


 
 

DEVELOPMENT AND PERFORMANCE TESTING OF 

A STEAM JET REFRIGERATION SYSTEM POWERED 

BY LOW TEMPERATURE HEAT FOR APPLICATIONS 

IN PACIFIC ISLAND COUNTRIES 

 
 

by 
 

Vineet Vishal Chandra 

 

 

A thesis submitted in fulfilment of the 

requirements for the degree of 
Master of Science in Engineering 

 

 

 

 

Copyright © 2013 by Vineet Vishal Chandra 

 

 

School of Engineering and Physics 

Faculty of Science, Technology, and Environment 

The University of the South Pacific 

 

 
October, 2013 

 



 
 

Declaration of Originality 

 
Statement by Author 

I, Vineet Vishal Chandra, hereby declare that the write up of this thesis is purely my 

own work without the inclusion of any other research materials that has already been 

published or written. Any individuals’ work or idea that has been included within the 

report has been clearly referenced and credit given to the person.  

 

---------------------- 

Vineet Vishal Chandra 

S02001057  

28/06/2013  

 

Statement by Supervisor 

I hereby confirm that the work contained in this supervised research project is the 

work of Vineet Vishal Chandra unless otherwise stated.  

 

------------------------------ 

M. Rafiuddin Ahmed (Associate Professor) 

Principal Supervisor  

28/06/2013  



i 
 

Acknowledgements 

Firstly, I would like to thank the almighty God for giving me the knowledge, power 

and perseverance to successfully finish this research. I also would like to thank many 

people who have been involved in this research work to make this thesis possible. 

I sincerely thank my supervisor, Associate Professor, M. Rafiuddin Ahmed for his 

continuous guidance, assistance and support throughout this project. 

I am very grateful to the Faculty of Science and Technology Research Committee of 

the University of the South Pacific for funding this research project. I am very 

grateful to all the academic and technical staff members of the Division of Mechanical 

Engineering. Special thanks to Mr. Shiu Dayal and Mr. Sanjay Singh for their assistance 

in fabricating the experimental components. 

Further, I would also like to thank Mr. Deewakar Prasad Dubey of Pacific Batteries 

for providing his assistance in the Lead casting process. 

Finally, I would like to thank my wife and our parents for their continuous 

encouragement and support throughout the project. 

 

  

 

 

 

 

 

 



ii 
 

Publications 

1. Chandra V.V, Ahmed M.R. “Experimental and Computational studies on a steam 

jet refrigeration system with constant and variable area ejectors” Energy 

Conversion & Management, vol. 79, pp.377-386, 2014. 

 

 

  



iii 
 

Abstract 

The purpose of this research is to study the potential of steam jet ejector refrigeration 

system powered by renewable or waste heat sources as an alternative to electric 

powered compressor-refrigeration system for cooling. This was carried out by the 

means experimental and numerical (CFD) analysis. Two types of ejectors were used 

in this newly designed setup: a conventional ejector and a supersonic ejector (shock-

free ejector). The system setup comprised of an open loop configuration with boiler 

temperatures ranging from 90 ºC to 120 ºC and the evaporator temperature ranging 

from 5 ºC to 15 ºC. The boiler and the evaporator-cooling load were equipped with 

variac-controlled 6 kW and 3 kW electric heaters respectively. The primary nozzle 

was designed and constructed with the criteria to obtain the maximum coefficient of 

performance (COP) at boiler temperature of 90 ºC and nozzle with a throat diameter 

of 3.5 mm theoretically satisfied this criteria. Nozzles with 2 mm and 3 mm throat 

diameter were also constructed for comparison. Two ejectors were designed and 

constructed for testing. Experimental and numerical (CFD) results revealed that at 90 

ºC boiler temperature, the nozzle with a throat diameter of 3.5 mm achieved the 

highest COP of 0.235 at evaporator temperature of 10 ºC and any further increases in 

boiler temperature resulted in a decrease in COP with a noted increase in critical 

condenser pressure. It was also found that decreasing the throat diameter increased 

the optimal boiler temperature at which the COP was highest and any increase in 

evaporator temperature resulted in an increase in COP overall. The results 

additionally illustrated that supersonic ejector has a higher COP and critical 

condenser pressure than conventional ejector and did not encounter shock, which 

was experienced by conventional ejector. An optimum nozzle exit position (NXP) 

was noted to be between -10 mm to 0 mm. From these experiments, it is established 

that a steam jet refrigeration system performs well with stability at low heat input of 

below 120 ºC which can be obtained from solar or waste heat and this system 

performance is enhanced by the use of supersonic ejectors. These characteristics at 

large should inspire the growth in the innovative utilisation of such systems so that 

harmful emissions triggered by using electric powered compressor-refrigeration 

systems can be reduced.  
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Nomenclature 

