅𝑡

𝑡𝑎𝑛𝜃𝐸
 (2.1) 

The initial entrance angle of the parabolic terminal curve, 𝜃𝑛, relates to the expansion ratio for 

specific length fractions, 𝐾, as illustrated in Figure 2-27, while the nozzle exit angle, 𝜃𝐸, correlates to 

specific expansion ratios for specified 𝐾 values as presented in Figure 2-28 [19]. A suitable length 

fraction is selected such that 𝐿𝑛 meets geometric design requirements, allowing 𝜃𝑛 and 𝜃𝐸 to be 

evaluated. 

 

Figure 2-27: Rao Thrust Optimised Parabola (TOP) nozzle initial entrance angle for various 

expansion ratios and length fractions [19] 
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Figure 2-28: Rao Thrust Optimised Parabola (TOP) nozzle exit angle for various expansion 

ratios and length fractions [19] 

The second-degree polynomial defining the TOP nozzle is expressed in Equation 2.2 [19], and when 

normalised, the coefficients can be determined by four independent variables i.e. 𝜀, K, 𝜃𝑛 and 𝜃𝐸 

[23] 

 (
𝑅

𝑅𝑡
+ 𝑎

𝑋

𝑅𝑡
)
2

+ 𝑏
𝑋

𝑅𝑡
+ 𝑐

𝑅

𝑅𝑡
+ 𝑑 = 0 (2.2) 

The boundary conditions that are applied to resolve the coefficients of the polynomial terminal 

curve are defined in Equations 2.3 to 2.6 [19], where S1 signifies the entrance curve upstream of the 

nozzle throat, S2 signifies the expansion section and S3 signifies the straightening section with 

referenced to Figure 2-26. 

 𝑆2(𝑁) = 𝑆3(𝑁) (2.3) 

 𝑑𝑆2

𝑑𝑋
(𝑁) =

𝑑𝑆3

𝑑𝑋
(𝑁) = 𝑡𝑎𝑛𝜃𝑁 (2.4) 

 𝑆3(𝐸) = 𝑅𝐸 (2.5) 

 𝑑𝑆3

𝑑𝑋
(𝐸) = 𝑡𝑎𝑛𝜃𝐸 (2.6) 

The Matlab code presented in APPENDIX A.2 [19] determines the Rao TOP nozzle profile by 

employing the above method. The code requires specific inputs as shown in Figure 2-29 the first 

block of the process flow diagram which are used to determine the expansion ratio.  The length 

factor and expansion ratio are used to compute suitable inflection point and nozzle exit angles. 

Subsequently, the entrance curve, S1, expansion curve, S2, and parabolic terminal curve, S3, are 

computed by applying the necessary boundary conditions. 
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Figure 2-29 : Flow diagram of the process used to determine Rao TOP nozzle profiles using 

Matlab code 

 

 Medium Speed Wind Tunnel 2.5

The mass flow system is to be designed for the MSWT and ultimately manufactured and 

implemented to allow for inlet testing. The MSWT, illustrated in Figure 2-30, is a closed circuit, 

variable pressure, continuous wind tunnel. It has a Mach number range from 0.2 to 1.4, a test 

section dimension of 1.5m x 1.5m x 4.5m and a stagnation pressure range from 20kPA to 250kPa. 

The facility is used to do captive trajectory tests, high angle of attack tests, force and pressure 

measurements, flow visualisation, flutter testing, dynamic testing and aerodynamic damping tests 

[25]. The wind tunnel has 3 support systems namely flow field probe system (FFPS) which has 6 

degrees of freedom, sidewall support which has 1 degree of freedom and main model support (MMS) 

which has 2 degrees of freedom.  

 

Figure 2-30 : Medium Speed Wind Tunnel
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3. DESIGN OF A CONTROLLED 

INDUCED MASS FLOW SYSTEM 

The technique that employs a compact arrangement, where a variable area mass flow device is 

operated in a choked mode via a close-coupled ejector, is favoured for the Medium Speed Wind 

Tunnel (MSWT). The Council for Scientific and Industrial Research (CSIR) requires the system to 

be designed for an “aerodynamic interface plane” (AIP) of 80mm. A pressure rake array will be 

supplied by the CSIR which will facilitate the flow quality metering of the system.  

The subsequent sections will detail the design of the flow quantity metering system and mass flow 

generation system. 

 Design of the Flow Quantity Metering System 3.1

The method employing a device operated in a choked mode is usually favoured for a flow quantity 

metering system as it provides a more accurate measurement of airflow through an inlet. The 

variable area mass flow device that will be employed is a translating conical mass flow plug as 

described in Section 2.1.2.1, which will be operated in a choked mode. A similar mass flow plug 

employed by NASA Langley and Northrop, as illustrated in Figure 2-5 and Figure 2-14 respectively, 

will facilitate the design. 

3.1.1 Area Distribution 

The mass flow system is designed for an AIP of 80mm. It is required that the maximum Mach 

number at the engine face, or the AIP, be in the range of 0.4 and 0.6 [26]. Using this information 

the desired throat areas are determined by using Equation 3.1 [27]. 

   𝐴

𝐴∗
= 

1

𝑀
(
2(1 +

𝛾 − 1
2 𝑀2)

𝛾 + 1
)

𝛾+1
2(𝛾−1)

 (3.1)  

Where, 𝐴 is the AIP area, 𝐴∗ is the throat area and 𝛾 is the ratio of specific heats for air. The 

determined throat area should be the cross sectional area at the “geometric throat” of the duct as 

illustrated in Figure 3-1. The area of the geometric throat needs to be less than the AIP area to 

ensure choked flow. A 75mm geometric throat diameter satisfies this requirement. A 30° cone angle 

was deemed to be the most feasible angle as this resulted in a slender conical plug. In addition, this 

angle allows for a reasonable linear plug displacement to be achieved. The dimensioned conical mass 
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flow plug located in the duct is illustrated in Figure 3-2. The translation of the plug will be achieved 

by a linear actuator located in an annulus behind the conical mass flow plug. 

 

Figure 3-1 : Schematic of conical mass flow plug 

 

Figure 3-2 ; Conical mass flow plug dimensions 

An Excel spreadsheet was used to develop a model to calculate the area distribution along the duct 

for various plug displacements. The cross sectional area along the duct was calculated at increments 

of 1mm. The area along the duct was calculated using the area of a circle where applicable, whereas 

the area around the plug was calculated using the surface area of a conical frustum. A conical 

frustum, illustrated in Figure 3-3, is a frustum created by slicing the top off a cone, with the cut 

made parallel to the base [28]. The surface area, 𝐴𝑠, is calculated using Equation 3.2 [28]. 
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Figure 3-3 : Conical Frustum [28] 

 

   
𝐴𝑠 = 𝜋(𝑅1 + 𝑅2)𝑠 

                                    = 𝜋(𝑅1 + 𝑅2)√(𝑅1 − 𝑅2)2 + ℎ2 
(3.2)  

3.1.2 Determination of Backpressure 

An analysis was conducted to determine the target backpressure, i.e. the pressure aft of the cone, to 

ensure choked conditions at the geometric throat for all wind tunnel stagnation pressures. In order 

for the target backpressure to be determined, the pressure losses incurred by channelling the 

secondary flow through the duct were calculated. These pressure losses are illustrated graphically in 

Figure 3-4. 

 

Figure 3-4 : Pressure loss model of a conceptual rake array with a close-coupled ejector driven by choked mass flow plug [1]  

The pressure losses incurred by channelling the secondary flow through the duct comprise of the 

following: 
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 Intake Loss - Classical inlet losses are mainly dominated by friction and lip separation at 

off-design conditions and have a pressure recovery of 98%. S-duct inlets experience 

additional losses due to the curvature of the duct. An experiment by Tournier et al [29] on 

the flow control in an S-duct inlet found that the pressure recovery up to the design point, 

where mass flow equals 1.67kg/s, stays above 97% and then decreases at off-design 

conditions, where mass flow equals 2kg/s, to reach 94%. Pressure recovery for a poorly 

matched inlet-engine combination may result in poor pressure recoveries of order 90% or less 

at high mass flows as determined by Saltzman [30]. However with a modified system the 

pressure recovery improved to over 97%. A design pressure recovery estimate of 90% will be 

utilised in the pressure model to depict the worst case scenario. This loss represents a loss at 

design engine mass flow rates and for the appropriate inclusion into the pressure loss model, 

it has to be non-dimensionalised with dynamic pressure to avoid predicting high losses under 

reduced throttle simulations [1]. 

 Pipe Friction - This was calculated using Churchill’s explicit formulation of the 

characteristic Moody Diagram for pipe friction. The pressure drop, ∆𝑃, caused by pipe 

friction is calculated using Equation 3.3 [31] 

   ∆𝑃 = 𝑓𝜌𝐺2
𝐿

𝑑
  (3.3)  

where  

 

𝑓 = [(
𝐶1
𝑅𝑒
)
12

+
1

(𝐴 + 𝐵)3 2⁄
]

1
12⁄

 

 

(3.4)  

 

𝐴 = {
1

√𝐶𝑡
ln [

1

(7 𝑅𝑒⁄ )0.9 + 0.27 𝜖 𝑑⁄
]}

16

 

 

(3.5)  

 
𝐵 = (

37530

𝑅𝑒
)
16

 (3.6)  

with 𝑓 representing friction factor, 𝐺 is the fluid mass velocity, 𝐿 is the length of the channel 

between two pressure measurements, 𝐶1 = 8 and 𝐶𝑡 = 1 2.4572⁄  are geometry factors for 

laminar and turbulent flows for circular tubes respectively, 𝜖 𝑑⁄  being the relative roughness 

of the inner wall, 𝑅𝑒 representing Reynolds number defined by the duct diameter calculated 

using Equation 3.7 [32] 

   𝑅𝑒 =
𝜌𝑉𝑑

𝜇
 (3.7)  

where 

   𝜇 = 𝜇0
𝑇0 + 𝐶

𝑇 + 𝐶
(
𝑇

𝑇0
)

3
2⁄

 (3.8)  
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   𝜌 =
𝑃𝑠
𝑅𝑇𝑠

 (3.9)  

with  𝜇 representing dynamic viscosity at input temperature 𝑇, 𝜇0 representing the reference 

viscosity at the reference temperature 𝑇0, Sutherland’s constant 𝐶 for the gaseous 

material, 𝑃𝑠 and 𝑇𝑠 representing static pressure and temperature, specific gas constant 

 𝑅 = 287.1 𝐽 𝑘𝑔.𝐾⁄  [27]. For standard air as the gaseous material, 𝐶 = 120, 𝑇0 = 291.15𝐾 

and 𝜇0 = 0.01827 × 10−3𝑃𝑎. 𝑠 [33] 

 Expansion – Two sudden expansions occur in the system. The first occurs downstream of 

the AIP where the duct is expanded to house the rake support structure and the second 

occurs at the base of the translating mass flow plug. The pressure loss due to the expansion, 

𝑃𝑙𝑜𝑠𝑠, was calculated using Equation 3.10, where the total-pressure loss coefficient, 𝐾𝑡, was 

evaluated according to ESDU [34] 

   𝑃𝑙𝑜𝑠𝑠 = 𝐾𝑡𝑞 (3.10)  

where  

   𝑞 =
1

2
𝛾𝑃𝑠𝑀

2 (3.11)  

with 𝑞 representing dynamic pressure, 𝑃𝑠 representing static pressure, 𝑀 representing Mach 

number. 𝐾𝑡 is determined by the following steps: (
𝑉

𝑎𝑡
)
2
 is calculated from Equation 3.12 

using the quadratic formula and substituted into Equation 3.13 to determine  𝑀2, which is 

used to calculate 
𝑃𝑡2

𝑃2
 by using Equation 3.14, hence 𝐾𝑡 is calculated using Equation 3.16 

noting that 
𝑃𝑡2

𝑃𝑡1
=

𝑃1

𝑃𝑡1
.
𝑃𝑡2

𝑃2
.
𝑃2

𝑃1
. The area ratio of enlargement is represented by 𝜙 = 𝐴1 𝐴2⁄  

where 𝐴1 and 𝐴2 represents the cross-sectional area before and after the enlargement plane. 

   
(
𝑉

𝑎𝑡
)
2

2

− (
𝑉

𝑎𝑡
)
2

[
2

(𝛾 + 1)𝜙 (
𝑉
𝑎𝑡
)
1

{1 + (
𝑉

𝑎𝑡
)
1

2

(𝛾𝜙 −
𝛾 − 1

2
)}] +

2

𝛾 + 1
= 0 

 

(3.12)  

   

𝑉

𝑎𝑡
= 𝑀(1 +

𝛾 − 1

2
𝑀2)

−1 2⁄

 

 

(3.13)  

   𝑃𝑡 = 𝑃𝑠 (1 +
𝛾 − 1

2
𝑀2)

𝛾
𝛾−1⁄

 

 

(3.14)  

     
𝑃𝑠2
𝑃𝑠1

= 𝜙

(
𝑉
𝑎𝑡
)
1

(
𝑉
𝑎𝑡
)
2 [
 
 
 
 1 −

𝛾 − 1
2 (

𝑉
𝑎𝑡
)
2

2

1 −
𝛾 − 1
2 (

𝑉
𝑎𝑡
)
1

2

]
 
 
 
 

 (3.15)  
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𝐾𝑡 =
𝑃𝑡1 − 𝑃𝑡2
1
2
𝜌1𝑉1

2
 

                 =
1 − (𝑃𝑡2 𝑃𝑡1⁄ )
1
2
𝛾(𝑃𝑠1 𝑃𝑡1⁄ )𝑀1

2
 

(3.16)  

 Rake Supports – Two rake support arrays, each with 8 arms, are located sequentially to 

reduce blockage in the expanded duct downstream from the AIP. The pressure loss, ∆𝑃𝑡, due 

to the rake supports are estimated using Equation 3.17 from ESDU [35] 

   ∆𝑃𝑡 = 
1

2
𝜌𝑉2𝑘 (

𝑆

𝐴
)𝛽𝑐𝐶𝐷𝑓 (3.17)  

where  

   𝛽𝑐 =
1
(1 −𝑚𝑆 𝐴⁄ )⁄  (3.18)  

with 𝛽𝑐 representing a blockage correction factor, 𝑘 representing the velocity profile 

correction ratio which is unity for uniform flow, 𝐶𝐷𝑓 representing the free-air drag coefficient, 

𝑆 representing the frontal area of the body, 𝐴 representing the cross-sectional area of the 

pipe, 𝑚 representing the wake expansion factor which tends to unity for 𝑆 𝐴⁄ > 0.1. 

 Annular Diffuser – The location of the cone in a diverging duct creates an annular diffuser 

with associated losses for the subsonic flow downstream from the normal shock. Subsonic-

diffuser data was characterised from NACA RM-L56F05 [36] by a surface fit, as illustrated 

in Figure 3-5, and is defined by a 4th order polynomial with two variables, an angle 

parameter, 2𝜃 and a boundary-layer displacement thickness, 𝛿1
∗ 𝑅1⁄ .  

 

Figure 3-5 : Derived annular diffuser loss factor model, excluding friction [1] 
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The pressure loss, ∆𝑃𝑡, is calculated using Equation 3.19 [36] 

   ∆𝑃𝑡 = 𝐾𝑑𝑞 (1 −
1

𝐴𝑅
)
2

 (3.19)  

where 𝐴𝑅 is the ratio of the diffuser exit area to inlet area, 𝐾𝑑 represents a diffuser loss 

factor which is calculated using the 4th order polynomial in Equation 3.20 [1] 

   
𝐾𝑑 = 𝐶0 + 𝐶1𝑥 + 𝐶2𝑥

2 + 𝐶3𝑥
3 + 𝐶4𝑥

4 + 𝐶5𝑦 + 𝐶6𝑦
2 + 𝐶7𝑦

3 + 𝐶8𝑦
4 

    +𝐶9𝑥
3𝑦 + 𝐶10𝑥

2𝑦2 + 𝐶11𝑥𝑦
3 + 𝐶12𝑥

2𝑦 + 𝐶13𝑥𝑦
2 + 𝐶14𝑥𝑦 

(3.20)  

where     

𝑥 =  2𝜃 
𝑦 =  𝛿1

∗ 𝑅1⁄  

               𝐶0 = 4.0975E-02 

               𝐶1 = -8.0922E-03 

               𝐶2 = 1.0993E-03 

               𝐶3 = -9.8590E-06 

               𝐶4 = 4.9515E-08 

               𝐶5 = -2.8964E+00 

               𝐶6 = 3.2265E+02 

 

               𝐶7 = -6.0759E+03 

               𝐶8 = 3.5287E+04 

               𝐶9 = -2.3226E-04 

               𝐶10 = 1.5764E-01 

               𝐶11 = 4.9412E+00 

               𝐶12 = -8.7586E-03 

               𝐶13 = -6.0306E+00 

               𝐶14 = 5.2686E-01 

 

 

 Normal Shock – The arrangement of a conical mass flow plug in a duct as illustrated in 

Figure 3-4, creates a converging-diverging duct where, with appropriate geometry and back 

pressure, the flow will go sonic at the throat and accelerate to supersonic in the diverging 

section. With an appropriate backpressure, the flow will decelerate to subsonic conditions 

through a normal shock at some point in this diverging section. The stagnation pressure 

ratio across the shock, 𝑃𝑡𝑦 𝑃𝑡𝑥⁄ , is calculated using Equation 3.21 [27] which will allow for 

the determination of the pressure loss due to the normal shock. 

   𝑃𝑡𝑦

𝑃𝑡𝑥
= [

𝛾 + 1
2 𝑀𝑥

2

1 +
𝛾 − 1
2 𝑀𝑥

2
]

𝛾
𝛾−1

[
2𝛾

𝛾 + 1
𝑀𝑥

2 −
𝛾 − 1

𝛾 + 1
]

1
1−𝛾

 (3.21)  

Where 𝑀𝑥 represents the supersonic Mach number before the shock. This Mach number is 

determined by an iterative process. With the area along the duct determined earlier in the 

Excel model, the area ratio 𝐴 𝐴𝑡⁄  was calculated by dividing the area with the minimum 

throat area. The supersonic Mach number, 𝑀𝑥, was determined by calculating the area ratio, 

𝐴 𝐴𝑡⁄
𝑠𝑢𝑝

, using Equation 3.1, such that  𝐴 𝐴𝑡 −⁄  𝐴 𝐴𝑡⁄
𝑠𝑢𝑝

→ 0. 
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An Excel spreadsheet was used to develop a model that would enable the determination of the 

target backpressure and the mass flow rate for choked conditions at various wind tunnel stagnation 

pressures and mass flow plug positions. The backpressure and mass flow rate was determined by an 

iterative process as described by the flowchart in Figure 3-6. 

      Import area distribution          
          Determine      

         Input 
      Estimate 

    Calculate subsonic and    
    supersonic M and 

     Determine location of      
         minimum 
Position shock at the location

Determine     by calculating 
pressure along system with relevant 

pressure losses

Check if 

Check if location of shock 
central in diffuser

  Determine    and       

Change 
location of 

shock

Yes

No

Yes

No

 

Figure 3-6 : Flowchart showing the determination process of backpressure and mass flow rate 
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The area distribution determined in Section 3.1.1 was imported into the Excel model. The throat 

area, 𝐴∗, was determined by finding the minimum area along the system. The area ratio, 𝐴 𝐴∗⁄ , 

along the system was determined by dividing the area with 𝐴∗. The model requires the input of the 

wind tunnel stagnation pressure, 𝑃𝑡𝑢𝑛𝑛𝑒𝑙, and an estimate of the target backpressure, 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡. The 

Mach number along the duct is subsonic upstream of the throat and downstream of the shock, and 

supersonic from the throat to the shock.  