A Cross section area 

CE Conventional ejector 

Cp Specific heat capacity 

D Diameter 

h Specific enthalpy 

I Inlet 

L Length 

  Mass flow rate 

M Mach number 

 Momentum 

NE Nozzle exit 

p Primary fluid  

Q Heat 

R Universal gas constant 

SFE Shock-free ejector 

s Secondary fluid 

T Temperature 

t Primary nozzle throat   

V Velocity 

W Work 

  Entrainment ratio 

ρ Density 

Subscripts  

i Primary fluid entry 
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ii Nozzle exit 

v Before shock 

vs After shock 

vii Diffuser exit 

b Boiler 

d Ejector throat 

DE Diffuser exit 

DI Diffuser inlet 

e Evaporator 

E Exit 

I Inlet 

NE Nozzle exit 

p Primary flow 

O Total 

se Secondary fluid entry 

s Secondary flow 

x Distance  
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Chapter 1 Introduction 

1.1 Overview 

The recent growth in demand and consumption of energy with its resultant adverse 

impact on our environment has led to a global interest in the use of renewable 

sources of energy to replace fossil fuels. One such system is a cooling system 

powered by low grade heat, known as steam jet refrigeration system [1-3], which can 

be operated with low temperature solar energy, waste energy available in industries 

or low heat, which is readily available and if utilised properly can be very beneficial 

for Pacific island countries (PICs) where fossil fuel comes at a great price.  

The steam jet refrigeration system was first developed by Le Blanc and Parson (in 

ref.[4]) in early 1900 and was very popular in early 1930’s for air-conditioning 

systems for large buildings. This system was later replaced by a superior 

conventional vapour compression system, which had more favourable vapour 

compression ability, better coefficient of performance (COP) and compactness [4]. 

This latter air-conditioning system was powered by electrical vapour compressor. 

The increasing cost of energy, however has encouraged people around the globe to 

utilise waste heat or renewable energy, which is readily available and can be used 

with appropriate systems or technology. Steam-jet refrigeration is one such system, 

which is simple to construct, rugged and has few or no moving parts making it a 

highly reliable system with an ability to run from steam sourced from either waste or 

solar heat, which can result in much cheaper operation of the cooling system [4-7]. 

Solar energy cooling comprises of many attractive features, however more research 

and development relating to improved cost efficiency needs to be carried out, as 

reported by While Sabetelli et al. (in ref. [1]) before any such steam jet refrigeration 

system can be established in the market. 

There has been little published researched work on steam jet refrigeration in recent 

years as a lot of emphasis was placed on the use of refrigerants like 

chlorofluorocarbons (CFCs) hydro-chlorofluorocarbons (HCFCs) fluorocarbons 

(FCs) and hydrofluorocarbons (HFCs) because these refrigerant (compounds) can 

operate well below the temperatures at which water freezes [8, 9]. 
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The common shortcoming of the steam jet refrigeration system as noted in earlier 

research works were its inability to achieve higher entrainment ratio and higher 

diffuser exit pressure resulting in lower COP. Most published works focussed on 

improving the conventional ejector geometry with positioning of primary nozzle to 

achieve high COP and high entrainment However Eames [10] has looked at 

developing a supersonic jet-pump (shock-free ejector) with a constant rate of 

momentum change (CRMC) method predicting higher performance. 

This CRMC shock-free ejector has abilities that are more promising compared to 

conventional ejectors and thus can be of great advantage to steam jet refrigeration 

[11]. Vapour compression refrigeration cycles are used mostly in all air-conditioning 

systems with compound type refrigerants due to its compactness and efficiency and 

is the only system used in PICs. However, the compressor is a large power-

consuming component in this system and often places significant electrical load 

which results in considerable electricity cost. In light of this and taking into 

consideration factors such as the increasing cost of energy and the effect of its usage 

on our environment, greater emphasis has been placed on research and development 

of non-mechanical refrigeration systems, which can be powered by geothermal, solar 

or waste heat [12, 13]. 

Considering the harmful environmental impact of the use of compound type 

refrigerants, the requirements of generating electricity from fossil fuels and noting 

the benefit of utilising waste heat, low heat or solar energy and the ready availability 

of these  sources of energy, it was felt an opportunity existed to study the potential of 

steam jet refrigeration system in possible application in PICs. This could be achieved 

through the use of shock free (CRMC) ejector and the cluster of all other researched 

methods that look into improving the performance of conventional ejector to achieve 

better cooling performance and higher COP. 

 

1.2 Steam Jet Refrigeration Cycle 

In concept, a steam jet refrigeration system operates in a similar way as a 

conventional vapour compression system, except that the compressor is replaced by 

a boiler and a jet-pump (ejector). 
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Figure 1.1 (a & b) shows the schematic diagrams of steam jet refrigeration system. 

The operational process of the steam-jet refrigeration is presented in Figure 1.2 

where a high-pressure steam (primary fluid) is directed to a thermal compressor (an 

ejector) with the aid of primary nozzle at a Mach number typically greater than 2 

(supersonic speed). This increase in speed to supersonic creates low pressure at the 

inlet of the ejector resulting in the creation of a partial vacuum or low pressure 

enabling the secondary fluid to evaporate at low temperature in the evaporator; this 

secondary fluid from the evaporator is entrained by the primary flow. The heat of the 

evaporator is taken from the remaining liquid which in turn gets cooled  [4]. 

 

Figure 1.1(a): Process flow diagram 

 

 

Figure 1.1(b): Schematic view of steam jet refrigeration cycle and concept (closed 

system) [4] 
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The primary fluid and the secondary fluid in the form of vapour then mix in the 

mixing chamber of the ejector and enters in a normally choked (sonic flow condition 

at the throat) condition at the secondary converging and diverging nozzle (ejector). 