The area ratios for a range of subsonic Mach numbers were determined using Equation 3.1 as 

illustrated by the blue dots in Figure 3-7. Regression analysis was performed to determine the most 

feasible curve fit as shown by the red curve illustrated in Figure 3-7. The curve is defined by 

Equation 3.22 

   
 
𝐴

𝐴𝑠𝑢𝑏
∗ = 5.78704 × 10−1𝑀−1 + 3.47222 × 10−1𝑀+ 6.94444 × 10−2𝑀3 

    +4.62963 × 10−3𝑀5                                                                       

(3.22)  

where 𝐴 𝐴𝑠𝑢𝑏
∗⁄  represents the subsonic area ratio, M represents the subsonic Mach number. 

 

Figure 3-7 : Area ratio determined two ways for subsonic Mach numbers 

The subsonic Mach number, for the model, was determined by an iterative process where the area 

ratio, 𝐴 𝐴𝑠𝑢𝑏
∗⁄ , was calculated using Equation 3.22, such that  𝐴 𝐴∗⁄ − 𝐴 𝐴𝑠𝑢𝑏

∗⁄ → 0. 
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The supersonic Mach number is determined by an iterative process where the area ratio, 𝐴 𝐴𝑠𝑢𝑝
∗⁄ , is 

calculated using Equation 3.1, such that  𝐴 𝐴∗⁄ − 𝐴 𝐴𝑠𝑢𝑝
∗⁄ → 0. The subsonic Mach number after the 

shock, 𝑀𝑦, is calculated using Equation 3.23 [27] 

   𝑀𝑦
2 =

𝑀𝑥
2 +

2
𝛾 − 1

2𝛾
𝛾 − 1

𝑀𝑥
2 − 1

  (3.23)  

where 𝑀𝑥 represents the supersonic Mach number before the shock. The pressure ratio, 𝑃𝑠 𝑃𝑡⁄ , is 

calculated using Equation 3.24 [27]  

   
𝑃𝑠
𝑃𝑡
= (1 +

𝛾 − 1

2
𝑀2)

𝛾
1−𝛾⁄

 (3.24)  

where M represents the relevant Mach number. The initial location of the shock was at the 

minimum 𝐴 𝐴∗⁄ , i.e. the throat, along the duct. The position of the normal shock in the annular 

diffuser is moved from the throat region downstream until the pressures behind the mass flow plug 

matches the target backpressure. The backpressure was determined by calculating the relevant 

pressures losses along the duct as described earlier in this section. The calculated backpressure was 

analysed against the target backpressure. If the calculated backpressure did not match the target 

backpressure, the location of the shock was moved downstream in the diffuser and the backpressure 

was recalculated. However, if the calculated backpressure equalled the target backpressure, the 

position of the shock was analysed. For a low backpressure, i.e. high-pressure difference, the shock 

advances far into the annular diffuser which leads to an unreasonable demand on the performance 

required from the ejector. For a high backpressure, i.e. low-pressure difference, the shock moves 

upstream towards the throat but cannot be allowed to disappear altogether or else the benefits of 

using a choked plug are lost. An appropriate location of the shock was estimated to be at the centre 

of the diffuser. If the location of the shock was not approximately central in the diffuser, the 

estimated back pressure was required to be increased or decreased according to the location of the 

shock. However, if the shock location was central in the diffuser, the mass flow rate was calculated 

using Equation 3.25 [27] as the flow is choked at the throat. 

   

𝑚̇ = 𝜌𝐴𝑉 

            =
𝑃𝑠
𝑅𝑇𝑠

𝑉𝐴∗ 
(3.25)  

where  𝑃𝑠 represents the static pressure, which was calculated using the pressure ratio from 

Equation 3.24 multiplied by the stagnation pressure, 𝐴∗ represents the area at the throat, R is the 

specific gas constant  𝑅 = 287.1 𝐽 𝑘𝑔. 𝐾⁄  [27], 𝑇𝑠 represents the static temperature, which was 

determined using the temperature ratio from Equation 3.26 [27] multiplied by the stagnation 

temperature 𝑇𝑡 = 315𝐾, and 𝑉 represents the velocity which was calculated using Equation 3.27 [27]  
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𝑇𝑠
𝑇𝑡
= (1 +

𝛾 − 1

2
𝑀2)

−1

 (3.26)  

   
𝑉 = 𝑀𝑎 

              = 𝑀√𝛾𝑅𝑇𝑠 
(3.27)  

The corrected mass flow rate was calculated using Equation 3.28 [37] 

   𝑚̇𝑐 =
𝑚̇√𝜃𝑡
𝛿𝑡

  (3.28)  

where  

   𝜃𝑡 =
𝑇𝑡
𝑇𝑟𝑒𝑓

 (3.29)  

   𝛿𝑡 =
𝑃𝑡
𝑃𝑟𝑒𝑓

 (3.30)  

with the reference temperature 𝑇𝑟𝑒𝑓 = 288.15𝐾 and reference pressure 𝑃𝑟𝑒𝑓 = 101.325𝑘𝑃𝑎 [38]. The 

above process allows for the pressures, temperatures and Mach number along the duct to be 

determined as well as the mass flow rate through the system. These parameters are required to 

facilitate the design of an ejector. Table 3-1 provides the resulting mass flow rates and target 

backpressures for various wind tunnel stagnation pressures and mass flow plug displacements. A 

negative plug displacement depicts the mass flow plug translating upstream towards the AIP.  

Table 3-1 : Resulting mass flow rates and target backpressure for various wind tunnel stagnation pressures and plug 

displacements 

 

         [kPa] Plug Displacement [mm]     [kg/s]      [kg/s]            [kPa]

-95 1.20 0.53 180

-70 1.60 0.71 165

-30 1.91 0.84 140

-95 1.00 0.53 160

-70 1.33 0.71 145

-30 1.59 0.84 125

-95 0.75 0.53 120

-70 1.00 0.70 110

-30 1.19 0.84 100

-95 0.50 0.53 80

-70 0.67 0.70 75

-30 0.79 0.84 70

-95 0.25 0.53 40

-70 0.33 0.70 35

-30 0.40 0.84 30

50

240

200

150

100

         _       ̇  ̇ 
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 Design of the Mass Flow Generation System 3.2

An ejector, as described in Section 2.1.1.1, will be employed as the mass flow generation system. 

The constant-area mixing model, as described in Section 2.2.1, was chosen as the design for an 

ejector. The ejector was designed using the ESDU 92042 computer software described in Section 2.3 

and verified using Computational Fluid Dynamics (CFD) as outlined in the subsequent sections. 

The method used to design the ejector is explained in the Design Methodology subsection. 

3.2.1 ESDU 92042 

3.2.1.1 Quick Design Procedure 

The quick design procedure from ESDU 92042 was the method employed to design an ejector. This 

method is restricted to ejectors with constant-area mixing and air as both working fluids. A 

schematic of a typical ejector configuration is shown in Figure 3-8 (a) and a parallel sided mixing 

duct, i.e. constant-area mixing, is illustrated in Figure 3-8 (b). 

 

 

 

(a) Ejector configuration (b) Constant-area mixing duct, with S=0 

Figure 3-8 : ESDU 92042 schematic ejector [10] 

The primary inlet represents high-pressured air from a compressor. Two compressor pressures, 12bar 

and 25bar, were analysed for the design of an ejector. The 12bar compressor pressure can be 

supplied by the existing High Speed Wind Tunnel and the 25bar compressor is the maximum 

portable supply pressure that can be rented. The 12bar compressor has an outlet temperature of 

313.1K and a mass flow rate of 1.28kg/s, whereas the 25bar compressor has an outlet temperature of 

383.1K and a mass flow rate of 0.554kg/s. The secondary inlet represents the conditions aft of the 

conical mass flow plug which were determined by the process described in Section 3.1.2. The 

diameter at the exit plane of the diffuser was required to be equal to the diameter aft of the plug, as 

illustrated in Figure 3-2 i.e. 0.123m, to allow for a slender designed system.  
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The quick design procedure requires input data of pressures, temperatures, mass flow rates and 

dimensions in order for an ejector to be design. The input data required for the quick design 

procedure are listed in Table 3-2. 

Table 3-2 : Input data required for quick design procedure 

𝑃𝑡0 
Secondary stream entry total pressure. This is the determined target 

backpressure from Section 3.1.2. 

𝑃𝑡1 Primary stream entry total pressure. This is the pressure from the compressor.  

𝑚̇′′ 
Secondary stream mass flow rate. This is the determined mass flow rate from 

Section 3.1.2. 

𝑚̇′ Primary stream mass flow rate. This is the mass flow rate of the compressor. 

𝑚̇′′ + 𝑚̇′ Mixing duct mass flow rate. 

𝑇𝑡0 
Secondary flow entry total temperature. This is the temperature determined 

from Section 3.1.2. 

𝑇𝑡1 
Primary flow entry total temperature. This is the temperature of the air from 

the compressor. 

(𝑆 + 𝐿) 𝑑4⁄  
Mixing duct length to diameter ratio. A value in the range 8 ≤ (𝑆 + 𝐿) 𝑑4⁄ ≤ 10 

is recommended to achieve complete energy mixing under most conditions. 

𝑑5 Diffuser exit diameter. 

|𝜙𝑑| Diffuser wall angle. A value in the range 3 ≤ 𝜙𝑑 ≤ 5 is recommended. 

The quick design method calculates the diffuser exit pressure and determines the overall areas and 

lengths of the primary nozzle, mixing duct and diffuser.  The output results determined from the 

quick design procedure are listed in Table 3-3. 

Table 3-3 : Output results from quick design procedure 

𝑃𝑡5 Diffuser exit total pressure. 

𝑃𝑡1 𝑃𝑡5⁄  Primary pressure ratio. 

𝑃𝑡5 𝑃𝑡0⁄  Secondary pressure ratio. 

𝑃𝑡1 𝑃𝑡0⁄  Primary to secondary pressure ratio. 

𝐴𝑡ℎ Primary nozzle throat area. 

𝐴𝑒 Primary nozzle exit area 

𝐴𝑒 𝐴𝑡ℎ⁄  Primary nozzle exit area to throat area ratio. 

𝐴4 Mixing duct cross-sectional area. 

𝐴5 Diffuser exit area. 

𝑆 + 𝐿 Mixing duct length (S=0 for constant-area mixing duct) 

𝐿𝑑 Diffuser length. 

𝐿𝑑 𝑑4⁄  Diffuser length to diameter ratio. 
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The ESDU 92042 software can only be applied to designs where the secondary to primary mass flow 

ratio ranges from 0.05 to 1, as illustrated in Figure 2-22. Mass flow ratios that do not lie in this 

range results in data being less reliable. A maximum mass flow ratio of 2 is allowed by ESDU for 

the design of an ejector, however the data obtained for the design will be less reliable. ESDU 92042 

does not determine an ejector design for mass flow ratios greater than 2. 

3.2.1.2 Performance Prediction Calculation 

The performance prediction calculation from ESDU 92042 [10] determines the outlet conditions and 

the flow conditions throughout the ejector given the physical dimensions of the ejector determined 

by the quick design procedure. The performance prediction procedure requires input of the ejector 

dimensions, loss factors and a range of entry flow conditions in order for the performance of the 

ejector to be determined. ESDU 92042 states that the output from the design evaluation is taken as 

the input for a performance prediction calculation and the results obtained for the performance 

parameters agree with the initial data input, within the computational accuracy available [10]. The 

input data required for the performance prediction procedure are listed in Table 3-4 with reference 

to Figure 3-8. 

Table 3-4 : Input data required for performance prediction calculation 

𝛾′ The ratio of the specific heat capacities of the primary gas. 

𝑅′ The gas constant of the primary gas. 

𝛾′′ The ratio of the specific heat capacities of the secondary gas. 

𝑅′′ The gas constant of the secondary gas. 

𝐶𝐷 Primary nozzle discharge coefficient accounts for losses in the primary nozzle. 

𝐾 Mixing duct momentum loss factor allows for all losses in the mixing duct. For a 

single nozzle ejector a value of 𝐾 = 0.87 may be taken. 

𝜂𝑑 Diffuser total pressure recovery 𝜂𝑑 = 𝑃𝑡5/𝑃𝑡4 with typical values in the range 0.9 

to 0.96. 

𝜂𝑖 Secondary flow inlet efficiency 𝜂𝑖 = 𝑃𝑡𝑒
′′/𝑃𝑡0. 

𝐴𝑀𝐸 Area ratio 𝐴𝑀𝐸 = 𝐴4/𝐴𝑒. 

𝑑𝑡ℎ Primary nozzle throat diameter. 

𝑑𝑒 Primary nozzle exit diameter. 

𝑑4 Mixing duct diameter. 

𝑑5 Diffuser exit diameter. 

(𝑆 + 𝐿) 𝑑4⁄  Mixing duct length to diameter ratio.  

𝐿𝑑 𝑑4⁄  Diffuser length to diameter ratio. 

𝑃𝑡1 Primary nozzle entry total pressure. 

𝑇𝑡1 Primary nozzle entry total temperature. 
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𝑃𝑡0 Secondary stream entry total pressure. 

𝑇𝑡0 Secondary stream entry total temperature. 

The performance prediction calculates the diffuser exit pressure, the primary and secondary stream 

mass flow rates and the Mach number at various planes. The output results determined from the 

performance prediction procedure are listed in Table 3-5. 

Table 3-5 : Output results from performance prediction calculation 

𝑃𝑡5 Diffuser exit total pressure. 

𝑃𝑡1 𝑃𝑡5⁄  Primary pressure ratio. 

𝑃𝑡5 𝑃𝑡0⁄  Secondary pressure ratio. 

𝑚̇′′ Secondary stream mass flow rate.  

𝑚̇′ Primary stream mass flow rate. 

𝑀3
′  Primary nozzle exit Mach number. 

𝑀3
′′ Secondary stream Mach number at nozzle exit plane. 

𝑀4 Stream Mach number at mixing duct exit plane. 

𝑀5 Stream Mach number at diffuser exit plane. 

3.2.2 Computational Method 

CFD simulations were performed to validate the ESDU 92042 software and evaluate the mass flow 

rates for different wind tunnel total pressures for different designs. Two-dimensional and three-

dimensional simulations were performed for different designs with certain aspects of the analysis 

being common in both simulations. The two-dimensional and three-dimensional simulations (pre-

processing, processing and post processing) were computed using the commercially available flow 

solver, STAR-CCM+ V9.06, where a coupled-flow solver was employed with the equation of state of 

the fluid being modelled as an ideal gas. The solver settings for three-dimensional simulations were 

updated to enable the continuity convergence accelerator, grid sequencing initialization and AMG 

linear solver [39]. 

The ejector geometry was determined using ESDU 92042 software, as described in Section 3.2.1, and 

generated using SolidWorks V16 Computer Aided Design (CAD) software. Two nozzle designs were 

explored for the primary nozzle, namely a minimum length nozzle as described in Section 2.4.1.1 

and a Rao TOP nozzle as described in Section 2.4.1.2. The minimum length nozzle and the Rao 

TOP nozzle were determined using the Matlab codes as represented in Appendix A.1 [40] and 

Appendix A.2 [19] respectively. The Matlab codes determine the points that represent the nozzle 

contour. These points were imported into SolidWorks V16 as a curve in order to generate the 

primary nozzle geometry. The ejector geometry was saved as a parasolid and imported into STAR-

CCM+. 
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3.2.2.1 Grid Sensitivity Studies 

The two-dimensional simulations employed a hexahedral mesh, which was first generated in three-

dimensional and converted into a two-dimensional mesh. The generated hexahedral mesh provided a 

high-quality grid with minimal cell skewness. A polyhedral mesh was employed for the three-

dimensional simulations, with a refined boundary layer mesh along the inner walls to improve the 

accuracy of the flow solution. The polyhedral mesher provides a balanced solution for complex mesh 

generation problems by approximately reducing the cell count by five times as compared to a 

tetrahedral mesh. The surface remesher tool was employed to re-tessellate the surfaces of the 

imported geometry. This allows the overall quality of the surfaces to be improved which results in 

an optimised mesh generation process. A mesh refinement was generated using a volumetric control 

with a cylinder volume shape in the primary nozzle and mixing duct zone [41]. 

Grid sensitivity studies were completed for the three-dimensional simulations to ensure that the 

results were independent of the grid resolution of the simulations. Figure 3-9 illustrates the 

entrained mass flow rate of an ejector at 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎 and wind tunnel conditions at 𝑀 = 0.8 

for various grid sizes. A non-dimensional grid size (G) was calculated by normalising the minimum 

element size for each grid by the finest grid’s minimum element size. A second order polynomial 

curve was fitted to the entrained mass flow rate data in order to extrapolate the entrained mass 

flow rate at 𝐺 = 0, which was used as a reference point to determine whether solutions were grid 

independent. 

 

Figure 3-9 : Grid convergence study of an ejector at 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎 and wind tunnel conditions at 𝑀 = 0.8    

y = 2E-05x2 - 0.0008x + 1.2113 
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The maximum acceptable deviation of the entrained mass flow rate must be within ±0.5% of the 

value at 𝐺 = 0. Figure 3-10 illustrates that any solution computed on grids with sizes of 𝐺 ≤ 8 will 

have an acceptable discretisation error. For flow diagnostics purposes, all solutions were computed 

at a non-dimensional grid size of 4 i.e. base size of 40mm.   

 

Figure 3-10 : Percentage deviation of the entrained mass flow rate for various grid sizes 

3.2.2.2 Turbulence Modelling 

STAR-CCM+ has several turbulence models with the most common models being 𝑘-epsilon, 𝑘-

omega and Spalart-Allmaras. The Spalart-Allmaras [41] turbulence model yields the best results for 

attached boundary layers and flows with mild separation such as flow over a wing, fuselage or other 

aerospace external flow applications. However, the model is not suited to applications involving jet-

like free-shear regions, hence the two-equation 𝑘-epsilon and 𝑘-omega models should be examined.  

The 𝑘-epsilon and 𝑘-omega models are similar in that two transport equations are solved, but differ 

in the choice of the second transported turbulence variable. The 𝑘-omega turbulence model is 

sensitive to inlet boundary conditions for internal flows, a problem that does not exist for the 𝑘-

epsilon turbulence model [41]. Hence the Reynolds Averaged Navier Stokes (RANS) equations were 

solved along with the 𝑘-epsilon turbulence model as internal flows are simulated. 

3.2.2.3 Wall y+ Strategy 

In addition to the grid sensitivity studies, the non-dimensional wall distance ( 𝑦+) values were 

monitored to determine the appropriate grid configuration for the selected turbulence model. The 

Realizable 𝑘-epsilon two-layer model was employed, this model offers the most mesh flexibility and 
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has an all-𝑦+ wall treatment. The all-𝑦+ wall treatment attempts to emulate the high-𝑦+ wall 

treatment for coarse meshes and the low-𝑦+ wall treatment for fine meshes. The high-𝑦+ treatment 

assumes that the near-wall cell lies within the logarithmic region of the boundary layer and the low-

𝑦+  treatment assumes that the viscous sublayer is properly resolved. The Realizable 𝑘-epsilon two-

layer model provides good results on fine meshes i.e. 𝑦+ ≤ 1 and coarse meshes i.e. 𝑦+ ≥ 30, and 

also produces the least inaccuracies for intermediate meshes i.e. 1 < 𝑦+ < 30 [41]. The wall 𝑦+ value 

for the solution of an ejector at a non-dimensional grid size of 4 is illustrated in Figure 3-11. Figure 

3-12 illustrates the values of  𝑦+ ≥ 30 of an ejector at a non-dimensional grid size of 4. Since the 

Realizable 𝑘-epsilon two-layer model employs an all-𝑦+ wall treatment and the obtained 𝑦+ values 

for the solution of an ejector satisfies the 𝑦+ values for the selected turbulence model, simulations 

were deemed acceptable for the selected grid configuration. 