 

Figure 1.2: Pressure and velocity profile along the typical Ejector [14] 

The flow expands in the diffuser part of this nozzle through a thermodynamic shock 

process resulting in a sudden increase in the static pressure and sudden decrease in 

speed resulting in a subsonic flow. 

 

1.3 Supersonic Jet Pump  

Supersonic Jet Pump is a shock-free ejector with no sudden change in angle of 

convergent and divergent path. Its convergent and divergent path changes gradually 

thus eliminating the constant area throat region which is found in conventional 

ejector. This profile eliminates the shock process that is found in the conventional 

ejector, which leads to better outlet conditions thus enhancing its performance. 
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1.4  Computation Fluid Dynamic Analysis 

In this research project, the CFD software, Fluent 14.0 was used to study the flow 

pattern inside the ejector under different operating conditions on which the 

experiment was conducted. Fluent software has been used by a number of 

researchers to predict and analyse the performance and flow in an ejector. Fluent 

uses a mass-averaged solver to solve the transport equations such as mass continuity, 

mass conservation and momentum conservation for compressible flows. Thus it was 

felt important to use this software to study the flow pattern inside the ejector and also 

obtain the entrainment ratio in order to validate and understand the performance of 

the ejector during experiment.  

 

1.5 Project Objectives 

To be able to achieve cooling powered by waste energy or by means of any 

renewable energy sources will have significant benefits in terms of cost and 

contributions towards the protection of our environment. However to have such a 

cooling system which can meet both the system requirements and be cost effective, 

the coefficient of performance COP of steam jet refrigeration system needs to 

improve in order for it to be a viable option in the market to compete with electric 

powered vapour compression system.  

Hence, the following objectives are the foundations of this research. 

� To design and develop an ejector which can operate using heat with a 

temperature below 120°C  

� To investigate how different design configurations of ejector sections and 

primary nozzle positions affect the entrainment (suction) ratio, COP and 

pressure lift ratio. 

� To design a shock-free ejector and using same operating conditions as of a 

conventional ejector, investigate its performance and study the flow pattern 

and entrainment ratio using CFD.  

� To investigate how boiler, evaporator and condenser temperatures affect the 

ejector performance.  
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Chapter 2 Literature Review 

2.1 Overview 

This chapter discusses the published works found in the open literature and further 

describes the operations and performance of the steam jet ejector in more detail. The 

steam is regarded as saturated and therefore all pressures and temperatures are 

directly related unless otherwise stated. 

There are fewer published reports, which have focussed on the development of an 

ejector refrigeration system with the use of water as a refrigerant compared to the 

system with the use of compound type synthetic refrigerant (HFC, HCFC etc). Many 

publications have focussed on conventional type ejector; however some published 

data was also found on supersonic (shock-free) ejector.  

2.2 Water as a Refrigerant  

The steam jet refrigeration system has a capability to work with different working 

fluids (refrigerants) such as CFSs, HCFCs and HFCs as well as butane, ammonia and 

water [4] however, it is noted that compound synthetic type refrigerant system has a 

small advantage over water, as compound type refrigerants can operate well below 

the temperature at which water freezes.  

Considering the environmental impact by the usage of these refrigerants, water is 

classified as the most environmental friendly fluid as its usage of water as a 

refrigerant does offer potentially significant advantages and meets the fundamental 

requirements of a refrigerant [15].  

Water is classified as a low cost refrigerant and is readily available and has no Ozone 

Depleting Potential (ODP) and has Global Warming Potential (GWP100yrs) of less 

than 1, compared to R134a which has the GWP100yrs of 1300 [15]. The theoretical 

coefficient of performance (COP) of water is competitive with synthetic refrigerants 

and is non-toxic and non-flammable. Table 1 below compares the characteristics of 

these two refrigerants. 
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Table 2.1: Characteristics of Water vs R134a refrigerants [15] 

Quantity Water R-134a 

Theoretical coefficient of performance, COP 8.39 8.47 

Carnot coefficient of performance, COP Carnot 9.88  

COP/COP Carnot 0.85 0.86 

Compressor discharge temperature (°C), T2s 156 38 

Throttling lossa (%) 2 77 

Superheat lossa (%) 98 23 

Compressor inlet specific volume (m3/kg), ν1 132 0.055 

Compressor suction pressure (kPa), P1  0.97 370 

Compressor saturated suction temperature (_C), T1,sat 6.7 6.7 

Compressor discharge pressure (kPa), P2  5.7 890 

Compressor saturated discharge temperature (_C), 
T2,sat 

35 3.5 

Compression ratio  5.75 2.4 

Pressure lift (kPa), P2-P1  4.7 520 

Compressor inlet volumetric flow rate (m3/s) 195 1.3 

Isentropic enthalpy difference across compressor 
(kJ/kg) 281 18 

   a Throttling and superheat losses are expressed as a percentage of the total loss. 

The table shows that water can compete with R-134a in terms of its theoretical COP. 

However, some key differences have to be considered. The major differences are 

related to cycle parameters such as peak temperature, pressure ratio, and operating 

pressure and most importantly the required volume flow rates. Figure 2.1 presents a 

pressure volume diagram for the ideal water vapour and R-134a compression cycles. 

This indicates several challenges associated with using water as refrigerant in a 

vapour compression cycle. The most significant of the challenges is achieving the 
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requirements of the compression process, state (1) to (2) as shown in Figure 2.1 

below. In addition, water has a high specific volume and requires a large 

compression ratio in order to reject heat from the cycle [8]; therefore, proper 

configuration of an ejector is important to achieve higher diffuser exit pressure and 

entrainment ratio to obtain a higher COP. 

Using water as a working fluid, the evaporator temperature typically varies in the 

range of 5-15°C depending on the application. Typical condenser temperature varies 

in the range of 15-40°C depending on the condenser type (whether it is water or air-

cooled) and ambient temperature [4].  

Evaporator

Condenser3

C
om

pressor

Expansion
Valve

2

4 1

 

Figure 2.1: Pressure vs specific volume relation of ideal water and R-134a cycles 

[15] 

It is therefore important for this water based refrigerant system to have good 

coefficient of performance in order to perform well and achieve the operational 

objective of providing good cooling effect. It has been noted from previous studies 

that COP is low to around 0.253 for water based refrigerant [4] and  around 0.41-

0.48 for R-123 and R-134a respectively [8, 16-19], for boiler temperatures ranging 

from 83°C-140°C. Table 2.2 below shows some common refrigerants considered for 
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ejector refrigeration systems. However all these refrigerant has coefficient of 

performance which is considerably low compared to latter system which has vapour 

compression cycle powered by electrical compressor [1, 4, 10, 15, 16]. 

Table 2.2: Working Fluids commonly used for ejector applications 

Refrigerant Type 
Boiling 
Point @ 

1atm 

Global 
Warming 
Potential 

Ozone 
Depleting 
Potential 

Vapour 
Type Reference 

R747 (CO2) -78.5 1 0 Wet [20] 
R 123 27.9 0.02 0.016 Dry [17] 

R 717 (Ammonia) -33.34 0 0 Dry [18, 21] 
R 134a -26.1 0.26 0.02 Wet [18, 19] 

R 718b (Water) 100 0 0 Wet [22, 23] 
R 141b 32.1 1.2 0 Dry [24] 
R 600a -0.5 <10 0.043 Dry [25, 26] 
R 142b -9.2 0.36 0.06 Dry [27, 28] 
R 290 -42.1 3 0 Wet [25] 

 

  2.3 Supersonic Jet Pump (Shock-free Ejector) 

Supersonic Jet Pump is a shock-free ejector, which works on the principle of 

constant rate of momentum change method (CRMC) as presented by Eames [10], 

which states that the supersonic jet pump has a pressure lift ratio (PDE/Pe) 50% 

greater than that of a conventional ejector system with same entrainment ratio. The 

conventional ejector experiences a shock phenomenon. 

Supersonic Jet Pump uses a CRMC method, which produces an ejector profile that 

removes the shock process at design conditions experienced in the conventional 

ejectors. This method allows the momentum to change at a constant rate enabling 

static pressure to rise gradually from entry to exit of the diffuser (ejector) eliminating 

total pressure loss due to shock and leading to better COP. Figures 2.2 and 2.3 show 

the ejector profile and static pressure.  
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Figure 2.2: Comparison between Conventional and CRMC ejector profile by Eames 

[10]. 

 

Figure 2.3: Comparison between Conventional and CRMC static pressure by Eames 

[10].  

  

2.4 Relationship of Ejector Performance and Boiler Temperature 

Boiler temperature and pressure is considered an important factor in the steam jet 

refrigeration system as it has direct effect on the performance of the Ejector. It was 

observed from the results published by Chunnanond et al. [29] that lower boiler 

temperature can improve the  COP of the system at the expense of critical condenser 

pressure. 
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Figure 2. 4: Effect of Boiler Temperature on COP from the work of Chunnanond et 

al. [29] 

Results published by Srisastra et al. and Ruangtrakoon et al.[14, 30] also reported 

that decreasing boiler temperature decreases the critical condenser pressure but 

increases the entrainment ratio as shown in Figures 2.4 .  

It was also noted from the work of Chunnanond et al [29] that lower boiler 

temperature resulted in lower primary mass flow and thus low angle of expansion. 

This results in longer entrained duct as shown in Figure 2.5 resulting in moving the 

effective position towards the condenser and entraining additional secondary flow 

with greater COP, however reduced mixed flow momentum attracts the shock 

position to move upstream resulting in lower critical condenser pressure. 
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Figure 2.5: Diagram showing the entrainment zone, Expansion Angle and Effective 

Area [29] 

 

2.5 Effect of Area Ratio 

Area ratio (Areaejector throat/ Areanozzle throat) is an important non- dimensional 

parameter, which affects the performance of an ejector. It is known that increasing 

the area ratio while keeping the primary and secondary pressures constant gives a 

greater rate of secondary flow. It is because it enables the formation of longer 

entrained duct that enhances the suction of secondary flow but since the compression 

flow is constant, the ejector is unable to compress the mixed flow to higher discharge 

pressure. According to Varga et al.[31], increasing of area ratio results in an increase 

in the entrainment ratio but decreases the critical condenser pressure and thus it is 

believed that an optimal value should exist. In addition, it was presented by Huang et 

al [32] that entrainment ratio can be improved by raising the primary flow pressure 
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with a matching ejector having higher area ratio where optimal position should 

always be maintained. 