 

Figure 3-11 : Wall 𝑦+ values at a non-dimensional grid size of 4 for an ejector 

 

Figure 3-12 : Wall 𝑦+ ≥ 30 at a non-dimensional grid size of 4 for an ejector 
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3.2.3 Design Methodology 

Davis et al [6] indicated that the most critical case for sizing any flow generation system is at static 

and low Mach numbers; and high-pressure conditions. Hence, the ejector was designed for static 

tests under the pressure conditions of the MSWT. The design of the ejector was achieved by an 

iterative process involving ESDU 92042 computer software and CFD simulations. Figure 3-13 

describes the processes followed to design an ejector to meet the mass flow rate requirements from 

the flow quantity metering analysis in Section 3.1. 

2D CFD to verify ESDU

Determine off-design case

Convert from single nozzle 
to multiple ejectors

ESDU to determine new 
ejector geometry

Check if 

Redesign by changing 
primary pressure and number 

of ejectors

Yes

No

ESDU to design ejector

2D CFD to determine               for 
various target stagnation pressures

3D simulations of multi-nozzle ejector and 
staggered multi-ejector to determine 

Final design
 

Figure 3-13 : Flowchart showing the design process of an ejector 
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The ejector was designed using ESDU 92042 computer software, as described in Section 3.2.1. The 

diffuser wall angle range was investigated, which led to 𝜙𝑑 = 5 deemed feasible as it resulted in a 

shorter diffuser therefore a shorter ejector being designed. Two primary pressures, 25bar and 12bar, 

were considered as stated in Section 3.2.1.  

Two-dimensional CFD simulations, as described in Section 3.2.2, were performed for 25bar and 

12bar primary pressure ejector designs to validate the ESDU 92042 software. Multiple two-

dimensional simulations were performed employing various secondary stream entry total pressures, 

𝑃𝑡0. The geometry of an ejector designed by ESDU 92042 employed in the simulation with the 

specified boundary conditions is illustrated in Figure 3-14. Since we are concerned with the air flow 

inside the ejector, an external fluid domain boundary was not required. The inlets to the fluid 

domain were specified as stagnation inlets, with the secondary inlet boundary conditions set as the 

input data 𝑃𝑡0 and  𝑇𝑡0 from Table 3-2 and the nozzle inlet boundary conditions set as either 25bar 

or 12bar primary pressure with their respective temperatures as stated in Section 3.2.1. The outlet 

was specified as a pressure outlet with static conditions determined using the exit pressure  

𝑃𝑡5 calculated by ESDU 92042 and the total mass flow rate, 𝑚̇′′ + 𝑚̇′, at the diffuser exit. The 

ejector and nozzle walls were specified as non-slip solid walls and an axisymmetric plane was used 

which segmented the flow domain. A hexahedral mesh was employed to the two-dimensional 

simulations, with the hexahedral mesh around the minimum length nozzle section shown in Figure 

3-15.  

 

Figure 3-14 : Two-dimensional ejector geometry required as an input for CFD with specified boundary conditions 

 

Figure 3-15 : Hexahedral mesh around the minimum length nozzle employed for two-dimensional simulations 
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ESDU determines the optimum ejector design for a specific set of input data therefore for various 

secondary pressures, primary pressures and mass flow rates, multiple ejector designs are established. 

An “off-design” case had to be determined i.e. one ejector geometry that would be able to entrain 

the specified target mass flow rates, as listed in Table 3-1, at different secondary stream total 

pressures. The “off-design” case was determined by analysing each ejector design obtained by ESDU 

92042, to determine which geometrical factors where significantly different. It was established that 

the mixing duct cross-sectional area was the most significant factor that changed between each 

ejector design. Two-dimensional CFD simulations, as described in Section 3.2.2 and above, were 

performed employing a test matrix that was determined by the Modern Design of Experiments 

(MDOE) method. This test matrix, outlined in Table 3-6, has two factors, mixing duct diameter 

and secondary stream entry total pressure, and 3 levels per factor i.e. minimum (-1), intermediate 

(0) and maximum (1) which results in 9 CFD simulations. The results from the CFD simulations 

performed indicated that the minimum mixing duct diameter ejector design was the only ejector to 

entrain mass flow for the various secondary stream entry total pressures, therefore this ejector was 

considered to be the “off-design” case. 

Table 3-6 : Test Matrix for determining off-design case 

 Mixing Duct Diameter Secondary Stream Total Pressure 

CFD Simulation Factor 1 Factor 2 

1 0 1 

2 -1 1 

3 -1 -1 

4 0 -1 

5 0 0 

6 1 -1 

7 -1 0 

8 1 0 

9 1 1 

Since the ejector forms part of a system that will be employed into the MSWT, a simple single 

nozzle ejector would not be suitable as there are space limitations in the wind tunnel. To overcome 

the space limitations, the single nozzle ‘off-design’ ejector was converted into multiple smaller 

ejectors and hence into a multi-nozzle ejector. The number of smaller multiple ejectors were found 

by equating the area of the diffuser exit plane of the ‘off-design’  ejector to the total combined area 

of the diffuser exit plane of the smaller ejectors. Figure 3-16 and Figure 3-17 illustrates that two 

configurations would satisfy the above area comparison such that 𝐴1 = 𝐴2. The ESDU 92042 

software, as mentioned in Section 3.2.1, was used to determine the ejector geometry for both 

configurations. It should be noted that the translation of the mass flow plug is achieved by a linear 
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actuator located in the annulus, hence the mixing duct and annulus cross-sectional area were 

analysed to determine the space available for the actuator. Configuration 2 was deemed feasible as it 

resulted in a more compact system being developed and has the desired space available for the 

linear actuator.  

Configuration 1 – 4 ejectors 

 
 

 

(a) Diffuser exit plane of the ‘off-design’ ejector to determine 

area 

(b) Mixing duct plane with 4 ejectors 

Figure 3-16 : Diffuser exit plane of the ‘off-design’ ejector and mixing duct plane with 4 ejectors 

Configuration 2 – 9 ejectors 

 

 

(a) Diffuser exit plane of the ‘off-design’ ejector to determine 

area 

(b) Mixing duct plane with 9 ejectors 

Figure 3-17 : Diffuser exit plane of the ‘off-design’ ejector and mixing duct plane with 9 ejectors 

Two-dimensional CFD simulations, as described in Section 3.2.2 and above, were performed with 

the ejector geometry of configuration 2 to determine the entrained mass flow rates obtainable at 

various target stagnation pressures. A check was performed to determine if the entrained mass flow 
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rates of the ejector design met the target mass flow rates from Table 3-1 for the various target 

stagnation pressures. It was established that the entrained mass flow rate determined with the 

ejector geometry of configuration 2 did not meet the target mass flow rates. 

It should be noted that the ejector was designed at maximum primary pressure and maximum 

primary mass flow rate, therefore if the determined entrained mass flow rates did not correlate to 

the target mass flow rates, there is no means of increasing the entrained mass flow rate. However, if 

the ejector is redesigned at a lower primary pressure and lower primary mass flow rate, this will 

allow the entrained mass flow rate to increase since the compressor will be able to supply a higher 

primary pressure and mass flow rate. If the ejector is redesigned at a lower primary pressure, this 

will allow for the ejector to be run at a higher primary pressure entraining more mass flow and 

redesigning at a lower primary mass flow rate will allow for the addition of ejectors if the entrained 

mass flow rates did not meet the target mass flow rates. 

Therefore, the ejector was redesigned using the ESDU 92042 software, as mentioned in Section 3.2.1, 

with a primary pressure of 20bar and a primary mass flow rate of 0.277kg/s. Two-dimensional CFD 

simulations, as described in Section 3.2.2 and above, were performed with the redesigned ejector 

geometry simulating maximum primary pressure conditions to determine the entrained mass flow 

rates obtainable at various target stagnation pressures.  

A check was performed to determine if the entrained mass flow rates of the new ejector design met 

the target mass flow rates from Table 3-1 for the various target stagnation pressures. It was 

established that the entrained mass flow rate determined with the redesigned ejector did not meet 

the target mass flow rates, hence the option of increasing the number of ejectors were explored.  

The maximum number of ejectors were determined by dividing the total available mass flow rate 

(0.554kg/s) by the primary mass flow rate obtained at the maximum primary pressure (25bar) 

simulation. It was established that 14 ejectors would be employed as it results to the maximum 

available primary mass flow rate. The entrained mass flow rate for the configuration employing 14 

ejectors met or exceeded the target mass flow rates. The configuration employing 14 ejectors was 

used to develop a multi-nozzle ejector and a staggered multi-ejector.  

The multi-nozzle ejector, as illustrated in Figure 3-18(a), was obtained by combining the mixing 

duct areas of the 14 ejectors which resulted in the total mixing duct area. Since the mixing duct 

need not be cylindrical, as mentioned in Section 2.3, an annular mixing duct was utilised which 

would allow for the linear actuator to be situated in the annulus, as illustrated in Figure 3-18(b). 

The area ratio  𝐴5 𝐴4⁄  and diffuser wall angle 𝜙𝑑 = 5, obtained from ESDU, was used to determine 

the diffuser geometry. The primary nozzles were spaced equally and arranged in an annular ring, as 

illustrated in Figure 3-18(c).  
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(a) Multi-nozzle ejector configuration (b) Mixing duct, diffuser and annulus 

 
(c) Primary nozzle arrangement 

Figure 3-18 : Multi-nozzle ejector 

Three-dimensional CFD simulations, as described in Section 3.2.2, were performed to determine the 

entrained mass flow rate for various secondary stream entry total pressures. A segment of the multi-

nozzle ejector was employed in the simulation with the specified boundary conditions illustrated in 

Figure 3-19. The air flow inside the multi-nozzle ejector was model with the air exiting into the 

wind tunnel. The inlets to the fluid domain were specified as stagnation inlets, with the secondary 

inlet boundary conditions set as the input data 𝑃𝑡0 and  𝑇𝑡0 from Table 3-2 and the primary nozzle 

inlet boundary conditions set as 25bar primary pressure with the corresponding temperature as 

stated in Section 3.2.1. The outlet was specified as a pressure outlet with static conditions 

corresponding to the MSWT at M=0.6 and 𝑃𝑡0 from Table 3-2. The ejector, primary nozzle and 

annulus walls were specified as non-slip solid walls and a symmetry boundary was used since the 

multi-nozzle ejector is symmetrical. A polyhedral mesh was employed to the three-dimensional 

multi-nozzle simulations as mentioned in Section 3.2.2.1, with the polyhedral mesh around the Rao 

primary nozzle section shown in Figure 3-20. 
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Figure 3-19 : Three-dimensional segment of a multi-nozzle ejector geometry required as an input for CFD with specified 

boundary conditions 

 

Figure 3-20 : Polyhedral mesh around the Rao nozzle employed for three-dimensional multi-nozzle ejector simulations 
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The staggered multi-ejector, as illustrated in Figure 3-21(a), employs 14 individual ejectors arranged 

around an annulus as illustrated in Figure 3-21(b). The ejector employed in the staggered multi-

ejector configuration is illustrated in Figure 3-21(c) with a 30° included angle conical inlet employed 

before the mixing duct as mentioned in Section 2.3. 

 
 

 

(a) Staggered multi-ejector configuration (b) Ejector arrangement 

 
(c) Ejector configuration for the staggered multi-ejector 

Figure 3-21 : Staggered multi-ejector 

Three-dimensional CFD simulations, as described in Section 3.2.2, were performed to determine the 

entrained mass flow rate for various secondary stream entry total pressures. The three-dimensional 

geometry of the staggered multi-ejector employed in the simulations with the specified boundary 

conditions is illustrated in Figure 3-22. The air flow inside the staggered multi-ejector was model 

with the air exiting into the wind tunnel. The inlets to the fluid domain were specified as stagnation 

inlets, as illustrated in Figure 3-22(a), with the secondary inlet boundary conditions set as the input 

data 𝑃𝑡0 and  𝑇𝑡0 from Table 3-2 and the nozzle inlet boundary conditions set as 25bar primary 

pressure with the corresponding temperature as stated in Section 3.2.1. The outlet was specified as a 

pressure outlet, as illustrated in Figure 3-22(c), with static conditions corresponding to the MSWT 

at M=0.8 and 𝑃𝑡0 from Table 3-2. The ejector, primary nozzle and annulus walls were specified as 

non-slip solid walls illustrated in Figure 3-22(b). A polyhedral mesh as shown in Figure 3-23 was 

employed to the three-dimensional multi-ejector simulations as mentioned in Section 3.2.2.1. 
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(a) Stagnation inlets (b) Ejector, primary nozzle and annulus walls 

 
(c) Pressure outlet 

Figure 3-22 : Three-dimensional geometry of the staggered multi-ejector required as an input for CFD with specified 

boundary conditions  

 

Figure 3-23 : Polyhedral mesh employed for three-dimensional multi-ejector simulations 
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 Final Design 3.3

The controlled induced mass flow system, as illustrated in Figure 3-24, employs a translating conical 

mass flow plug as a flow quantity metering system and a staggered multi-ejector as the mass flow 

generation system. The system was designed for an AIP of 80mm with a rake array located aft of 

the AIP to provide the flow quality metering. A 25bar auxiliary compressor provides 0.554kg/s of 

air which is ducted into a plenum thence to the primary nozzle of the 14 individual ejectors. The 

high energy primary flow passes through a Rao nozzle entraining and accelerating the low energy 

secondary flow upstream of the AIP. The conical mass flow plug is operated in a choked mode to 

provide an accurate measurement of airflow through an inlet. The translation action of the conical 

mass flow plug is achieved by a linear actuator housed in the annulus which would allow for the 

regulation of mass flow. The secondary flow is ducted into a plenum chamber and thence into the 

mixing duct of the 14 ejectors via a conical inlet. The diffuser located at the end of the ejector 

reduces the fluid velocity and increases the pressure of the fluid to be discharged into the MSWT. 

 

Figure 3-24 : Final design of a controlled induced mass flow system 

CFD simulations were performed to determine the effects a skewed inlet velocity profile and inclined 

exit conditions relative to the free stream wind tunnel test section conditions have on the entrained 

mass flow rate for the staggered multi-ejector.  

3.3.1 Skewed Inlet Velocity Profile With/Without Inclined Exit 

Three-dimensional CFD simulations, as described in Section 3.2.2, were performed to determine the 

entrained mass flow rate for a skewed secondary inlet velocity profile with and without an inclined 

exit. CFD simulations without an inclined exit were firstly performed. The three-dimensional 

geometry of the skewed inlet velocity staggered multi-ejector employed in the simulations with the 

specified boundary conditions is illustrated in Figure 3-25. The air flow inside the staggered multi-
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ejector was model with the air exiting into the wind tunnel. The inlets to the fluid domain were 

specified as stagnation inlets, as illustrated in Figure 3-25(a). The secondary inlet total pressure was 

determined by obtaining the static pressure at the secondary inlet from a previous solution hence 

calculating the Mach number. By varying the Mach number, such that Ring 1 Mach number is 1.5 

times the original Mach number and Ring 5 Mach number is 0.5 times the original Mach number, 

the total pressure is determined using Equation 3.14. The nozzle inlet boundary conditions were set 

as 25bar primary pressure with the corresponding temperature as stated in Section 3.2.1. The outlet 

was specified as a pressure outlet, as illustrated in Figure 3-22(c), with static conditions 

corresponding to the MSWT at M=1.2 and 𝑃𝑡0 from Table 3-2. The ejector, primary nozzle and 

annulus walls were specified as non-slip solid walls illustrated in Figure 3-25(b). A polyhedral mesh 

was employed to the three-dimensional multi-ejector simulations as mentioned in Section 3.2.2.1. 

 

  
(a) Stagnation inlets (b) Ejector, primary nozzle and annulus walls 

 
 

(c) Pressure outlet 

Figure 3-25 : Three-dimensional geometry of the skewed inlet velocity staggered multi-ejector required as an input for CFD 

with specified boundary conditions 
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The CFD simulations with a 30° inclined exit were performed using the geometry of the skewed 

inlet velocity as shown in Figure 3-25. The boundary conditions for the stagnation inlets and walls 

were specified as per the skewed inlet velocity without an inclined exit. However the outlet was 

specified as free stream with a flow direction at 30° and static conditions corresponding to the 

MSWT at M=1.2 and 𝑃𝑡0 from Table 3-2. 
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4. EXPERIMENTAL METHOD 

The mass flow rates of the staggered multi-ejector design were required to be verified 

experimentally. Staggered multi-ejector design employs 14 single identical ejectors therefore a single 

ejector was manufactured and tested to determine the entrained mass flow rate and the primary 

mass flow rate. The configuration of a single ejector employed in the staggered multi-ejector design 

with the required mass flow rate determination points is illustrated in Figure 4-1. The experimental 

test rig designed, the layout for the determination of mass flow rates and the experimental 

methodology followed are outlined in the subsequent sections. 

 

Figure 4-1 : Configuration of a single ejector with required mass flow rate determination points 

 Experimental Test Rig 4.1

To determine the mass flow rates of the ejector, a test rig was designed and manufactured 

integrating the ejector configuration illustrated in Figure 4-1. The determination of the entrained 

mass flow rate at the inlet of the ejector was achieved by employing a conical inlet. The primary 

mass flow rate exiting the nozzle is determined by calculating the total mass flow rate at the exit 

and hence subtracting the entrained mass flow rate from the inlet. The total mass flow rate at the 

exit was determined by employing a meter run which consists of an orifice plate with flange taps. 

The subsequent sections outline the conical inlet, meter run and ejector designed for the experiment. 

4.1.1 Conical Inlet 

The conical inlet was designed and manufactured according to ISO 5801:2007(E) and can only be 

used when drawing air from an open free space and if Reynolds number, 𝑅𝑒𝑑, is greater than 20 000 

[42]. The conical inlet dimensions and tolerances according to ISO 5801:2007(E) are illustrated in 

Figure 4-2 with 𝑑 = 50𝑚𝑚 and 𝑃𝑇 representing four wall pressure tappings.  
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Figure 4-2 : Geometry of conical inlet [42] 

According to ISO 5801:2007(E) there should be no external obstruction to the free movement of the 

air entering the inlet and the velocity of any cross-currents should not exceed 5% of the nozzle 

throat velocity. The conical inlet can be used uncalibrated for a pressure difference of up to 4kPa. 

The mass flow rate, 𝑞𝑚, is determined by using Equation 4.1 [42] 

   𝑞𝑚 = 𝛼𝜀𝜋
𝑑2

4
√2𝜌𝑢∆𝑝 (4.1)  

where 𝛼𝜀 is the compound coefficient dependent on Reynolds number, 𝑅𝑒𝑑, and is plotted in Figure 

4-3, 𝑑 represents the diameter of the conical inlet, 𝜌𝑢 represents the upstream density which is 

determined according to Equation 3.9, ∆𝑝 represents the differential pressure between the static 

pressure of the conical inlet and atmospheric pressure. Approximation uncertainties in the mass flow 

rate calculations are mainly associated with the compound coefficient value. According to ISO 

5801:2007(E) the basic uncertainty when 𝑅𝑒𝑑 > 3 × 105 is ± 1.5% and for 2 × 104 < 𝑅𝑒𝑑 < 3 × 105 

is ±(
2×104

𝑅𝑒𝑑
−

1

15
)% [42]. 
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Figure 4-3 : Compound coefficients of conical inlets [42] 

4.1.1.1 Pressure Tappings 

The pressure tappings were constructed according to ISO 5801:2007(E). Each pressure tapping takes 

the form of a hole through the wall of the airway as illustrated in Figure 4-4. The bore diameter, 𝑎, 

is required to be not less than 1.5mm, not greater than 5mm and not greater than  0.1𝐷, where 𝐷 is 

the airway diameter [42].   
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Figure 4-4 : Construction of wall pressure tappings [42] 

4.1.1.2 Conical Inlet Design 

The conical inlet was designed and manufactured for an inner diameter 𝑑 = 50𝑚𝑚. The material 

used for the manufacturing of the conical inlet was aluminium alloy 6082-T6. The pressure tappings 

were manufactured for a bore diameter 𝑎 = 2.2𝑚𝑚.  

The conical inlet incorporates space for the primary nozzle, a primary nozzle support structure and 

a primary nozzle clamp mechanism without affecting the design standards of ISO 5801:2007(E). 

Detailed manufacturing drawings of the conical inlet are presented in APPENDIX B. Four M5 x 

4mm tubing push-in fittings were screwed into the pressure tappings to allow for the determination 

of the differential pressure, ∆𝑝. The four push-in fittings were linked together by T shaped 

connectors and 4mm tubing as illustrated in Figure 4-5. The manufactured conical inlet assembled 

for the experiment is illustrated in Figure 4-6. 
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Figure 4-5 : Resulting pressure tappings and connection of tubing for static pressure measurement 

 

 

Figure 4-6 : Manufactured conical inlet 
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4.1.2 Meter Run 

The total mass flow rate at the exit is measured using a meter run, illustrated in Figure 4-7, 

supplied by a company WIKA Instruments. The meter run encompasses an orifice plate designed for 

a specific mass flow rate range and flange pressure tappings across the orifice plate.  

 

Figure 4-7 : Meter run for total mass flow rate measurement 

The total mass flow rate, 𝑚̇𝑡𝑜𝑡𝑎𝑙, is determined by Equation 4.2 where the volumetric flowrate, 𝑄, is 

calculated according to ASME MFC-14M-2001 standard. 

   𝑚̇𝑡𝑜𝑡𝑎𝑙 = 𝜌𝑄 (4.2)  

For flange taps the configuration illustrated in Figure 4-8 as specified by the ASME MFC-14M-2001 

standard is used in the determination of the volumetric flowrate, 𝑄. 

 

Figure 4-8 : Flange taps configuration [43] 

The volumetric flowrate, 𝑄, is determined by using Equation 4.3 [43] 

   
𝑄 = 𝑒𝐶𝑑𝐴2

√2∆𝑃 𝜌⁄

√1 − 𝛽4
 

(4.3)  

where  

   𝑒 = 1 −
∆𝑃

𝛾𝑃1
(0.41 + 0.35𝛽4) (4.4)  
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   𝐶𝑑 = [0.598 + 0.468(𝛽4 + 10𝛽12)]√1 − 𝛽4 + (0.87 + 8.1𝛽4)√
1 − 𝛽4

𝑅𝑒1
 (4.5)  

   𝐴2 =
𝜋𝐷2

2

4
 (4.6)  

   𝛽 =
𝐷2
𝐷1

 (4.7)  

with 𝑒 representing gas expansivity, ∆𝑃 is the pressure drop across the orifice, 𝐶𝑑 representing the 

discharge coefficient, 𝐴2 is the cross sectional area of the orifice, 𝛽 being the diameter ratio, 𝑅𝑒1 

representing Reynolds number defined by the pipe diameter calculated using Equation 4.8 [43]  

   𝑅𝑒1 =
𝐷1𝑉1𝜌

𝜇
 (4.8)  

where 

   𝑉1 =
𝑄

𝐴1
 (4.9)  

with 𝐷1 representing the diameter of the pipe, 𝑉1 is the velocity in the pipe, 𝐴1 is the cross sectional 

area of the pipe, 𝜇 is the gas viscosity calculated using Equation 3.8, 𝜌 representing the gas density 

calculated using Equation 3.9. An excel spreadsheet [43] was obtained that calculates the flowrate 

from a small-bore gas orifice meter using the ASME MFC-14M-2001 standard. The gas viscosity and 

gas density equations from the excel spreadsheet were modified to Equation 3.8 and Equation 3.9 

respectively. The input parameters required by the excel spreadsheet are upstream pressure, 

downstream pressure and downstream temperature. Equation 4.2 to Equation 4.9 are determined by 

an iterative solution using the goal seek function. Goal seek uses an initial guess value for the 

Reynolds number to calculate the discharge coefficients and uses this to determine the flowrate. The 

calculated flowrate is then used to determine the Reynolds number. Goal seek then automatically 

adjusts the guess and calculated values of the Reynolds number until the difference between the 

guess and calculated Reynolds number is approximately zero [43]. 

4.1.3 Ejector Design 

The ejector illustrated in Figure 4-1 was manufactured in various parts. The conical entry and 

mixing duct was combined and manufactured into one part which will attached to the conical inlet 

mentioned in Section 4.1.1. The material used for the manufacturing of the conical entry and mixing 

duct was aluminium alloy 6082-T6. Detailed manufacturing drawings of the conical entry and 

mixing duct are presented in APPENDIX B. 

The diffuser was manufactured incorporating a transition section which would allow for equal 

diameter at the interface plane where the diffuser exit and meter run inlet meet. The material used 
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for the manufacturing of the diffuser was aluminium alloy 6082-T6. Detailed manufacturing 

drawings of the diffuser are presented in APPENDIX B. 

The primary nozzle was manufactured in three parts, as illustrated in Figure 4-9, to allow for easy 

assembly as well as to provide compatibility with other primary nozzle profiles. The primary nozzle 

profile part, i.e. the smallest part in Figure 4-9, was manufactured with a greater wall thickness to 

accommodate for the thread. The material used for the manufacturing of the primary nozzle was 

stainless steel 304. Detailed manufacturing drawings of the primary nozzle are presented in 

APPENDIX B. 

 

Figure 4-9 : Primary nozzle manufactured in three parts 

A support structure for the primary nozzle was designed to constrain the nozzle from any lateral or 

rotational movement and to align the primary nozzle centrally. The support structure is 

concentrically located in the conical inlet. The material used for the manufacturing of the support 

structure was stainless steel 304. A clamp mechanism was designed to constrain the primary nozzle 

from any vertical movement and to ensure no air leakage occurs at the interface of the primary 

nozzle wall and the conical inlet. The material used for the manufacturing of the clamp mechanism 

was aluminium alloy 6082-T6. Detailed manufacturing drawings of the support structure and clamp 

mechanism are presented in APPENDIX B.  

Figure 4-10 illustrates the designed individual components assembled and Figure 4-11 shows a 

section view of the conical inlet, clamp mechanism, primary nozzle, support structure, mixing duct 

and diffuser. 
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Figure 4-10 : Assembled conical inlet, ejector components and clamp mechanism 

 

 

Figure 4-11 : Section view of conical inlet, clamp mechanism, primary nozzle, support structure, mixing duct and diffuser 

4.1.4 Test Rig 

The experimental test rig encompasses the conical inlet, all the ejector components, clamp 

mechanism and the meter run which are all assembled using bolts and nuts. A sealant was used 

between each flange to ensure no air leakage occurs during testing. Figure 4-12 illustrates the 

assembly of the experimental test rig and Figure 4-13 shows the manufactured experimental test rig 

assembled with bolts and nuts. 
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Figure 4-12 : Assembly of the experimental test rig 

 

 

Figure 4-13 : Assembled manufactured experimental test rig 

4.1.4.1 Instrumentation 

The mass flow rate calculation for the conical inlet according to Equation 4.1 requires the static 

pressure at the conical inlet to be measured as well as the atmospheric pressure and temperature to 

allow for the determination of the upstream density. The mass flow rate determination for the meter 

run according to Equation 4.3 requires the static pressure at the flange taps to be measured in order 

to determine the pressure drop across the orifice plate. The Reynolds number according to Equation 

4.8 requires the temperature in the pipe to determine the gas density and gas viscosity. 

The atmospheric pressure was recorded using an electronic barometer and the atmospheric 

temperature in addition to the temperature in the meter run pipe was recorded using a 

thermometer. The static pressure at the conical inlet and the static pressure at the flange taps were 

measured using a Scanivalve ZOC33 electronic pressure scanning module which is presented in 

APPENDIX C.1. A R406 cylinder regulator presented in APPENDIX C.2 was utilised to regulate 

the primary pressure from an air cylinder containing synthetic air to 25bar. An integral bonnet 

needle valve as presented in APPENDIX C.3 was used to control the quantity of synthetic air 

passed to the primary nozzle. 
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 Experimental Layout 4.2

The layout of the experimental test rig with various instrumentation is shown in Figure 4-14 and a 

schematic of the experimental layout showing the various instrumentation is shown in Figure 4-15. 

The experimental test rig is placed on three stands which allows for the vertical adjustment of the 

test rig. The cylinder regulator is attached to the air cylinder which allows for the regulation of the 

primary pressure to 25bar. A needle valve is located downstream of the cylinder regulator which 

ensures a controlled quantity of air passing to the primary nozzle. Stainless steel pipes are used to 

connect the primary nozzle to the needle valve and thence to the cylinder regulator. A thermometer 

is attached to a tripod and is positioned at the exit of the meter run pipe to allow for the 

determination of the air temperature. 

 

Figure 4-14 : Experimental layout of test rig with instrumentation 
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Figure 4-15 : Schematic of experimental layout with instrumentation 

The Scanivalve electronic pressure scanning module is connected to the flange taps using tubing as 

shown in Figure 4-16(a) where P1 represents the downstream pressure measurement point of the 

meter run and P2 represents the upstream pressure measurement point of the meter run. Figure 

4-16(b) shows the connection point of the Scanivalve to the conical inlet tubing where P3 represents 

the pressure measurements point. 

 
 

(a) Scanivalve connection at flange taps (b) Scanivalve connection at conical inlet 

Figure 4-16 : Scanivalve connection points 
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 Methodology 4.3

The experiment was conducted in the Hot Gas Lab facility situated in the High Speed Wind Tunnel 

(HSWT) at the Council for Scientific and Industrial Research (CSIR). The method followed in order 

to conduct the experiment is outlined in the subsequent sections. The experiment was conducted for 

one operating point i.e. at a secondary pressure corresponding to ambient conditions, since the 

secondary pressure to the ejector could not be regulated. A risk assessment, presented in 

APPENDIX D.1, was performed in order to determine the risk factors associated with the 

experiment and to determine the accompanying precautions that should be followed. 

4.3.1 Leak Test 

4.3.1.1 Conical Inlet Tubing Connection 

A leak test was performed to determine if any air leakage occurred at the tubing connections of the 

conical inlet. The setup for the leak test at the conical inlet tubing connection is illustrated in 

Figure 4-17. The holes of the pressure tappings on the inner surface of the conical inlet was sealed 

using aluminium tape as shown in Figure 4-17. The leak test was performed using the Druck 

DPI620 Advanced Modular Calibrator, presented in APPENDIX C.4, connected to the tubing to 

determine the leak rate per minute as illustrated in Figure 4-17. 

 

Figure 4-17 : Conical inlet tubing connection leak test setup 

The Druck DPI620 was used to pump 50kPa into the tubing of the conical inlet. The pressure was 

allowed to settle for five minutes before the leak rate per minute was determined. Figure 4-18 

illustrates a leak rate of 2Pa per minute was obtained by the Druck DPI620 at the conical inlet 

tubing connection. 
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Figure 4-18 : Leak rate per minute for conical inlet tubing connection 

4.3.1.2 Experimental Test Rig 

A leak test was performed to determine if any air leakage occurred at the interface of the 

experimental test rig flanges. A sealing tape was used between the flanges and at the interface of the 

orifice plate and flanges. The leak test was conducted on the experimental test rig by sealing the 

entry of the conical inlet and the exit of the meter run with aluminium tape as illustrated in Figure 

4-19. 

  

(a) Conical inlet entry sealed 1. Meter run exit sealed 

Figure 4-19 : Experimental test rig leak test setup 

A stopper was inserted into the T-shaped push fitting of the conical inlet tubing connection to 

ensure no air escaped. A pressurised test rig was required to determine if any leaks were present. 

This was obtained by regulating the pressure from the air cylinder using the cylinder regulator. The 
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needle valve was opened to allow air through to the primary nozzle, pressurising the test rig. A 

soapy water solution was sprayed on all flanges to determine if a leak was present. A cluster of 

bubbles appeared at the interface of the orifice plate and the flanges, indicating a leak. This leak 

was corrected by using a silicone sealant at the interface of the orifice plate and flanges. The leak 

test was repeated and no further leaks were obtained. 

4.3.2 Calibration of Cylinder Regulator Pressure Gauge 

A calibration was performed to check the accuracy of the cylinder regulator pressure gauge. The 

calibration test was performed using the Druck DPI620 Advanced Modular Calibrator, presented in 

APPENDIX C.4. The Druck DPI620 was used to increase the pressure in the gauge up until a 20bar 

reading was displayed on the pressure gauge. The corresponding pressure displayed on the Druck 

DPI620 was 17.75bar. A maximum pressure of 19.4bar was pumped to the pressure gauge using the 

Druck DPI620 which resulted in approximately 22bar being displayed on the pressure gauge as 

shown in Figure 4-20. Therefore for a required primary pressure of 25bar, an approximate pressure 

of 27bar should be displayed on the pressure gauge for the experiment.  

 

Figure 4-20 : Calibration of regulator pressure gauge 

4.3.3 Calibration of Conical Inlet Standard and Orifice Meter Run Standard 

A calibration was performed to determine if the conical inlet ISO 5801:2007(E) standard and the 

orifice meter run ASME MFC-14M-2001 standard resulted in equivalent calculated mass flow rate. 

The calibration test was performed using one vacuum cleaner at two different suction powers and 

using a small vacuum with a lower suction power. The experimental layout mentioned in Section 4.2 

was used for the calibration test. A detail procedure of the calibration process is given below. 
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1. Switch on the Scanivalve and obtain a zero reading. 

2. Switch on the barometer and thermometer. 

3. Record the atmospheric pressure displayed by the barometer and the atmospheric temperature 

displayed by the thermometer. 

4. Ensure proper precautions are followed according to the risk assessment. 

5. The air cylinder, cylinder regulator and needle valve should all be closed. 

6. Place the vacuum pipe at the exit of the meter run and switch on the vacuum. 

7. Start recording data using the Scanivalve. 

8. The vacuum should be on for approximately 10 seconds subsequently switch off the vacuum. 

9. Stop recording data from the Scanivalve. 

10. Determine the average P1 (downstream meter run pressure), P2 (upstream meter run pressure), 

P3 (conical inlet pressure) from the Scanivalve data readings. 

11. Calculate the mass flow rate for the meter run according to the ASME MFC-14M-2001 standard 

using Equation 4.2 to Equation 4.9. 

12. Calculate the mass flow rate for the conical inlet according to the ISO 5801:2007(E) standard 

using Equation 4.1. 

Repeat steps 1 to 12 to determine the mass flow rates according to the ASME MFC-14M-2001 

standard and the ISO 5801:2007(E) standard for two other vacuum suction powers. 

4.3.4 Experimental Test Procedure 

The experiment was conducted at ambient conditions with 3 different tests performed. The first test 

was required to determine the entrained mass flow rate at 25bar primary pressure and constant 

backpressure, the second test was required to determine the minimum pressure the ejector can 

pump down to and the third test was required to determine the entrained mass flow rates at 25bar 

primary pressure and various backpressures. The experimental layout mentioned in Section 4.2 was 

used for the experimental test. The following procedure describes the steps that should be followed 

for each test.  

1. Switch on the Scanivalve and obtain a zero reading. 

2. Switch on the barometer and thermometer. 

3. Record the atmospheric pressure displayed by the barometer and the atmospheric temperature 

displayed by the thermometer. 

4. Ensure proper precautions are followed according to the risk assessment. 

5. The air cylinder and cylinder regulator should be closed. 

6. The needle valve should be opened to the maximum. 

7. Start recording data using the Scanivalve. 
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8. Open the air cylinder to the maximum. 

9. Regulate the pressure to 27bar using the cylinder regulator. 

10. The test should be conducted for approximately 10 seconds. 

11. Stop recording data from the Scanivalve. 

12. Close the air cylinder. 

13. Record the meter run exit temperature displayed by the thermometer. 

14. Determine the average P1 (downstream meter run pressure), P2 (upstream meter run pressure), 

P3 (conical inlet pressure) from the Scanivalve data readings. 

15. Calculate the mass flow rate for the meter run according to the ASME MFC-14M-2001 standard 

using Equation 4.2 to Equation 4.9. 

16. Calculate the mass flow rate for the conical inlet according to the ISO 5801:2007(E) standard 

using Equation 4.1. 

The first test should be conducted following the procedure mentioned above from steps 1 to 16. The 

second test requires the entry of the conical inlet to be completely blocked. This is accomplished by 

using a steel plate covered with rubber, pushed against the conical inlet entry for the duration of 

the test. Steps 1 to 16 from the procedure mentioned above should be followed for the second test. 

For the third test, the downstream section of the meter run and the orifice plate should be removed 

from the experimental test rig, therefore P1 from the Scanivalve will be disconnected. The third test 

requires changing (i.e. progressively blocking) the exit area of the upstream section of the meter run 

which will result in a variation in backpressure. This is accomplished by using a metal plate pushed 

against the exit of the upstream section of the meter run, slowly moving the plate to ensure a 

change in exit area for the duration of the test. Steps 1 to 16 (excluding 15) from the procedure 

mentioned above should be followed for the third test. 
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5. RESULTS AND DISCUSSION 

 Flow Quantity Metering System 5.1

The results of the flow quantity metering system employing a conical mass flow plug operated in a 

choked condition are presented in this subsection. The 30 translating conical mass flow plug 

resulted in a slender more compacted arrangement allowing for approximately 100mm linear plug 

displacement. This linear plug displacement allows for a variation of mass flow rates to be obtained 

for a specific wind tunnel stagnation pressure. 

A flow quantity metering analysis was conducted as described in Section 3.1.2. to determine the 

target backpressure to ensure choked conditions at the geometric throat for various wind tunnel 

stagnation pressures. One of the most important aspects in the determination of the target 

backpressure was the location of the normal shock in the annular diffuser. The different locations 

and effects of the normal shock in the annular diffuser using the process explained in Figure 3-6 will 

be shown for one tunnel stagnation pressure and plug displacement with three different target 

stagnation backpressures. 