Yapici et al.[16] found using experimental method and R123 refrigerant that the area 

ratio increases linearly with boiler temperature and also concluded that there is an 

optimum boiler temperature for a given area ratio where maximum COP will be 

achieved. Jia et al. [33] using R134a presented similar results stating that COP 

depends only on area ratio. 

 

2.6 Effect of Evaporator Temperature on Ejector Performance  

Evaporator temperature also has a direct effect on ejector performance. It was noted 

that as the evaporator temperature increases, the COP and condenser pressure 

increase. Work published by Rogdakis at al. [7] also presented similar results. It was 

also concluded that higher evaporator temperature leads to higher mixed flow 

temperature and this temperature rise helps to lower the specific volume (vg) thus 

helping in the compression process which results in better performance of the 

system.  

 

2.7 Effect of Condenser Temperature on Ejector Performance 

Condenser temperature also plays a vital role in steam jet refrigeration system and 

thus affects the ejector performance directly. The increase in condenser temperature, 

which happens without altering cooling (evaporator) load, leads to decrease in COP. 
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Figure 2.6: Relationship of Evaporator Temperature and Condenser Pressure from 

the work published by Pollerberg et al. [1]. 

 
In addition, as condenser pressure increases in a system with a fixed boiler and 

evaporator temperature, it approaches a point, which is called critical condenser 

pressure as shown in Figure 2.7. Further increase in condenser pressure than this 

critical point leads to unchoked flow which results into reduction of COP and 

approaches reversal flow into the evaporator if the condenser pressure is increased 

further. 
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Figure 2.7: Operational characteristics of an ejector [29] 

An ejector system operating below critical condenser pressure will have its COP and 

cooling capacity constant. However, increase in condenser pressure leads to shift in 

shock position inwards towards the mixing chamber without affecting the COP and 

entrainment. The location of shock process always varies with condenser pressure. 

Further increase in condenser pressure beyond a critical point leads to a shock 

moving towards mixing chamber interrupting the entrainment and mixing process of 

primary and secondary streams, which is reported in the work published by 

Chunnonand et al. [29, 34]. 

 

2.8 Effect of Ejector and Primary Nozzle Geometry on Performance 

Ejector geometry is also critically important as it dictates the performance of the 

ejector similar to other parameters. CFD analysis was carried out by Sriveerakul 

et al [35] on effect of variation in primary nozzle diameter, variation in mixing 

chamber inlet diameter and difference in ejector throat length on the 

performance. 
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It was noted as seen in Figure 2.8 that as the primary nozzles throat diameter 

increases, a larger jet core, which has higher momentum, is produced. Thus, a 

smaller amount of the secondary fluid is entrained through the resultant smaller 

effective area [1]. This also reduces the entrainment ratio but there was a noted 

increase in critical condenser pressure enabling the ejector to work at a higher 

condenser pressure. 

It was also observed that as the primary nozzle throat diameter increases, the 

shock position in the diffuser also shifts towards the exit of the diffuser. This 

pattern was also recorded by Ruangtrakoon et al. [36] from numerical analysis. 

Cizungu et al. [37] also stated using ammonia as the working fluid that as the boiler 

temperature increases the optimum primary nozzle throat diameter decreases. 

 

Figure 2. 8: Effect of different primary nozzle size [35] 

Figure 2.9 shows the flow behaviour when mixing chamber’s inlet diameter is 

varied. It has been observed that as the inlet diameter of the mixing chamber is 

increased, the shock position largely remains unchanged as seen as points H and K. 

This also indicates that they can have equal entrainment ratio. While on the other 

hand, constant area mixing ejector, J, the flow structure is found to be different from 

those found in converging duct mixing ejector H and K.  It can be seen that small 

inlet diameter has flow with large expansion angle leading to small-entrained duct as 

shown in Figure 2.5b resulting into less entrainment. 
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Figure 2. 9: Effect of different mixing chamber inlet diameter [35] 

Work published by Khalil et al. [38] also supports the claim of Sriveerakul et al [35] 

that as the area ratio (Areathroat/Areaejector) decreases the condenser pressure increases. 

Considering an ejector throat diameter is kept constant and primary nozzle throat 

diameter is varied, it is observed, that as the primary nozzle throat diameter is 

reduced, the entrainment duct becomes longer and leads not only to the increase in 

secondary flow entrainment but also leads to a decrease in critical condenser 

pressure.   

 

2.9 Effect of Primary Nozzles Exit Position on Ejector Performance 

Primary nozzle exit position can be described as a distance between bell-mouth entry 

of the ejector and nozzle exit. It is normally referred to as NXP in ‘mm’ and is 

classified as zero when the nozzle exit is right at the bell-mouth. Further into the 

ejector is classified as positive NXP and negative for otherwise [4]. Figure 2.10 

describes the NXP position. 