A normal shock located downstream in the annular diffuser but not aft of the conical mass flow 

plug, yields a low calculated target stagnation backpressure i.e. a high-pressure difference. This 

leads to an unreasonable demand on the performance required from the ejector. Figure 5-1 

illustrates the Mach number and area ratio along the flow quantity metering system for a tunnel 

stagnation pressure of 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎, a low target stagnation backpressure of 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 65𝑘𝑃𝑎 

and a conical mass flow plug displacement of 70mm. The geometric throat occurs at the minimum 

area ratio which is represented graphically in Figure 5-1 at position 0. At this position the flow is 

sonic which depicts a choked throat. The annular diffuser is represented graphically in Figure 5-1 by 

the area ratio distribution from position 0 to 0.09m with the base of the conical mass flow plug 

located at position 0.07m. For the low target backpressure of 65kPa, the normal shock location is 

represented graphically in Figure 5-1 at position 0.06m, since the Mach number goes from 

supersonic to subsonic, which is downstream of the annular diffuser but not aft of the conical mass 

flow plug. 
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Figure 5-1 : Mach number and area ratio along the flow quantity metering system for 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎, 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 65𝑘𝑃𝑎 

and plug displacement of 70mm 

A normal shock located upstream in the annular diffuser towards the geometric throat, yields a high 

calculated target backpressure i.e. a low-pressure difference, which may lead to the shock 

disappearing altogether hence the benefits of using a choked plug are lost. Figure 5-2 illustrates the 

Mach number and area ratio along the flow quantity metering system for a tunnel stagnation 

pressure of 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎, a higher target stagnation backpressure of 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 85𝑘𝑃𝑎 and a 

conical mass flow plug displacement of 70mm. The geometric throat occurs at the minimum area 

ratio which is represented graphically in Figure 5-2 at position 0. This position represents sonic flow 

which depicts a choked throat. The annular diffuser is represented graphically in Figure 5-2 by the 

area ratio distribution from position 0 to 0.09m with the base of the conical mass flow plug located 

at position 0.07m. For the higher target backpressure of 85kPa, the normal shock location is 

represented graphically in Figure 5-2 at position 0.01m, since the Mach number goes from 

supersonic to subsonic, which is further upstream in the annular diffuser almost reaching the 

geometric throat.  
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Figure 5-2 : Mach number and area ratio along the flow quantity metering system for 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎, 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 85𝑘𝑃𝑎 

and plug displacement of 70mm 

It was determined from the flow quantity metering analysis that a normal shock location 

approximately central in the annular diffuser allows the system to be operated in a choked mode 

and the performance required from the ejector is achievable. Figure 5-3 illustrates the Mach number 

and area ratio along the flow quantity metering system for a tunnel stagnation pressure of 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 =

100𝑘𝑃𝑎, a target stagnation backpressure of 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 75𝑘𝑃𝑎 and a conical mass flow plug 

displacement of 70mm. The geometric throat occurs at the minimum area ratio which is represented 

graphically in Figure 5-3 at position 0. This position characterises sonic flow representing a choked 

throat. The annular diffuser is represented graphically in Figure 5-3 by the area ratio distribution 

from position 0 to 0.09m with the base of the conical mass flow plug located at position 0.07m. For 

a target backpressure of 75kPa, the normal shock location is represented graphically in Figure 5-3 at 

position 0.027m, since the Mach number goes from supersonic to subsonic, which is central in the 

annular diffuser. 
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Figure 5-3 : Mach number and area ratio along the flow quantity metering system for 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎, 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 75𝑘𝑃𝑎 

and plug displacement of 70mm 

It is required that the maximum Mach number at the engine face, or the “aerodynamic interface 

plane” (AIP), be in the range of 0.4 and 0.6 as mentioned in Section 3.1.1. The AIP location from 

Figure 5-1 to Figure 5-3 is approximately at position -0.2m which has a resulting Mach number in 

the region of 0.5. From the flow quantity metering analysis, a minimum plug displacement of 30mm 

is required to obtain a Mach number in the necessary range for the AIP. The effective converging – 

diverging nozzle created by the translating conical mass flow plug is illustrated graphically in Figure 

5-1 to Figure 5-3 with reference to the area ratio distribution from position -0.07 to position 0.07.  

The total pressure and Mach number distribution along the flow quantity metering system for 

tunnel stagnation pressure of 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎, target stagnation backpressure of 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 75𝑘𝑃𝑎 

and plug displacement of 70mm is illustrated in Figure 5-4. The dominant pressure losses incurred 

by the system are the intake loss which is 10% as mentioned in Section 3.1.2 and the normal shock 

losses represented graphically in Figure 5-4 at position 0.027m. Minor pressure losses occur at two 

sudden expansions in the system illustrated in Figure 5-4 at positions -0.2 and 0.07. Position -0.2 

corresponds to the pressure loss caused by the expansion to house the rake support structure needed 

for the flow quality metering. The second expansion occurs at the base of the conical mass flow plug 

which corresponds to the pressure loss at position 0.07. Smaller pressure losses incurred by the 

annular diffuser, rake supports and pipe friction are not exclusively represented in Figure 5-4, 
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however these pressure loss components collectively do have a significant effect in the determination 

of the target stagnation backpressure. 

 

Figure 5-4 : Total pressure and Mach number distribution along the flow quantity metering system for 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎, 

𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡 = 75𝑘𝑃𝑎 and plug displacement of 70mm 

The results of the flow quantity metering system employing a conical mass flow plug operated in a 

choked condition are listed in Table 5-1 and illustrated graphically in Figure 5-5. Linear conical 

mass flow plug displacements of 30mm results in the maximum mass flow rate, 𝑚̈, attainable for 

each wind tunnel stagnation pressures, 𝑃𝑡𝑢𝑛𝑛𝑒𝑙. The maximum mass flow rate that can be achieved 

for the designed flow quantity metering system is 𝑚̈ = 1.91𝑘𝑔/𝑠 at 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 240𝑘𝑃𝑎  and for 

ambient conditions i.e. 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎 the mass flow rate ranges between 𝑚̈ = 0.50𝑘𝑔/𝑠 and 

𝑚̈ = 0.79𝑘𝑔/𝑠. As the plug translates upstream towards the geometric throat, the mass flow rate 

decreases as the geometric throat area decreases. This shows that the mass flow rate through the 

choked system is a function of the geometric throat area as stated in Section 2.1.2. The target 

stagnation backpressure, 𝑃𝑏_𝑡𝑎𝑟𝑔𝑒𝑡, determined by the process illustrated in Figure 3-6 results in 

choked conditions at the geometric throat and a centrally located normal shock in the annular 

diffuser for various wind tunnel stagnation pressures and conical mass flow plug displacements. The 

results from the flow quantity metering system allows for an appropriate mass flow generation 

system to be designed. 
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Table 5-1 : Flow quantity metering analysis results 

 

 

Figure 5-5 : Targeted mass flow rate for various wind tunnel stagnation pressures and plug displacements 

 

 

         [kPa] Plug Displacement [mm]     [kg/s]            [kPa]

-95 1.20 180

-70 1.60 165

-30 1.91 140

-95 1.00 160

-70 1.33 145

-30 1.59 125

-95 0.75 120

-70 1.00 110

-30 1.19 100

-95 0.50 80

-70 0.67 75

-30 0.79 70

-95 0.25 40

-70 0.33 35

-30 0.40 30
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 Mass Flow Generation System 5.2

The mass flow generation system encompasses a constant-area mixing ejector. The ESDU 92042 

software was chosen as the design tool for the determination of an ejector to meet the mass flow 

rate requirements from the flow quantity metering analysis. CFD simulations were performed to 

verify the ESDU 92042 software and to determine the performance of the ejector. The ejector was 

designed following the process described in Section 3.2.3 with the results presented in the 

subsequent sections.  

5.2.1 Ejector Design Using ESDU 92042 and Verification of Design Tool 

The results from the flow quantity metering analysis in Section 5.1 were required as the input 

parameters for the ESDU 92042 quick design procedure to determine the geometry of the ejector. 

The recommended diffuser wall angle range mentioned in Section 3.2.1 was investigated for various 

secondary pressures i.e. target backpressures, which led to a diffuser wall angle of 5 deemed feasible 

as it resulted in a shorter diffuser hence a shorter ejector being designed. The ejector was designed 

for two primary pressures, 𝑃𝑡1 = 25𝑏𝑎𝑟 and 𝑃𝑡1 = 12𝑏𝑎𝑟 with primary mass flow rates of 𝑚̇𝑝 =

0.554𝑘𝑔/𝑠  and 𝑚̇𝑝 = 1.28𝑘𝑔/𝑠 respectively. ESDU allows for the determination of ejector 

geometries for mass flow ratios, 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 𝑚̇𝑝⁄ , in the range of 0.05 to 1, as mentioned in Section 

2.3. The maximum mass flow ratio that will allow an ejector to be designed by ESDU is 2, however 

the data obtained for the design will be less reliable. Ejector geometries were determined for 

𝑃𝑡1 = 25𝑏𝑎𝑟  with 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 𝑚̇𝑝⁄ = 2 as the maximum, which resulted in a limitation on the 

maximum mass flow rate 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.11𝑘𝑔/𝑠 as shown in Table 5-2. 

Table 5-2 : ESDU maximum mass flow rate and mass flow ratio at 𝑃𝑡1 = 25𝑏𝑎𝑟 

 

 

 [kPa] [kg/s] [kg/s]

30 0.40 0.40 0.72

40 0.25 0.25 0.45

70 0.79 0.79 1.43

80 0.50 0.50 0.90

100 1.19 1.11 2.00

120 0.75 0.75 1.35

125 1.59 1.11 2.00

140 1.91 1.11 2.00

160 1.00 1.00 1.81

180 1.20 1.11 2.00

 ̈          ̈       ̈          ̇ ⁄   
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Determining ejector geometries for 𝑃𝑡1 = 12𝑏𝑎𝑟 resulted in all target mass flow rates from the flow 

quantity metering analysis being met as 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 𝑚̇𝑝⁄ < 2 listed in Table 5-3. However the ejector 

designs obtained for 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 𝑚̇𝑝⁄ > 1 will be unreliable. 

Table 5-3 : ESDU maximum mass flow rate and mass flow ratio at 𝑃𝑡1 = 12𝑏𝑎𝑟 

 

The ESDU 92042 software was required to be verified as certain ejector designs were unreliable. 

Two-dimensional CFD simulations were performed according to Section 3.2.2 to determine the 

entrained mass flow rates obtained using the ejector designs developed by ESDU. The ejector 

designs for three secondary pressures were analysed with the results presented in Table 5-4. The 

entrained mass flow rates predicted for 𝑃𝑡1 = 25𝑏𝑎𝑟 determined by CFD analysis achieved or 

exceeded the entrained mass flow rates from ESDU. The ejector design for 𝑃𝑡0 = 180𝑘𝑃𝑎 was for a 

mass flow ratio of two which is considered an unreliable ejector design. This ejector design resulted 

in an entrained mass flow rate greater than the limited ESDU entrained mass flow rate. The 

entrained mass flow rates predicted for 𝑃𝑡1 = 12𝑏𝑎𝑟 determined by CFD analysis did not match any 

of the entrained mass flow rates from ESDU. A decrease in the entrained mass flow rate was 

achieved by the designed ejector geometries at 𝑃𝑡1 = 12𝑏𝑎𝑟 therefore ejector geometries designed at 

this primary pressure were not considered to be a viable option. It was determined the design tool, 

ESDU 92042, provided reliable ejector designs when higher primary pressures were utilised and the 

entrained mass flow rates for ejectors designed at 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 𝑚̇𝑝⁄ = 2 exceeded the specified value in 

ESDU. 

 [kPa] [kg/s]

30 0.40 0.31

40 0.25 0.20

70 0.79 0.62

80 0.50 0.39

100 1.19 0.93

120 0.75 0.59

125 1.59 1.24

140 1.91 1.49

160 1.00 0.78

180 1.20 0.94

 ̈          ̈          ̇ ⁄   
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Table 5-4 : Entrained CFD mass flow rates at 𝑃𝑡1 = 25𝑏𝑎𝑟 and 𝑃𝑡1 = 12𝑏𝑎𝑟   

 

Since the entrained mass flow rates predicted for 𝑃𝑡1 = 25𝑏𝑎𝑟 determined by CFD analysis achieved 

or exceeded the entrained mass flow rates from ESDU, this primary pressure will be used in the 

design of the ejector. The ESDU mass flow rate results from Table 5-2 for 𝑃𝑡1 = 25𝑏𝑎𝑟 is shown 

graphically in Figure 5-6. This is the performance operating envelop the designed ejector should 

meet. The blue line in Figure 5-6 shows the target maximum mass flow rates at the various 

secondary pressures that the ejector needs to meet. The designed ejector performance should lie at 

or above the blue line in order to be a successful final design. 

 

Figure 5-6 : Target maximum mass flow rates 

The performance prediction calculation from ESDU 92042 was explored since this would allow for 

the outlet conditions and the flow conditions throughout a specified ejector geometry to be 

determined for various secondary pressures. The input for the performance prediction calculation 

was the geometry developed using the quick design procedure. A sample calculation using the 

geometry determined for 𝑃𝑡0 = 120𝑘𝑃𝑎 from the quick design procedure was investigated with the 

 [kPa] [kg/s] [kg/s] [kg/s] [kg/s]

30 0.40 0.40 0.40 0.14

80 0.50 0.50 0.50 0.33

180 1.11 1.45 1.20 1.11
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results shown in Table 5-5. The performance prediction calculation was unable to evaluate 𝑃𝑡1 =

25𝑏𝑎𝑟 case, which was the original case for the specified geometry used as the input data. The 

entrained mass flow rate for 𝑃𝑡0 = 120𝑘𝑃𝑎 at 𝑃𝑡1 = 25𝑏𝑎𝑟 was required to be 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.75𝑘𝑔/𝑠 

as listed in Table 5-2. However, the performance prediction calculation determined that for the 

specified geometry, the targeted entrained mass flow rate of 0.75kg/s could be obtained at a lower 

primary pressure approximately 20bar. The results also showed that by decreasing the primary 

pressure, 𝑃𝑡1, for a specific ejector geometry, an increase in entrained mass flow rate could be 

attained as shown in Table 5-5.  

Table 5-5 : Prediction performance calculation results for 𝑃𝑡0 = 120𝑘𝑃𝑎 

 

ESDU 92042 stated that when the output from the design evaluation is taken as the input for a 

performance prediction calculation, the results obtained for the performance parameters should 

agree with the initial data input as mentioned in Section 3.2.1. However, this was incorrect as the 

original case could not be evaluated; instead the performance prediction calculated that the 

entrained mass flow rate could be obtained using a lower primary pressure. Since there was no 

correlation between the quick design procedure results and the performance prediction calculation, a 

different method for exploring the performance of an ejector needed to be determined. 

5.2.2 Off-Design Ejector 

Since ESDU 92042 determines the optimum ejector design for a specific set of input data, an off-

design case was determined. The off-design case was determined by analysing each ejector design, 

obtained by ESDU 92042 for 𝑃𝑡1 = 25𝑏𝑎𝑟 and secondary stream total pressures listed in Table 5-2, 

to determine which geometrical factors where significantly different. It was established that the 

mixing duct cross-sectional area, hence mixing duct diameter was the most significant factor that 

changed between each ejector design as shown in Table 5-6. It should be noted that the optimum 

mixing duct diameter for each ejector design is listed in Table 5-6. 

 [bar]  [kg/s] [kg/s]

25 - -

24 0.13 0.53

23 0.43 0.51

22 0.58 0.49

21 0.69 0.47

20 0.77 0.44

17 0.93 0.38

    ̈     ̇ 
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Table 5-6 : Mixing duct diameters for various secondary stream total pressures 

 

Since the performance prediction calculation could not be utilised, CFD simulations were performed 

employing a test matrix shown in Table 3-6. The results from the CFD simulations performed are 

explained in Table 5-7. Three different ejector geometries where tested at three different secondary 

stream total pressures. It should be noted that three of the nine simulations performed were for the 

optimum design case i.e. ejector geometry obtained for specific input data. These optimum design 

cases occur for minimum geometry at 𝑃𝑡0 = 80𝑘𝑃𝑎, intermediate geometry at 𝑃𝑡0 = 180𝑘𝑃𝑎 and 

maximum geometry at 𝑃𝑡0 = 100𝑘𝑃𝑎. The maximum ejector geometry resulted in reverse flow for 

𝑃𝑡0 = 80𝑘𝑃𝑎 and 𝑃𝑡0 = 180𝑘𝑃𝑎, however a successful simulation was obtained for 𝑃𝑡0 = 100𝑘𝑃𝑎 

since this was the optimum design. The intermediate ejector geometry resulted in reverse flow for 

𝑃𝑡0 = 80𝑘𝑃𝑎, however successful simulations were obtained for 𝑃𝑡0 = 100𝑘𝑃𝑎 and 𝑃𝑡0 = 180𝑘𝑃𝑎 

since this was the optimum design. The minimum ejector geometry resulted in all CFD simulations 

being successful. This geometry yielded an entrained mass flow rate for all three secondary stream 

total pressures, however for 𝑃𝑡0 = 100𝑘𝑃𝑎 a significant reduction in the entrained mass flow rate 

occurred. The results from the CFD simulations performed indicated that for larger mixing duct 

diameters, reverse flow will be obtained for cases where the optimum design mixing duct diameters 

are smaller. However if smaller mixing duct diameters are employed, then a reduction in the 

entrained mass flow rate will be achieved for the cases where the optimum design mixing duct 

diameters are larger. 

 [kPa] Mixing Duct Diameter [m]

30 0.10133

40 0.07058

70 0.09816

80 0.06975

100 0.11759

120 0.07277

125 0.10545

140 0.09980

160 0.08233

180 0.08817
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Table 5-7 : CFD results for determining off-design case 

 

The numerical results from the CFD simulations performed are listed in Table 5-8. The maximum 

and intermediate ejector geometries resulted in an unsuccessful determination in the entrained mass 

flow rate for specific secondary stream total pressures. The maximum ejector geometry produced 

results for only its optimum case with an entrained mass flow rate of 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.35𝑘𝑔/𝑠, since 

the other two optimum design mixing duct diameters are smaller than the maximum ejector 

geometry. The intermediate ejector geometry resulted in a decrease in the entrained mass flow rate 

for 𝑃𝑡0 = 100𝑘𝑃𝑎, since the optimum design mixing duct diameter for this specific case is larger than 

the intermediate ejector geometry. The entrained mass flow rate that was targeted for 𝑃𝑡0 = 100𝑘𝑃𝑎 

was 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.35𝑘𝑔/𝑠 however an entrained mass flow rate of 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.14𝑘𝑔/𝑠 was 

achieved. The optimum design case for the intermediate ejector geometry resulted in an entrained 

mass flow rate of 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.45𝑘𝑔/𝑠. The minimum ejector geometry resulted in a decrease 

entrained mass flow rate for 𝑃𝑡0 = 100𝑘𝑃𝑎 and 𝑃𝑡0 = 180𝑘𝑃𝑎, since both these cases have optimum 

design mixing duct diameters larger than the minimum ejector geometry. The entrained mass flow 

rate that was targeted for 𝑃𝑡0 = 180𝑘𝑃𝑎 was 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.45𝑘𝑔/𝑠 however an entrained mass flow 

rate of 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.26𝑘𝑔/𝑠 was achieved. A more significant reduction in the entrained mass flow 

rate was obtained for 𝑃𝑡0 = 100𝑘𝑃𝑎. The targeted entrained mass flow rate for 𝑃𝑡0 = 100𝑘𝑃𝑎 was 

𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.35𝑘𝑔/𝑠, however the entrained mass flow rate that the minimum ejector geometry 

attained was 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.66𝑘𝑔/𝑠. This is due to the mixing duct diameter of the optimum design 

case of 𝑃𝑡0 = 100𝑘𝑃𝑎 being significantly larger than the mixing duct diameter of the minimum 

ejector geometry. Since the minimum mixing duct diameter ejector design was the only ejector to 

entrain mass flow for the various secondary stream entry total pressures, this ejector was considered 

to be the off-design case. 

Mixing Duct 

Diameter [m]
Geometry

     80kPa -   

Minimum

            100kPa -             

 Intermediate

    180kPa -   

Maximum

0.06975
   Minimum -   

80kPa




Reduced Mass Flow Rate 

0.08817
Intermediate - 

180kPa



Reverse Flow  

0.11759
    Maximum -  

100kPa



Reverse Flow 



Reverse Flow

                 Secondary Stream Total Pressure -    
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Table 5-8 : Numerical CFD results for determining off-design case 

 

5.2.3 Configuration 2 – 9 Ejectors Designed At    =       

The off-design case was converted into 9 single ejectors as described in Section 3.2.3. Two-

dimensional CFD simulations were performed according to Section 3.2.2 to determine the entrained 

mass flow rates obtained using the ejector geometry of configuration 2 developed by ESDU. CFD 

simulations were performed for a range of secondary stream total pressures such that a significant 

pressure difference exists between each secondary stream total pressure. The entrained mass flow 

rate obtained from the CFD simulations at various secondary stream total pressures are listed in 

Table 5-9. The targeted entrained mass flow rate that the ejector had to achieve was according to 

the specified entrained mass flow rate from ESDU for 𝑃𝑡1 = 25𝑏𝑎𝑟 in Section 5.2.1. The entrained 

mass flow rate obtained for 𝑃𝑡0 = 80𝑘𝑃𝑎 with 9 ejectors at 𝑃𝑡1 = 25𝑏𝑎𝑟 was 𝑚̈𝐶𝐹𝐷 = 0.51𝑘𝑔/𝑠 which 

correlates to the entrained mass flow rate of the off-design case, 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.50𝑘𝑔/𝑠. The 

entrained mass flow rate for 𝑃𝑡0 = 100𝑘𝑃𝑎 and 𝑃𝑡0 = 180𝑘𝑃𝑎 for the off-design case resulted in 

𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.66𝑘𝑔/𝑠 and 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 1.26𝑘𝑔/𝑠 respectively, which also correlates to the entrained 

mass flow rate achieved for the 9 ejectors at 𝑃𝑡1 = 25𝑏𝑎𝑟 in Table 5-9. This shows that the method 

used to convert from a single nozzle ejector to multiple ejectors was correct.  

The entrained mass flow rates achieved by the 9 ejectors at 𝑃𝑡1 = 25𝑏𝑎𝑟 for  𝑃𝑡0 = 80𝑘𝑃𝑎, 𝑃𝑡0 =

160𝑘𝑃𝑎 and 𝑃𝑡0 = 180𝑘𝑃𝑎, exceeds the target mass flow rates from ESDU as listed in Table 5-9. 

However, for the remaining secondary stream total pressures the entrained mass flow rates obtained 

by the CFD simulations did not meet the targeted mass flow rates from ESDU as shown in Figure 

5-7. This is due to the optimum ejector mixing duct diameters of these secondary stream total 

pressures, listed in Table 5-6, being significantly larger than the mixing duct diameter of the off-

design ejector. Due to these entrained mass flow rates not meeting the targeted mass flow rates from 

ESDU, the ejector system was redesigned. 

Mixing Duct 

Diameter [m]
Geometry

              

Minimum

                   

Intermediate

        

Maximum

0.06975
   Minimum -   

80kPa
0.50 0.66 1.26

0.08817
Intermediate - 

180kPa
- 1.14 1.45

0.11759
    Maximum -  

100kPa
- 1.35 -

Entrained Mass Flow Rate [kg/s]

   = 80kPa    = 100kPa    = 180kPa
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Table 5-9 : CFD simulation results for 9 ejectors designed at 𝑃𝑡1 = 25𝑏𝑎𝑟 

 

 

Figure 5-7 : CFD simulation results for 9 ejectors designed at 𝑃𝑡1 = 25𝑏𝑎𝑟 

5.2.4 Redesigned 9 Ejectors At    =       and  ̇ =  .  𝟕𝟕𝒌 /𝒔 

Since the 9 ejectors designed at 𝑃𝑡1 = 25𝑏𝑎𝑟 did not meet the required entrained mass flow rate 

from ESDU, the ejector was redesigned at a lower primary pressure which would allow for the 

ejector to be run at a higher pressure entraining more mass flow and redesigning at a lower primary 

mass flow rate would allow for the addition of ejectors. The ejector was redesigned using ESDU 

92042 with a primary pressure, 𝑃𝑡1 = 20𝑏𝑎𝑟, and total primary mass flow rate of 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 

which results to a primary mass flow rate of  𝑚̇𝑝 = 0.03078𝑘𝑔/𝑠 per nozzle. The ejector designed 

using ESDU 92042 for the above mentioned parameters can be found in APPENDIX E. Two-

dimensional CFD simulations were performed as described in Section 3.2.2 with the redesigned 

ejector geometry simulating maximum primary pressure conditions i.e. 𝑃𝑡1 = 25𝑏𝑎𝑟 to determine 

 [kPa] [kg/s] [kg/s]

30 0.14 0.40

70 0.45 0.79

80 0.51 0.50

100 0.68 1.11

125 0.86 1.11

160 1.09 1.00

180 1.23 1.11
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the entrained mass flow rates obtainable at various secondary stream total pressures. CFD 

simulations were performed for a range of secondary stream total pressures such that a significant 

pressure difference exists between each secondary stream total pressure. The entrained mass flow 

rate obtained for 9 ejectors from CFD simulations at various secondary stream total pressures are 

listed in Table 5-10 and illustrated graphically in Figure 5-8 with respect to the required entrained 

mass flow rate from ESDU. The entrained mass flow rates achieved by the 9 ejectors simulating 

𝑃𝑡1 = 25𝑏𝑎𝑟 exceeds the target mass flow rates from ESDU for most of the secondary stream total 

pressures. However, for  𝑃𝑡0 = 30𝑘𝑃𝑎, 𝑃𝑡0 = 70𝑘𝑃𝑎 and 𝑃𝑡0 = 100𝑘𝑃𝑎 the entrained mass flow rates 

obtained by the CFD simulations did not meet the targeted mass flow rates from ESDU.  

Table 5-10 : CFD simulation results for 9 ejectors designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 

 

 

Figure 5-8 : CFD simulation results for 9 ejectors designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 

 [kPa] [kg/s] [kg/s]

30 0.26 0.40

70 0.68 0.79

80 0.79 0.50

100 1.02 1.11

125 1.17 1.11

140 1.20 1.11

160 1.37 1.00

180 1.55 1.11

    ̈    ̈    

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 20 40 60 80 100 120 140 160 180 200

E
n
tr

ai
n
ed

 M
as

s 
F
lo

w
 R

at
e 

[k
g/

s]
 

Secondary Stream Total Pressure [kPa] 

CFD 9 Ejectors - Simulating 25bar

Target Mass Flow Rate - ESDU



 

87 

A comparison of results from CFD simulations for 9 ejectors designed at 𝑃𝑡1 = 25𝑏𝑎𝑟 and 9 ejectors 

designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 are illustrated in Figure 5-9. It can be seen that the 

entrained mass flow rates obtained for the ejector designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 are 

significantly higher than the entrained mass flow rates obtained for the ejector designed at 𝑃𝑡1 =

25𝑏𝑎𝑟. The results of the ejector designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 follows the same 

trend as the ejector designed at 𝑃𝑡1 = 25𝑏𝑎𝑟. 

 

Figure 5-9 : Comparison of results for 9 ejectors designed at 𝑃𝑡1 = 25𝑏𝑎𝑟 and 9 ejectors designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 

𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 

5.2.5 Design Integrating 14 Ejectors At    =       and  ̇ =  .  𝟕𝟕𝒌 /𝒔 

It was established that the entrained mass flow rate determined with the redesigned ejector at 

𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠, simulating maximum primary pressure 𝑃𝑡1 = 25𝑏𝑎𝑟, did not meet 

all the required entrained mass flow rates from ESDU, hence the option of increasing the number of 

ejectors were explored. The mass flow rate through the primary nozzle designed for the ejector at 

𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 resulted in a primary mass flow rate per nozzle 𝑚̇𝑝𝑒𝑟_𝑛𝑜𝑧𝑧𝑙𝑒 =

0.0395𝑘𝑔/𝑠. Using this information, the maximum number of ejectors that will satisfy the maximum 

primary mass flow rate available (𝑚̇𝑝 = 0.554𝑘𝑔/𝑠) resulted in 14 ejectors.  The entrained mass 

flow rate results from Table 5-10 for the ejector designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 was 

used to calculate the entrained mass flow rates for 14 ejectors with the results listed in Table 5-11 

and shown graphically in Figure 5-10 with respect to the required entrained mass flow rate from 

ESDU. From Table 5-11 and Figure 5-10 it can be seen that the calculated entrained mass flow 

rates for 14 ejectors designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠, simulating 𝑃𝑡1 = 25𝑏𝑎𝑟, will 

meet or exceed the required entrained mass flow rates from ESDU. It should be noted that the 
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entrained mass flow rate for 𝑃𝑡0 = 30𝑘𝑃𝑎 meets the required mass flow rate from ESDU, whereas 

the entrained mass flow rates for 𝑃𝑡0 = 80𝑘𝑃𝑎 up until 𝑃𝑡0 = 180𝑘𝑃𝑎 are significantly higher than 

the required mass flow rates from ESDU. Since the design integrating 14 ejectors yields the required 

entrained mass flow for the various secondary stream entry total pressures, this ejector configuration 

was deemed feasible. 

Table 5-11 : Calculated entrained mass flow rates for 14 ejectors designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 

 

 

Figure 5-10 : Entrained mass flow rate calculated for 14 ejectors designed at 𝑃𝑡1 = 20𝑏𝑎𝑟 and 𝑚̇𝑝 = 0.277𝑘𝑔/𝑠 

5.2.6 Multi-Nozzle Ejector 

The configuration employing 14 ejectors was used to develop a multi-nozzle ejector as described in 

Section 3.2.3 and illustrated in Figure 3-18. Three-dimensional CFD simulations were performed 

according to Section 3.2.2 to determine the entrained mass flow rate for various secondary stream 

total pressures. CFD simulations were performed for a range of secondary stream total pressures 

 [kPa] [kg/s] [kg/s]

30 0.41 0.40

70 1.05 0.79

80 1.23 0.50

100 1.58 1.11

125 1.83 1.11

140 1.87 1.11

160 2.14 1.00

180 2.41 1.11
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such that a significant pressure difference exists between each secondary stream total pressure. The 

results extracted from the CFD simulations are listed in Table 5-13 and shown graphically in Figure 

5-12 with respect to the calculated entrained mass flow rate for 14 ejectors from Section 5.2.5. For 

secondary stream total pressures  𝑃𝑡0 = 30𝑘𝑃𝑎, 𝑃𝑡0 = 70𝑘𝑃𝑎 and 𝑃𝑡0 = 80𝑘𝑃𝑎 the entrained mass 

flow rates obtained by the CFD simulations did not meet the calculated entrained mass flow rate for 

14 ejectors by a small fraction. However, 𝑃𝑡0 = 160𝑘𝑃𝑎 yielded an entrained mass flow rate 

𝑚̈𝐶𝐹𝐷−𝑀𝑁 = 2.16𝑘𝑔/𝑠, which was slightly higher than the calculated entrained mass flow rate for 14 

ejectors. The remaining secondary stream total pressures i.e. 𝑃𝑡0 = 100𝑘𝑃𝑎, 𝑃𝑡0 = 125𝑘𝑃𝑎 and 

𝑃𝑡0 = 180𝑘𝑃𝑎 did not meet the calculated entrained mass flow rate by a significant margin.  

 

Table 5-12 : CFD simulation results for multi-nozzle ejector  

 

It can be seen from Figure 5-11 that the entrained mass flow rate peaks at two points followed by a 

decrease in entrained mass flow rate. The entrained mass flow rate increases from 𝑃𝑡0 = 30𝑘𝑃𝑎 and 

peaks at 𝑃𝑡0 = 80𝑘𝑃𝑎, followed by a decrease in entrained flow. However, after the decrease in mass 

flow rate, the entrained mass flow peaks again at 𝑃𝑡0 = 160𝑘𝑃𝑎 followed by a decrease. For 

secondary stream total pressures 80𝑘𝑃𝑎 < 𝑃𝑡0 < 160𝑘𝑃𝑎 the multi-nozzle ejector does not perform 

as required. The multi-nozzle ejector employs an annular mixing duct as opposed to a cylindrical 

mixing duct. ESDU stated that the mixing duct employed by an ejector need not be cylindrical. 

However, employing an annular mixing duct as an alternative to a cylindrical mixing duct has an 

effect on the performance of the multi-nozzle ejector. The shear layer developed in the annular 

mixing duct of the multi-nozzle ejector may have not represented the shear layer developed in the  

cylindrical mixing duct of a single ejector affecting the mixing process of the two streams and hence 

the entrained mass flow rate.  

 [kPa] [kg/s] [kg/s]

30 0.41 0.31

70 1.05 0.89

80 1.23 1.15

100 1.58 0.91

125 1.83 0.73

160 2.14 2.16

180 2.41 2.04

    ̈     ̈   −  



 

90 

 

Figure 5-11 : CFD simulation results for multi-nozzle ejector 

A comparison of the CFD simulation results for the multi-nozzle ejector and the target entrained 

mass flow rate from ESDU are listed in Table 5-13 and illustrated graphically in Figure 5-12. It can 

be seen that for various secondary stream total pressures, the entrained mass flow rate obtained by 

the multi-nozzle ejector exceeds the target entrained mass flow rate from ESDU. However, for 

𝑃𝑡0 = 30𝑘𝑃𝑎, 𝑃𝑡0 = 100𝑘𝑃𝑎 and 𝑃𝑡0 = 125𝑘𝑃𝑎 the entrained mass flow rate obtained by the multi-

nozzle ejector does not meet the targeted entrained mass flow rate from ESDU as shown graphically 

in Figure 5-12. Since no correlation exists between the CFD multi-nozzle ejector results and the 

calculated entrained mass flow rates for 14 ejectors, as well as the target entrained mass flow rate 

from ESDU, the multi-nozzle ejector design was deemed not feasible. 

Table 5-13 : Comparison of CFD simulation results for multi-nozzle ejector and target entrained mass flow rate from ESDU 
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 [kPa] [kg/s] [kg/s]

30 0.40 0.31

70 0.79 0.89

80 0.50 1.15

100 1.11 0.91

125 1.11 0.73

160 1.00 2.16

180 1.11 2.04

    ̈     ̈   −  
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Figure 5-12 : Comparison of CFD simulation results for multi-nozzle ejector and target entrained mass flow rate from 

ESDU 

5.2.7 Staggered Multi-Ejector 

The staggered multi-ejector, as illustrated in Figure 3-21, employs 14 individual ejectors arranged 

around an annulus. Three-dimensional CFD simulations, as described in Section 3.2.2, were 

performed to determine the entrained mass flow rate for various secondary stream entry total 

pressures. CFD simulations were performed for a range of secondary stream total pressures such 

that a significant pressure difference exists between each secondary stream total pressure. The 

results extracted from the CFD simulations are listed in Table 5-14 and shown graphically in Figure 

5-13 with respect to the calculated entrained mass flow rate for 14 ejectors from Section 5.2.5. It can 

be seen from Table 5-14 and Figure 5-13 that for all secondary stream total pressures, the achieved 

entrained mass flow rate from CFD simulations for the staggered multi-ejector has virtually met 

and exceeded the calculated entrained mass flow rate for 14 ejectors. For the staggered multi-ejector 

designed at a primary pressure of 𝑃𝑡1 = 25𝑏𝑎𝑟, the minimum entrained mass flow rate achieved 

𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 0.44𝑘𝑔/𝑠 occurs at 𝑃𝑡0 = 30𝑘𝑃𝑎, whereas a maximum entrained mass flow rate 

𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 2.72𝑘𝑔/𝑠 occurs at 𝑃𝑡0 = 180𝑘𝑃𝑎. The entrained mass flow rate that can be achieved at 

ambient conditions, i.e. 𝑃𝑡𝑢𝑛𝑛𝑒𝑙 = 100𝑘𝑃𝑎 from Table 5-1, ranges from 𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 1.06𝑘𝑔/𝑠 for 

𝑃𝑡0 = 70𝑘𝑃𝑎 to 𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 1.21𝑘𝑔/𝑠 for 𝑃𝑡0 = 80𝑘𝑃𝑎. Since the CFD results obtained by the 

staggered multi-ejector met or exceeded the calculated entrained mass flow rate for 14 ejectors, this 

staggered multi-ejector design was deemed feasible. 
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Table 5-14 : CFD simulation results for staggered multi-ejector 

 

 

Figure 5-13 : CFD simulation results for staggered multi-ejector 

The entrained mass flow rate obtained from CFD simulations for the staggered multi-ejector at 

various secondary stream total pressures are shown graphically from Figure 5-14(a) to Figure 

5-14(h). The mass flow inlet chamber monitor represents the mass flow rate entrained by the 

staggered multi-ejector. It can be seen that the entrained mass flow rate converged at the various 

secondary stream total pressures for the staggered multi-ejector. 

 [kPa] [kg/s] [kg/s]

30 0.41 0.44

70 1.05 1.06

80 1.23 1.21

100 1.58 1.56

125 1.83 1.91

140 1.87 2.14

160 2.14 2.42

180 2.41 2.72
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(a) Entrained mass flow rate plot at 𝑃𝑡0 = 30𝑘𝑃𝑎 

 

(b) Entrained mass flow rate plot at 𝑃𝑡0 = 70𝑘𝑃𝑎 

 

(c) Entrained mass flow rate plot at 𝑃𝑡0 = 80𝑘𝑃𝑎 
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(d) Entrained mass flow rate plot at 𝑃𝑡0 = 100𝑘𝑃𝑎 

 

(e) Entrained mass flow rate plot at 𝑃𝑡0 = 125𝑘𝑃𝑎 

 

(f) Entrained mass flow rate plot at 𝑃𝑡0 = 140𝑘𝑃𝑎 
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(g) Entrained mass flow rate plot at 𝑃𝑡0 = 160𝑘𝑃𝑎 

 

(h) Entrained mass flow rate plot at 𝑃𝑡0 = 180𝑘𝑃𝑎 

Figure 5-14 : CFD simulation entrained mass flow rate plot at various secondary stream total pressures for the staggered 

multi-ejector 

A comparison of the CFD simulation results for the staggered multi-ejector and the target entrained 

mass flow rate from ESDU are listed in Table 5-15 and illustrated graphically in Figure 5-15. It can 

be seen that for all secondary stream total pressures, the entrained mass flow rate obtained by the 

staggered multi-ejector exceeds the target entrained mass flow rate from ESDU. For 𝑃𝑡0 = 30𝑘𝑃𝑎 

the entrained mass flow rate obtained by the staggered multi-ejector 𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 0.44𝑘𝑔/𝑠 is slightly 

greater than the targeted entrained mass flow rate from ESDU, whereas for the remaining secondary 

stream total pressures the entrained mass flow rate obtained by the staggered multi-ejector is 

significantly greater than the entrained mass flow rate from ESDU. This is due to the mass flow 

ratio limitation imposed by ESDU which resulted in a maximum mass flow rate 𝑚̈𝐸𝑆𝐷𝑈 = 1.11𝑘𝑔/𝑠 

as shown in Table 5-2.  
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Table 5-15 : Comparison of CFD simulation results for staggered multi-ejector and target entrained mass flow rate from 

ESDU 

 

 

Figure 5-15 : Comparison of CFD simulation results for staggered multi-ejector and target entrained mass flow rate from 

ESDU 

A comparison of the CFD simulation results for the staggered multi-ejector and the results obtained 

from the flow quantity metering analysis, listed in Table 5-1, for various secondary stream total 

pressures are illustrated in Figure 5-16. The results from the flow quantity metering analysis are 

illustrated in Figure 5-16 for different plug displacements. It can be seen that for all secondary 

stream total pressures, the entrained mass flow rate obtained by the staggered multi-ejector exceeds 

the results obtained from the flow quantity metering analysis. This ensures that the designed 

staggered multi-ejector will be able to entrain the required mass flow rate determined by the 

 [kPa] [kg/s] [kg/s]

30 0.40 0.44

70 0.79 1.06

80 0.50 1.21

100 1.11 1.56

125 1.11 1.91

140 1.11 2.14

160 1.00 2.42

180 1.11 2.72
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designed flow quantity metering system for all secondary stream total pressures, hence wind tunnel 

stagnation pressures.  