Shifting of primary nozzle into positive and negative directions has an impact on the 

ejector performance [4]. It is noted that the optimum position of the primary nozzle 

exit is within -10mm to 0mm which was also reported by  Chunnanond et al and 

Pianthong et al [29, 39] 
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Figure 2. 10: Primary nozzle exit position [4] 

 
Pianthong et al. [39] reported that higher entrainment can be achieved when NXP is 

moved outward from the ejector in the negative NXP direction. He explained that by 

moving the nozzle in the negative direction, the effective area in the ejector throat 

becomes larger which enhances the entrainment but only to an optimum position 

beyond which the performance will go down. 

Eames et al.[40], also concluded that nozzle position has a huge impact on the 

system’s performance. The authors presented that NXP of -5 provided the optimal 

performance and entrainment ratio were found to vary by as much as 40% by 

changing the nozzle exit position. In this study, the ejector was supersonic (designed 

by CRMC method) and working fluid used was R245fa. Varga et al. [41] and Zhu et 

al. [42] also presented similar findings using CFD analysis.  

 

2.10 Effect of Superheating of Primary flow on Ejector Performance 

Chunnanond et al [29] studied the effect of superheating the primary flow. It was 

found that superheating of primary flow does not have much influence on either 

the COP or the condenser pressure. Thus, it was noted that superheating of 

primary fluid has no other benefit than to prevent ejector damage caused by wet 

steam. 
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Chapter 3 Design Theory 

The performance of the ejector can be assessed by computing the mass flow rate of 

both fluids or by calculating the entrainment ratio. Entrainment ratio is the ratio 

between secondary and primary mass flow as defined in equation (1). 

                         (1) 

The final performance of the system is analysed by calculating the coefficient of 

performance (COP) which is given as: 

               (2) 

The power required by pump is considered negligible as it is typically less than 1% 

of the power required by the boiler and in this case, the setup is an open cycle thus 

equation (2) results in the following: 

                                  (3) 

Both the ejector setups were designed to operate with a boiler temperature of 90 °C 

and with same inlet conditions and using the design theory presented in section 3.1 

and 3.2, both the ejectors’ geometrical profiles were obtained. The two ejectors have 

different geometries and are not comparable in design theory. 

3.1 Design Theory of a Conventional Ejector  

The first ejector model was presented by Keenan and Neumann and was used to 

analyse air ejectors and was to the constant area only but later extended to include 

the constant pressure-mixing chamber and diffuser [43]. Eames et al [43] later 

included the irreversibility associated with the primary nozzle, mixing chamber and a 

diffuser based on the well-known steady flow energy equation, momentum and 

continuity equations as follows based on which this project was designed. 

Energy equation for an adiabatic flow: 
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        (4) 

 

Momentum equation: 

             (5) 

Continuity equation: 

                                  (6) 

The following assumptions were made in regard to the governing equation [43]: 

� Isentropic efficiencies were introduced to account for frictional losses. 

� The primary and secondary fluids were stationary initially. 

� At the primary nozzle plane where the primary and secondary fluids first 

meet, a uniform static pressure is assumed. 

� The mixing was complete before the normal shock wave occurred at the end 

of the mixing chamber. 

In order to find the Mach number of primary flow at the nozzle exit as shown in 

Figure 1.2 which is at supersonic speed, we applying equation 4 between i and ii to  

simplify it to equation (7) [7, 44-46] where,  is the efficiency of the nozzle 

                               (7) 

Applying the relation between pressure and Mach number, equation (7) can be 

written as: 

                         (8) 

Similarly, Mach number at ii for secondary flow can be written as: 

             (9) 
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The momentum equation (5) is applied for the mixing process from ii to v. It was 

assumed that the entire mixing of primary and secondary flows occurs between 

point’s ii and v at constant static pressure. Therefore, the momentum equation results 

into the following: 

                             (10) 

The relationship in equation (10) reflects full ideal mixing thus,  is introduced to 

reflect the efficiency of the entire mixing. 

                    (11) 

Therefore, equation (11) can be expressed in terms of Mach number as: 

                                         (12) 

Where, the relationship between  and  is written as: 

                     (13) 

Once the fluids are fully mixed and the mixed flow enters the constant area mixing 

chamber with a supersonic speed, a normal shock wave occurs which is irreversible 

leading to a sudden change in pressure and velocity. The shock occurring at v, 

increases the pressure and consequently decreases the Mach number to subsonic 

(below 1). Thus, the Mach number after the shock for the mixed flow is written as: 

                     (14) 

Therefore, the pressure lift ratio across the shock can be found as follows: 

                                                                                 (15) 

The shock process compresses the flow and once it enters the diffuser, it is further 

compressed and it is assumed that the velocity reduces to zero at the diffuser exit. 

Thus, the pressure lift across the diffuser can be written as: 
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                                                        (16)  

Using equations (8-16), the following design procedure was used to obtain the 

maximum diffuser exit pressure. 

1. Assume the initial value of pressure at  and  

2. Using equations 8 and 9, the Mach number for primary and secondary fluid 

are obtained. 