Since the designed staggered multi-ejector employs 14 individual ejectors, this provides an option of 

employing all 14 individual ejectors or allowing for an appropriate number of ejectors to be run 

collectively depending on the mass flow rate required to be entrained. From Figure 5-16 it can be 

seen that for plug displacements of 30mm, all 14 ejectors should be employed for 𝑃𝑡0 = 30𝑘𝑃𝑎. 

However, for plug displacements of 95mm a reduced number of ejectors run collectively could be 

used to entrain the required mass flow rate at 𝑃𝑡0 = 80𝑘𝑃𝑎, 𝑃𝑡0 = 160𝑘𝑃𝑎 and 𝑃𝑡0 = 180𝑘𝑃𝑎. 

 

Figure 5-16 : Comparison of CFD simulation results for staggered multi-ejector and flow quantity metering analysis results  

The mass flow ratios, 𝑚̈𝐶𝐹𝐷−𝑀𝐸 𝑚̇𝑝⁄ , determined for various primary to secondary pressure ratios, 

𝑃𝑡1 𝑃𝑡0⁄ , for the staggered multi-ejector are illustrated in Figure 5-17. It should be noted that the 

staggered multi-ejector was designed for a primary pressure 𝑃𝑡1 = 25𝑏𝑎𝑟 with a primary mass flow 

rate 𝑚̇𝑝 = 0.554𝑘𝑔/𝑠. From Figure 5-17 it can be seen that a maximum mass flow ratio 

𝑚̈𝐶𝐹𝐷−𝑀𝐸 𝑚̇𝑝⁄ = 4.92 is obtained by the staggered multi-ejector at a low pressure ratio 𝑃𝑡1 𝑃𝑡0⁄ =

13.89, indicating a high entrained mass flow rate at a high secondary pressure. For higher pressure 

ratios, a lower mass flow ratio is observed indicating a low entrained mass flow rate at lower 

secondary pressures. 
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Figure 5-17 : Staggered multi-ejector 𝑚̈𝐶𝐹𝐷−𝑀𝐸 𝑚̇𝑝⁄  for various 𝑃𝑡1 𝑃𝑡0⁄  

Three-dimensional CFD simulations, as described in Section 3.2.2, were performed to determine the 

entrained mass flow rates for a secondary stream entry total pressure of 𝑃𝑡0 = 80𝑘𝑃𝑎 and various 

backpressures (discharge pressures) for the staggered multi-ejector. The results extracted from the 

CFD simulations are listed in Table 5-16 and shown graphically in Figure 5-18. It can be seen from 

Table 5-16  and Figure 5-18 that the critical backpressure for the ejector operating at 𝑃𝑡0 = 80𝑘𝑃𝑎 

occurs at 𝑃𝑏 = 78.4𝑘𝑃𝑎. For the staggered multi-ejector at 𝑃𝑡0 = 80𝑘𝑃𝑎 the critical operation mode, 

i.e. where the secondary flow is choked in the mixing duct, occurs for backpressures 𝑃𝑏 ≤ 78.4𝑘𝑃𝑎 

and the sub-critical operation mode, i.e. where the secondary flow is unchoked, occurs for 𝑃𝑏 ≥

78.4𝑘𝑃𝑎. For backpressures lower than the critical backpressure, the entrained mass flow rate 

remains constant. Hence the staggered multi-ejector should be operated in the critical mode to allow 

for maximum efficiency.  

Table 5-16 : CFD simulation results for 𝑃𝑡0 = 80𝑘𝑃𝑎 and various backpressures for the staggered multi-ejector 
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Figure 5-18 shows that the entrained mass flow rate does not immediately reduce when the 

backpressure increases above the critical backpressure. However a gradual decrease in entrained 

mass flow rate occurs follow by a radical decrease in entrained mass flow rate. The staggered multi-

ejector result for 𝑃𝑡0 = 80𝑘𝑃𝑎 was determined with a backpressure of 𝑃𝑏 = 65.6𝑘𝑃𝑎 which resulted 

in an entrained mass flow rate of 𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 1.21𝑘𝑔/𝑠 as listed in Table 5-14. 

 

Figure 5-18 : CFD simulation results for 𝑃𝑡0 = 80𝑘𝑃𝑎 and various backpressures for the staggered multi-ejector 

A three-dimensional CFD simulation, as described in Section 3.2.2, was performed with the 

secondary stagnation inlet boundary specified as a wall boundary condition and with ambient 

conditions at the exit. The CFD simulation was performed to determine the minimum secondary 

stream total pressure the ejector can pump down to. The result extracted from the CFD simulation 

show a minimum secondary pressure of 𝑃𝑡0 = 41.7𝑘𝑃𝑎 obtained at an exit ambient pressure of 

86.85kPa. 

5.2.8 Skewed Inlet Velocity Profile With/Without Inclined Exit 

CFD simulations were performed to determine the effects a skewed inlet velocity profile and inclined 

exit conditions relative to the free stream wind tunnel test section conditions have on the entrained 

mass flow rate for the staggered multi-ejector. The CFD simulations were performed for a secondary 

stream total pressure 𝑃𝑡0 = 80𝑘𝑃𝑎, targeting an entrained mass flow rate of 𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 1.21𝑘𝑔/𝑠.  

Three-dimensional CFD simulations, as described in Section 3.2.2, were performed to determine the 

entrained mass flow rate for a skewed secondary inlet velocity profile with and without a 30 

inclined exit. A 30 inclined exit was chosen since this represents the maximum angle of attack the 
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staggered multi-ejector system will perform at in the Medium Speed Wind Tunnel (MSWT). The 

entrained mass flow rate results extracted from the CFD simulations are presented in Table 5-17 for 

each inlet ring, as illustrated in Figure 3-25, and summed up for each case. For the skewed inlet 

velocity profile case without an inclined exit, the entrained mass flow rate achieved is 𝑚̈𝐶𝐹𝐷 =

1.20𝑘𝑔/𝑠 and for the case with an inclined exit of 30, the entrained mass flow rate achieved is 

𝑚̈𝐶𝐹𝐷 = 1.20𝑘𝑔/𝑠. The entrained mass flow rate achieved for the skewed inlet velocity profiles with 

and without an inclined exit has virtually met the target entrained mass flow rate of 𝑚̈𝐶𝐹𝐷−𝑀𝐸 =

1.21𝑘𝑔/𝑠 at 𝑃𝑡0 = 80𝑘𝑃𝑎. This shows that a skewed velocity profile at the inlet with and without an 

inclined exit of 30 does not affect the entrained mass flow rate and hence the performance of the 

staggered multi-ejector. Therefore the staggered multi-ejector can be used in the MSWT at different 

angle of attacks without affecting the performance or mass flow rate entrainment. 

Table 5-17 : CFD simulation entrained mass flow rate results at 𝑃𝑡0 = 80𝑘𝑃𝑎 for skewed inlet velocity profile with and 

without 30 inclined exit 

 

The entrained mass flow rate obtained from the CFD simulation for the staggered multi-ejector at 

secondary stream total pressure 𝑃𝑡0 = 80𝑘𝑃𝑎 and a skewed inlet velocity profile without an inclined 

exit is illustrated in Figure 5-19. It can be seen that the entrained mass flow rate converges to 

𝑚̈𝐶𝐹𝐷 = 1.20𝑘𝑔/𝑠 at a secondary stream total pressure 𝑃𝑡0 = 80𝑘𝑃𝑎. Figure 5-20 illustrates the 

entrained mass flow rate obtained from the CFD simulation at secondary stream total pressure 

𝑃𝑡0 = 80𝑘𝑃𝑎 for the skewed inlet velocity profile with an inclined exit of 30. It can be seen that the 

entrained mass flow rate converges to 𝑚̈𝐶𝐹𝐷 = 1.20𝑘𝑔/𝑠 at a secondary stream total pressure 

𝑃𝑡0 = 80𝑘𝑃𝑎. 

Without 

inclined exit

With 30° 

inclined exit

Ring 1 0.32 0.32

Ring 2 0.28 0.28

Ring 3 0.24 0.24

Ring 4 0.20 0.20

Ring 5 0.16 0.16

Total 1.20 1.20

[kg/s] ̈   
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Figure 5-19 : CFD simulation entrained mass flow rate plot at 𝑃𝑡0 = 80𝑘𝑃𝑎 for skewed inlet velocity profile without inclined 

exit 

 

Figure 5-20 : CFD simulation entrained mass flow rate plot at 𝑃𝑡0 = 80𝑘𝑃𝑎 for skewed inlet velocity profile with an inclined 

exit of 30 

5.2.9 Primary Nozzle – MLN and Rao TOP 

Two nozzle designs were investigated, the minimum length nozzle as described in Section 2.4.1.1 and 

Rao thrust optimised parabolic nozzle as described in Section 2.4.1.2. The nozzles were designed for 

𝐴𝑒 𝐴𝑡ℎ⁄ = 3.348 where the primary nozzle exit radius is 𝑟𝑒 = 2.818𝑚𝑚 and primary nozzle throat 

radius is 𝑟𝑡ℎ = 1.54𝑚𝑚 which was determined from ESDU for the ejector designed in Section 5.2.4. 

Figure 5-21 illustrates the MLN design determined using the Matlab code as shown in APPENDIX 

A.1 and Figure 5-22 illustrates the Rao TOP nozzle design determined using the Matlab code in 
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APPENDIX A.2. The Matlab code used to develop the MLN contour produces only the divergent 

section profile as shown in Figure 5-21. The Rao TOP nozzle contour developed using the Matlab 

code produces the entire nozzle profile including the convergent section and nozzle throat section as 

shown in Figure 5-22. It can be seen that the designed Rao TOP nozzle exhibits a shorter nozzle 

length compared to the MLN resulting in a lower weight primary nozzle being manufactured. Two-

dimensional CFD simulations were performed at 𝑃𝑡0 = 30𝑘𝑃𝑎  to determine the entrained mass flow 

rate employing a MLN design and a Rao TOP nozzle design. The entrained mass flow rate obtained 

using the ejector designed from Section 5.2.4 with the MLN profile yielded 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.024𝑘𝑔/𝑠 

per nozzle and the Rao TOP profile yielded 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.029𝑘𝑔/𝑠 per nozzle. This shows that a 

Rao TOP nozzle design entrains more mass flow than a MLN design. Since the Rao TOP nozzle 

exhibits a shorter nozzle length and entrains more mass flow than the MLN design, it was 

considered feasible to be employed as the design for the primary nozzle. 

  

Figure 5-21 : Minimum length nozzle designed for 𝐴𝑒 𝐴𝑡ℎ⁄ = 3.348 
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Figure 5-22 : Rao TOP nozzle designed for 𝑟𝑒 = 2.818𝑚𝑚 and 𝑟𝑡ℎ = 1.54𝑚𝑚 

 Experimental Ejector Test 5.3

An experimental test was required to determine the entrained mass flow rate of a single ejector from 

the designed staggered multi-ejector and to determine the accuracy of the CFD model. The 

experimental tests were conducted at ambient conditions in the Hot Gas Test Facility at the 

Council for Scientific and Industrial Research (CSIR). The designed and manufactured test rig 

allows for a single operating secondary pressure of the ejector to be tested which corresponds to 

atmospheric pressure in Pretoria; approximately 86kPa. The results from the experimental test are 

compared to the CFD results from the staggered multi-ejector at 𝑃𝑡0 = 80𝑘𝑃𝑎. It should be noted 

that the CFD simulation result at 𝑃𝑡0 = 80𝑘𝑃𝑎  was determined with a backpressure of 𝑃𝑏 =

65.6𝑘𝑃𝑎 which resulted in an entrained mass flow rate of 𝑚̈𝐶𝐹𝐷−𝑀𝐸 = 1.21𝑘𝑔/𝑠 as listed in Table 

5-14.  

5.3.1 Calibration of Conical Inlet Standard and Orifice Meter Run Standard 

A calibration procedure, as mentioned in Section 4.3.3, was performed to determine if the conical 

inlet ISO 5801:2007(E) standard and the orifice meter run ASME MFC-14M-2001 standard resulted 

in equivalent calculated mass flow rate. Figure 5-23 illustrates the results obtained from the 

calibration procedure for the conical inlet and the orifice meter run. It can be seen from Figure 5-23 

that the conical inlet mass flow rate results are marginally higher than the orifice meter run results. 

Although the comparison falls within the uncertainty of the two devices, more consistent results 

may be achieved by referring the measurements to a single standard, effectively removing the bias 

from the other standard. Note that two mass flow rate measurements were required to deduce the 
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unknown primary mass flow rate. A linear trendline was fitted to the results to determine a 

correction factor, i.e. 1.01 from Figure 5-23, which will be applied to the experimental test results of 

the orifice meter run. Thus all of the results were referred to a single mass flow rate standard, which 

was the conical inlet. 

 

Figure 5-23 : Calibration results of conical inlet standard and orifice meter run standard 

5.3.2 Experimental Tests 

Three experimental tests were conducted on the designed and manufactured test rig as mentioned in 

Section 4.3.4. The first test was required to determine the entrained mass flow rate at a primary 

pressure of 25bar and constant backpressure, the second test was required to determine the 

minimum pressure the ejector can pump down to and the third test was required to determine the 

entrained mass flow rates at a primary pressure of 25bar and various backpressures. 

5.3.2.1 Entrained Mass Flow Rate at Constant Backpressure 

The first test required the determination of the entrained mass flow rate of the ejector at a constant 

backpressure. This backpressure corresponds to the upstream pressure in the meter run. The results 

from the experimental test are listed in Table 5-18. An atmospheric pressure of 𝑃𝑎𝑡𝑚 = 86.96𝑘𝑃𝑎 

and an atmospheric temperature of 𝑇𝑎𝑡𝑚 = 26.1C was recorded in the test facility before the 

experiment was performed. A pressure drop across the orifice, ∆𝑃 = 28.21𝑘𝑃𝑎, resulted in a mass 

flow rate of 𝑚̈𝑜𝑟𝑖𝑓𝑖𝑐𝑒 = 0.097𝑘𝑔/𝑠, however this mass flow rate was corrected using the correction 

factor from Section 5.3.1. Hence a mass flow rate of 𝑚̈𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 0.098𝑘𝑔/𝑠 exits the meter run. An 

entrained mass flow rate of 𝑚̈𝑐𝑜𝑛𝑖𝑐𝑎𝑙 = 0.064𝑘𝑔/𝑠 through the conical inlet was determined from the 

experimental test. The calibration of the conical inlet ISO 5801:2007(E) standard and the orifice 
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meter run ASME MFC-14M-2001 standard allows for the determination of the primary mass flow 

rate. The total exit mass flow rate determined by the orifice meter run ASME MFC-14M-2001 

standard is the sum of the entrained mass flow rate determined by the conical inlet ISO 

5801:2007(E) standard and the primary mass flow rate. Hence the primary mass flow rate is 

calculated by subtracting the entrained conical inlet mass flow rate from the total exit mass flow 

rate. This results in a primary mass flow rate of 𝑚̇𝑝 = 0.034𝑘𝑔/𝑠 through the primary nozzle. 

Table 5-18 : Experimental results for constant backpressure 

 

The primary nozzle of the staggered multi-ejector was designed for a primary pressure of 25bar and 

a primary mass flow rate of 𝑚̇𝑝 = 0.0396𝑘𝑔/𝑠, however from the experimental test a primary mass 

flow rate of 𝑚̇𝑝 = 0.034𝑘𝑔/𝑠 was determined. This may be due to the nozzle profile being altered 

during the manufacturing process. The backpressure for the experimental test corresponds to the 

upstream pressure of the meter run, P2. From the CFD simulation results listed in Table 5-16, the 

ejector is operating in the sub-critical mode during the experiment. It should be noted that for the 

experimental test conditions, an entrained mass flow rate of approximately 𝑚̈𝑝𝑒𝑟_𝑛𝑜𝑧𝑧𝑙𝑒 = 0.079𝑘𝑔/𝑠 

should be expected. However, a 19% deviation in the experimental result was obtained for the 

ejector in the sub-critical mode. This indicates that the CFD model over-predicted the entrained 

mass flow rate of the staggered multi-ejector at this test condition. 

An experimental and numerical investigation on the global performance and internal flow of a 

supersonic air ejector was conducted by Chong et al. [44]. The ejector was designed for a primary 

pressure of 1MPa and a secondary pressure of 0.2MPa, and modelled using FLUENT CFD software 

package with a RNG k-epsilon model. The entrainment ratio results from the experiment and CFD 

simulations are shown in Figure 5-24 [44]. Chong et al. [44] concluded that the results from the 

experiment and the CFD simulation agreed well on the trend and the value of critical backpressure 

as shown in Figure 5-24(a). However, the CFD numerical model over-predicted the entrainment 
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ratio. Figure 5-24(b) shows the deviations are less than 15% when the ejector operates in critical 

mode and less than 30% in sub-critical mode. 

 

(a) Variation of entrainment ratio with discharge pressure (b) Deviation of entrainment ratios 

Figure 5-24 : Experimental and numerical results [44] 

The over-prediction of the entrained mass flow rate in the sub-critical region is consistent with 

Chong et al. [44] although there were significant differences in the operating conditions which may 

be contributing to the different deviations between simulation and experiment. This shows that the 

19% deviation in the experimental results obtained for the ejector in the sub-critical mode follows 

the same trend observed by Chong et al. [44]. 

5.3.2.2 Minimum Secondary Pressure 

The second test required the determination of the minimum secondary pressure the manufactured 

ejector can pump down to. A minimum secondary pressure of  𝑃𝑡0 = 51.38𝑘𝑃𝑎 was obtained from 

the experimental test. The backpressure determined from the experimental test corresponds to the 

upstream pressure in the meter run 𝑃2 = 86.49𝑘𝑃𝑎. The result extracted from the CFD simulation 

show a minimum secondary pressure of 𝑃𝑡0 = 41.70𝑘𝑃𝑎 was obtained at a backpressure of 86.85kPa. 

A 19% deviation was found between the experimental and CFD simulation results for the minimum 

secondary pressure. From the CFD simulation results in Table 5-14, the minimum secondary entry 

total pressure the ejector can pump down to is 𝑃𝑡0 = 30𝑘𝑃𝑎 at an exit pressure of 32.80kPa. The 

experimental test rig does not allow the exit pressure to be reduced to below ambient conditions, 

therefore the minimum secondary pressure the actual ejector can pump down to cannot be 

determined. 

5.3.2.3 Entrained Mass Flow Rates at Various Backpressures 

The third test required the determination of the entrained mass flow rates of the ejector at various 

backpressure. The backpressure corresponds to the upstream pressure in the meter run. For the 
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third test, the downstream section of the meter run and the orifice plate were removed from the 

experimental test rig. The main purpose of the orifice plate was to deduce the primary mass flow 

rate. By removing the orifice plate the data range of the experiment expanded to lower 

backpressures. The entrained mass flow rate results from the experimental test are illustrated 

graphically in Figure 5-25 with respect to the CFD simulation results from Table 5-16. An 

atmospheric pressure of 𝑃𝑎𝑡𝑚 = 86.96𝑘𝑃𝑎 and an atmospheric temperature of 𝑇𝑎𝑡𝑚 = 26.2C was 

recorded in the test facility before the experiment was performed. The entrained mass flow rate 

result at constant backpressure 𝑃2 = 103.39𝑘𝑃𝑎 (i.e. first experimental test) is illustrated 

graphically in Figure 5-25 by the yellow point, which shows that the result obtained from the first 

experimental test relates to the results from the third experimental test. Figure 5-25 shows that as 

the backpressure decreases, an increase in entrained mass flow rate through the ejector is achieved. 

The experimental results indicate that the ejector is operating in sub-critical mode. A maximum 

entrained mass flow rate of 𝑚̈𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 0.091𝑘𝑔/𝑠 is obtained at a backpressure of 𝑃2 = 87.31𝑘𝑃𝑎. 

However, this entrained mass flow rate is not the maximum mass flow rate the ejector can entrain, 

since the ejector is operating in sub-critical mode. For the ejector to operate in critical mode, the 

backpressure should decrease below 𝑃2 = 87.31𝑘𝑃𝑎 to determine the maximum entrained mass flow 

rate, however the experimental test rig does not allow the backpressure to be reduced to below 

ambient conditions. It can be seen from Figure 5-25 that the maximum entrained mass flow rate 

determine from the experiment is greater than the maximum entrained mass flow rate predicted by 

CFD. The maximum entrained mass flow rate predicted by CFD for the ejector in critical mode is 

𝑚̈𝐶𝐹𝐷 = 0.086𝑘𝑔/𝑠, whereas the experimental entrained mass flow rate in sub-critical mode is 

𝑚̈𝑒𝑥𝑝 = 0.091𝑘𝑔/𝑠. From the experimental results, the ejector is predicted to entrain a higher 

maximum mass flow rate than that predicted from the CFD simulations for backpressures lower 

than 𝑃2 = 87.31𝑘𝑃𝑎. The ejector is required to operate in critical mode to allow for maximum 

entrainment. If the ejector operates in critical mode, the entrained mass flow rate will be higher 

than the required mass flow rate, which will result in an increase in ejector performance. Figure 5-25 

indicates that the CFD model over-predicts the entrained mass flow rates of the ejector in the sub-

critical mode and will envisage it to under-predict the entrained mass flow rates in the critical 

mode. 
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Figure 5-25 : Experimental and CFD simulation entrained mass flow rates at various backpressures 
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6. CONCLUSIONS 

An induced mass flow system was designed featuring ejector driven mass flow generation and flow 

regulation and metering. The flow regulation and metering system employs a translating conical 

mass flow plug which is operated in a choked mode to provide an accurate measurement of airflow 

through an inlet. The results from the flow regulation and metering system analysis showed that a 

linear conical mass flow plug displacement of 30mm towards the geometric throat, yielded in the 

maximum mass flow rate attainable for each wind tunnel stagnation pressure. The linear conical 

mass flow plug is capable of translating approximately 100mm which allows for a variation of mass 

flow rates to be obtained for specific wind tunnel stagnation pressures.  

The mass flow generation system employs 14 individual ejectors arranged in a staggered formation 

around an annulus. The ejector design tool, ESDU 92042 software was verified using CFD 

simulations. The results from the CFD simulations showed that the ESDU 92042 software provided 

reliable ejector designs when higher primary pressures were utilised and for ejectors designed at 

mass flow ratios equal to two, the entrained mass flow rate was greater than that determined by the 

ESDU 92042 software. The performance prediction calculation in the ESDU 92042 software was 

unable to provide a correlation to the quick design procedure results. The entrained mass flow rate 

predicted by the CFD model for the staggered multi-ejector exceeds the target entrained mass flow 

rate determined by the ESDU 92042 software and it exceeds the mass flow rate target from the flow 

regulation and metering system. CFD simulations of the 14-ejector unit were conducted featuring a 

skewed velocity profile at the entrance to the ejector duct with and without an inclined exit angle of 

30 to the bulk flow. The entrained mass flow rate was not affected by the distortion at the mixing 

duct entrance, by the inclined jet exit angle, or the combination of these effects. Therefore the 

staggered multi-ejector can be used in the Medium Speed Wind Tunnel at different angles of attack 

without affecting the entrained mass flow rate. 

The experimentally determined entrained mass flow rate was higher than the predicted CFD 

entrained mass flow rate at low backpressures but was lower than the predicted CFD entrained 

mass flow rate at high backpressures. The CFD model under-estimated the entrained mass flow rate 

at the critical point. The CFD simulations predicted that, with reducing back pressure, the critical 

mode would be reached when the entrained mass flow rate would peak and remain constant. In the 

experiment, the entrained mass flow rate continued to increase up to the minimum backpressure 

achievable, and was greater than the CFD predicted maximum entrained mass flow rate. The 

experimental results for the single ejector suggest that the designed operating envelope predicted for 

the staggered multi-ejector should be reached.  
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7. RECOMMENDATIONS 

 The primary nozzle exit position should be explored computationally and experimental to 

determine the effect the primary nozzle exit position has on the ejector performance.  

 The experimental test rig allows for only one secondary pressure to be experimentally tested 

i.e. ambient conditions. A technique for regulating the secondary pressure during the 

experiment should be explored to allow for more secondary pressures to be experimentally 

tested. 

 For the manufactured ejector to operate in critical mode, the backpressure should decrease 

below ambient conditions to determine the maximum entrained mass flow rate. Since the 

experimental test rig does not allow the backpressure to be reduced to below ambient 

conditions, a modification to the test rig should be explored in order for the maximum mass 

flow rate to be determined. This will also allow for the critical backpressure to be 

determined. 
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APPENDIX A  

A.1 Minimum Length Nozzle Matlab Code [40] 

function MinLengthNozzle(G,Me,n)  

  
%{ 
    Defines geometry for a minimum length nozzle based on a design exit 
    mach number for a certain gas, given a finite number (n) of mach waves. 
    Based on the information described in Anderson, Modern Compressible 
    Flow 3rd Edition (Library of Congress CN: 2002067852). 

  
Input parameters 
    G is gamma, the ratio of specific heats (Cp/Cv) 
    Me is the design exit mach number 
    n is the finite number of expansion waves used in approximation 

     
%} 

     
%% Initialize datapoint matrices 
Km = zeros(n,n);    % K- vlaues (Constant along right running characteristic 

lines) 
Kp = zeros(n,n);    % K- vlaues (Constant along left running characteristic 

lines) 
Theta = zeros(n,n); % Flow angles relative to the horizontal 
Mu = zeros(n,n);    % Mach angles 
M = zeros(n,n);     % Mach Numbers 
x = zeros(n,n);     % x-coordinates 
y = zeros(n,n);     % y-coordinates 

  
%% Find NuMax (maximum angle of expansion corner) 
[~, B, ~] = PMF(G,Me,0,0); 
NuMax = B/2; 

  
%% Define flow of first C+ line 
y0 = 1; 
x0 = 0; 

  
dT = NuMax/n; 
Theta(:,1) = (dT:dT:NuMax); 

  
Nu = Theta; 
Km = Theta + Nu; 
Kp = Theta - Nu; 
[M(:,1) Nu(:,1) Mu(:,1)] = PMF(G,0,Nu(:,1),0); 

  
%% Fill in missing datapoint info along first C+ line 
y(1,1) = 0; 
x(1,1) = x0 - y0/tand(Theta(1,1)-Mu(1,1)); 
for i=2:n; 

     
    s1 = tand(Theta(i,1)-Mu(i,1)); 
    s2 = tand((Theta(i-1,1)+Mu(i-1,1)+Theta(i,1)+Mu(i,1))/2); 
    x(i,1) = ((y(i-1,1)-x(i-1,1)*s2)-(y0-x0*s1))/(s1-s2); 
    y(i,1) = y(i-1) + (x(i,1)-x(i-1,1))*s2; 
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end 

  
%% Find flow properties in characteristic web 
for j=2:n; 
    for i=1:1+n-j; 

         
        Km(i,j) = Km(i+1,j-1); 

         
        if i==1; 

             
            Theta(i,j) = 0; 
            Kp(i,j) = -Km(i,j); 
            Nu(i,j) = Km(i,j); 
            [M(i,j) Nu(i,j) Mu(i,j)] = PMF(G,0,Nu(i,j),0); 
            s1 = tand((Theta(i+1,j-1)-Mu(i+1,j-1)+Theta(i,j)-Mu(i,j))/2); 
            x(i,j) = x(i+1,j-1) - y(i+1,j-1)/s1; 
            y(i,j) = 0; 

             
        else 

             
            Kp(i,j) = Kp(i-1,j); 
            Theta(i,j) = (Km(i,j)+Kp(i,j))/2; 
            Nu(i,j) = (Km(i,j)-Kp(i,j))/2; 
            [M(i,j) Nu(i,j) Mu(i,j)] = PMF(G,0,Nu(i,j),0); 
            s1 = tand((Theta(i+1,j-1)-Mu(i+1,j-1)+Theta(i,j)-Mu(i,j))/2); 
            s2 = tand((Theta(i-1,j)+Mu(i-1,j)+Theta(i,j)+Mu(i,j))/2); 
            x(i,j) = ((y(i-1,j)-x(i-1,j)*s2)-(y(i+1,j-1)-x(i+1,j-1)*s1))/(s1-

s2); 
            y(i,j) = y(i-1,j) + (x(i,j)-x(i-1,j))*s2; 

             
        end 

         
    end 
end 

  
%% Find wall datapoint info 
xwall = zeros(1,n+1); 
ywall = zeros(1,n+1); 

  
xwall(1,1) = x0; 
ywall(1,1) = y0; 

  
walls = tand(NuMax); 
webs = tand(Theta(n,1)+Mu(n,1)); 

  
xwall(1,2) = ((y(n,1)-x(n,1)*webs)-(ywall(1,1)-xwall(1,1)*walls))/(walls-

webs); 
ywall(1,2) = ywall(1,1)+(xwall(1,2)-xwall(1,1))*walls; 

  
for j=3:n+1; 

     
    walls = tand((Theta(n-j+3,j-2)+Theta(n-j+2,j-1))/2); 
    webs = tand(Theta(n-j+2,j-1)+Mu(n-j+2,j-1)); 
    xwall(1,j) = ((y(n-j+2,j-1)-x(n-j+2,j-1)*webs)-(ywall(1,j-1)-xwall(1,j-

1)*walls))/(walls-webs); 
    ywall(1,j) = ywall(1,j-1) + (xwall(1,j)-xwall(1,j-1))*walls; 

     
end 

  
%% Provide wall geometry to user and plot 
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assignin('base','xwall',xwall) 
assignin('base','ywall',ywall) 

  
grid=1; 
if grid == 1 

     
    plot(xwall,ywall,'-') 
    axis equal 
    axis([0 ceil(xwall(1,length(xwall))) 0 ceil(ywall(1,length(ywall)))]) 
    hold on 

     
    for i=1:n 
        plot([0 x(i,1)],[1 y(i,1)]) 
        plot([x(n+1-i,i) xwall(1,i+1)],[y(n+1-i,i) ywall(1,i+1)]) 
    end 

     
    for i=1:n-1 
        plot(x(1:n+1-i,i),y(1:n+1-i,i)) 
    end 

  
    for c=1:n 
        for r=2:n+1-c 
            plot([x(c,r) x(c+1,r-1)],[y(c,r) y(c+1,r-1)]) 
        end 
    end 

  
xlabel('Length [x/y0]') 
ylabel('Height [y/y0]') 

  
end 

  
end 

 

A.2 Rao TOP Nozzle Matlab Code [19] 

clc; clear all; close all; format long; 

  
% Selected Throat Diameter 
Dt = 28.56; 
Rt = Dt/2; 

  
% Selected Exit Diameter 
De = 58.77; 
Re = De/2; 

  
%-----COMPUTES ENTRANCE CURVE ANGLES: THETA_E & THETA_N FROM RESPONSE 

SURFACES-----% 
EXP_Rat = (Re/Rt)^2; 
K = 1; 
Lf = K*100; 

  
%  Length Parameter 
Ln = K*(sqrt(EXP_Rat)-1)*Rt/tand(15); 

  
%Theta_e Response Surface 
Theta_e  = 82.63455429...                       %Constant 
-(1.438585863*EXP_Rat)...                       %A 
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-(1.705517217*Lf)...                            %B 
+(0.005706602*EXP_Rat*Lf)...                    %A*B 
+(0.050171718*EXP_Rat^2)...                     %A^2 
+(0.01567885*Lf^2)...                           %B^2 
-(7.02175E-05*(EXP_Rat^2)*Lf)...                %A^2*B 
-(0.000929959*EXP_Rat^3)...                     %A^3 
-(5.70618E-05*Lf^3)...                          %B^3 
+(7.14837E-06*EXP_Rat^4);                       %A^4 

  
%Theta_n Response Surface 
Theta_n  = 93.4106155515...                     %Constant 
+(0.7636870374*EXP_Rat)...                      %A 
-(2.0094058273*Lf)...                           %B 
+(0.0016662045*EXP_Rat*Lf)...                   %A*B 
-(0.0221445827*EXP_Rat^2)...                    %A^2 
+(0.0181722597*Lf^2)...                         %B^2 
+(0.0000106195*(EXP_Rat^2)*Lf)...               %A^2*B 
-(0.0000108031*EXP_Rat*(Lf^2))...               %A*B^2 
+(0.0002578244*EXP_Rat^3)...                    %A^3 
-(0.0000581932*Lf^3)...                         %B^3 
-(0.0000011586*EXP_Rat^4);                      %A^4 

  
%-----COMPUTES ENTRANCE CURVE 1-----% 
res1 = 0.005; 
coeff1 = 1.5; 
Theta1 = 45; 
E_xmin1 = -1*round(coeff1*Rt*sind(Theta1)); 
Ex1 = (E_xmin1:res1:-res1)'; 
Ey1 = -sqrt((coeff1*Rt)^2-Ex1.^2)+(1+coeff1)*Rt; 

  
%-----COMPUTES ENTRANCE CURVE 2 UP TO POINT N-----% 
res2 = 0.005; 
ceoff2 = 0.382; 
E_xmax2 = (ceoff2*Rt*sind(Theta_n)); 
Ex2 = (0:res2:E_xmax2)'; 
Ex2(end) = E_xmax2; 
Ey2 = -sqrt((ceoff2*Rt)^2-Ex2.^2)+(1+ceoff2)*Rt; 

  
%-----COMPUTES THRUST OPTIMISED PARABOLA (RAO TOP) FROM POINT N TO POINT E---

--% 
% PARABOLIC FORMULA: x = ay^2 + by + c 
xN = Ex2(end); 
yN = Ey2(end); 
yE = Re; 

  
%Solve for coeffiecient a 
a = (cotd(Theta_e) - cotd(Theta_n))/(2*(yE-yN)); 
aa = (cotd(Theta_n) - cotd(Theta_e))/(2*(yN-yE)); 

  
%Solve for coeffiecient b 
b = cotd(Theta_n)-2*a*yN; 
bb = cotd(Theta_e)-2*a*yE; 

  
%Solve for coeffiecient c 
c = xN - (a*yN^2 + b*yN); 

  
% Solves Profile 
res3 = 0.005; 
Py = ((yN+res3):res3:yE)'; 
Py(end) = yE; 
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Px = a*(Py.^2)+b*(Py) + c; 
xE = Px(end); 

  
Profile_X = [Ex1;Ex2;Px]; 
Profile_Y = [Ey1;Ey2;Py]; 

  
% Plots Profile 
    Heading = char('Rao Bell Nozzle Contour ('); 
    Dts = num2str(Dt,3); 
    Des = num2str(De,3); 
    Ks = num2str(K,3); 
    Title = strcat(Heading,'  ','Dt= ',Dts,',','De= ',Des,',','K= ',Ks,')'); 
    figure(1) 
    hold on; 
    plot(Profile_X,Profile_Y,'-ro','MarkerFaceColor','r','MarkerSize',3); 
    plot(Profile_X,-Profile_Y,'-ro','MarkerFaceColor','r','MarkerSize',3); 
    grid on; 
    box on; 
    title(Title,'fontsize',20); 
    xlim([Profile_X(1) Profile_X(end)]); 
    ylim([-Profile_Y(end) Profile_Y(end)]); 
    

set(gca,'XTick',round(Profile_X(1)):round((Profile_X(end)/5)):round(Profile_X

(end)),'FontSize',20); 
    set(gca,'YTick',-

Profile_Y(end):(Profile_Y(end)/5):Profile_Y(end),'FontSize',20); 
    xlabel(texlabel('X (mm)'),'fontsize',20); 
    ylabel(texlabel('R (mm)'),'fontsize',20); 
    legend(texlabel('Rao Bell Nozzle'),'Location','NorthWest'); 
    legend('boxoff'); 
    hold off; 

     
% Writes Profile to Excel Document 
    Profile = [Profile_X,Profile_Y]; 
    [status,message] = xlswrite('Rao_Nozzle',Profile); 
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APPENDIX B 
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APPENDIX C 

C.1 Scanivalve ZOC33 Electronic Pressure Scanning Module 
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C.2 R406 Cylinder Regulator 
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C.3 Integral Bonnet Needle Valve 
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C.4 Druck DPI620 Advanced Modular Calibrator 
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APPENDIX D 

D.1 RISK ASSESSMENT 

HAZARD RISK MITIGATION 

High Pressure Air in tanks 

and equipment 

Hoses and equipment 

separating; compressed air or 

air-borne loose items causing 

eye injuries 

PPE – Safety glasses 

mandatory at all times while 

working with test equipment 

Noise levels while testing. 

(Possible Noise Zone > 

85dBA)  

Noise Induced Hearing Loss PPE - Ear plugs mandatory at 

all times while working with 

test equipment 

High Instability of Equipment 

on tripods and stands   

 Personal injuries to feet 

from falling or knocked-

over items.  

 Damage to equipment 

from falling 

 PPE – Safety boots 

mandatory at all times 

while working with test 

equipment 

 Cordon off test equipment 

with bunting tape 

HGTF - Confined/limited 

working space and tight 

passage past equipment.    

 Personal injuries to feet 

from falling or knocked-

over items.  

 Damage to test equipment 

from being knocked over 

 Tripping hazard   

 PPE – Safety boots 

mandatory at all times 

while working with test 

equipment 

 Ensure clearly demarcated  

passage using bunting tape 

 Limit access by non-test 

personnel 

 Ensure floor kept clean of 

non-essential equipment 

High velocity air into inlet and 

out exit  

 Damage to downstream 

HGTF equipment (eg. 

mirrors)   

 Damage to test equipment 

(instability due to the exit 

air stream) 

 Flying components may be 

entrained through the 

inlet. 

 Remove all  HGTF 

equipment upstream of 

test equipment 

 Additional weights to 

tripod feet  if required 

 PPE – Safety glasses and 

boots mandatory at all 

times while working with 

test equipment 
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APPENDIX E 
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