3. Then Mach number for mixed flow is calculated using equations 12 and 13 

4. Equation 14 is used to calculate the Mach number of mixed flow after shock. 

5. Equation 15 is used to find the pressure rise after the shock 

6. Finally, equation 16 is used to calculate further compression after shock as 

the fluid moves into the diffuser towards the exit. 

7. Thus pressure at diffuser exit  is obtained 

The steps 1-7 are repeated until the maximum diffuser exit pressure   was 

obtained. 

Once the required pressures are obtained, the cross-sectional area of the ejector and 

primary nozzle are obtained by equations that are well illustrated in literature [44-

47], and by Keenan et al. (in ref. [48]). The following equations are used to calculate 

the ratio of the following cross-sections as shown in Figure 3.1. Either the ejector 

throat diameter or the nozzle throat diameter is assumed to find the other areas. 

             (17) 

              (18) 
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              (19) 
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Figure 3. 1: Schematic view of the ejector cross-sectional area [48] 

 

3.2 Design Theory of a Shock-Free Ejector 

The shock free ejector is similar to conventional ejector, with the only difference 

being in its cross-sectional area along the diffuser. This ejector does not have any 

constant area region and does not have any convergent and divergent angles as 

shown in Figure 3.1. As proposed by Eames [10], this shock free ejector experiences 

a constant rate of momentum change (CRMC) when passing through the ejector 

where the static pressure raises gradually from entry to exit eliminating the total 

pressure loss associated with shock. 

This eliminates the shock process, which is experienced in the conventional ejector 

as this shock effect reduces the maximum pressure lift ratio that the jet pump can 

achieve. Thus, it is assumed that CRMC method in the shock free ejector will 

overcome this issue of pressure loss due to the shock experienced in the conventional 

ejector and will enhance the pressure lift and entrainment ratio. 

The following assumptions were made while designing the shock free ejector based 

on constant rate of momentum change method in regards to equation (20). 

                 (20) 
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1. The same fluid and state is assumed for both primary and secondary fluids 

2. The process is assumed to be ideal 

3. The pressures and temperatures of primary and secondary fluid together with 

entrainment ratio and primary mass flow rates are all known. 

4. The Mach number and velocity of the primary and secondary flows at the 

point of nozzle exit are known 

5. The primary flow nozzle exit and secondary flow static pressures are same. 

6. The mixed primary and secondary flow is compressed in the ejector region 

where, the flow reaches a Mach number equal to unity at the throat. 

Using the defined assumption above, the cross-sectional area at a particular point in 

x, direction within the ejector can be obtained.  In reference to Figure 3.2 below, the 

boundary conditions are defined as follows: 

 

 

Figure 3.2: Geometry of a shock-free ejector [10] 

 

The combined velocity of both the fluids at each point in the ejector between 

is obtained by solving equation (20) as follows: 

                (21) 
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The design value of  is kept small so that enhanced pressure is achieved at 

diffuser exit and to avoid pressure loss at diffuser exit [10]. Since the pressure is 

considered to be same the for primary and secondary flow at nozzle exit point, the 

value of , can be obtained using conservation of momentum principle as, 

                (22) 

The total temperature at , can be obtained using equation (23), 

                   (23) 

The static temperature at diffuser inlet can be obtained using equation (24), 

                  (24) 

Since it was assumed that, the entrainment was carried out at a constant pressure at 

nozzle exit of   the total pressure at the diffuser inlet is given by 

                  (25) 

It was assumed that the secondary flow is incompressible at entry to the entrainment 

region; the static pressure at nozzle exit can be obtained as 

                  (26) 

Therefore in order to find the cross-sectional area along the ejector at any point  , 

the static pressure and temperature needs to be obtained as follows 

                  (27) 

                  (28) 

Thus using equation (29) of mass flow [44], the cross sectional area is obtained as 
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                (29) 

Solving equation (29), to eliminate Mach number it can be written as 

               (30) 

Since  and  then,  equation (30) can be 

written as 

               (31) 

Alternatively, from the mass flow continuity equation, the diameter at point  can 

obtained as 

                  (32) 

 

3.3 Computational Fluid Dynamics 

Computational fluid dynamics is part of fluid mechanics, which utilises numerics, 

and algorithms to analyse and solve problems associated with fluid flows. Computers 

are utilised to achieve the calculations required to represent the behaviour of liquids 

and gases with surfaces defined by boundary conditions. 

It was noted that high-end computers with faster processors produce better solutions 

and with continuous improvements in the performance of computers, CFD has 

emerged as a valuable tool for analysis. Navier-Strokes equations form the basis of 

almost all CFD problems and is primarily used for flow based simulation, 

component design and process evaluation. As a design tool, CFD offers designs with 

greater reliability and repeatability with minimal cost and time when compared to 

actual experimental studies [49] . 
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In comparison to actual experimental fluid dynamics, CFD has the following major 

advantages: 

1. It reduces the time involved in design, development and testing 

2. More detailed and broad information are produced by CFD 

3. Simulates and produces flow conditions which are sometimes not possible in 

experimental tests 

4. Cost effective 

Thus, it becomes much easier to actually analyse and simulate the model using CFD 

before investing into real models. CFD has many tools but in this research project, 

ANSYS Fluent 14.0 was used to analyse and simulate the flow pattern in the ejector 

so that a detailed understanding could be obtained. 

ANSYS fluent software is a computer-based program that has the ability to model 

the fluid flow, chemical reaction and heat transfer in complex geometry [50]. 

ANSYS Fluent has many modelling capabilities and in this research, 2D 

axisymmetric model was used with hexahedral meshing.  

The non-linear equations were solved using “coupled” solver and the near wall 

function was left as “standard wall function” which gave comparable results. The 

flow was with ideal gas and was supersonic in the model and it was assumed 

turbulent compressible flow thus “realizable k-ε” model was selected to administer 

the turbulence characteristics of the system.  

3.3.1 Coupled Solver 

The use of a coupled approach offers some advantages over the non-coupled or 

segregated approach as the coupled solver achieves a robust and efficient single 

phase implementation for steady-state flows with superior performance compared to 

the segregated solution scheme. It was noted that the governing equations of 

continuity, momentum, energy, and transport are solved concurrently in the coupled 

solver. The coupled algorithm resolves the momentum and pressure based continuity 

equations together. The full implied coupling is achieved through an implicit 

discretization of pressure gradient terms in momentum equations and an implicit 

discretization of face mass flux [50]. 
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The iteration steps and procedure for coupled solver are shown in Figure 3.3 below:  

 

Figure 3.3 Coupled-solver solving procedure [49] 

 

3.3.2 Wall Treatment 

Presence of walls significantly affects the turbulent flows where it affects the mean 

velocity field through the no-slip conditions that has to be fulfilled at the wall but the 

turbulence is also changed by the presence of wall in important ways. Close to the 

wall, viscous damping decreases the tangential velocity variations, while kinetic 

blocking decreases the normal fluctuations. 

Standard wall functions are based on the work of Launder and Spalding [50], and 

this has been widely used in industrial practical flows. The law of the wall to 

calculate the mean velocity is expressed in equation (33) [50].  

        (33) 
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Where,   is the dimensionless velocity and can be expressed as equation (34) and 

 is the dimensionless distance from the wall and can be expressed as equation (35). 

      (34) 

       (35) 

The range of  values depend largely on the Reynolds number of the flow for which 

the wall functions are suitable. The lower limit falls in order of  ~15 and below the 

lower limit, the wall functions will weaken and the precision of the solutions will be 

compromised, however the upper limits depend on the Reynolds number [50].  

Standard wall function is provided as a default option in ANSYS Fluent and thus is 

used in this research. 

 

3.3.3 Realizable k-ε model for Turbulent flow 

A high velocity and high Reynolds number flow in which the velocity fluctuates 

with time is termed as turbulent flow. In this research, the primary fluid is at high 

speed when it exits the primary nozzle with a Mach number typically greater than 2, 

thus turbulent characteristics should be considered while solving this model. In 

respect to this, the realizable k-ε model was considered. 

 The realizable k-ε model comprises an alternative formulation for turbulent viscosity 

and has an improved transport equation for the dissipation rate of ε has been derived 

from an exact equation for transport of the mean-square vorticity fluctuation. These 

are the two important characteristics, which make the realizable k-ε different and 

substantially improved over standard k-ε model. Initial studies have shown that 

realizable k-ε model provides the best performance among all k-ε models thus this 

model was selected for this research [50]. 
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3.3.4 Compressible Flow 

Compressibility effects are felt when a gas is flowing at high velocity and in which 

there are large pressure variations. Compressible flow occurs when the Mach number 

of the fluid is typically greater than 0.3 [49]. When the flow velocity exceeds the 

speed of sound of the fluid, or when the pressure changes in the system are huge, it 

has a significant impact on the flow speed, pressure and temperature.  

Compressible flows can be characterized by the value of Mach number: 

                    (36) 

Where, c, is the speed of sound in the fluid and can be obtained as: 

         (37) 

Where , is the ratio of specific heats and R, is the individual gas constant. When 

Mach number is less than 1, it is termed as subsonic and when it is equal to 1, it is 

termed as sonic. When the Mach number exceeds 1, it is regarded as supersonic and 

may contain shocks and expansions which can greatly affect the flow pattern.  

The equation suitable for solving ideal gas model in compressible flow can be 

expressed as equation (38) where fluid density changes with respect to pressure and 

temperature.  

       (38) 

Where is the operating pressure, P is the local static pressure and  is the 

molecular weight. Compressible flows are defined by the standard continuity and 

momentum equation, which is solved by ANSYS Fluent. There is no special 

activation required for this model. ANSYS Fluent, which solves the energy equation 

correctly includes the coupling of flow velocity and static temperature and is 

activated whenever the compressible flow model is solved. 
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Chapter 4 Experimental Setup 

 

This work involves developing and constructing a steam-jet-refrigeration plant setup 

and testing it at different operating conditions using different geometries. However, 

the setup was designed for the boiler temperature of 90°C and was kept as simple as 

possible. It was constructed from materials readily available. The main components 

are boiler, evaporator, condenser, primary nozzles, and ejectors. 

 

Figure 4.1: Schematic view of the experiment prototype setup 

 

4.1 Boiler 

The boiler was constructed from 150mm diameter galvanised pipe and contains the 

bottom and top plate, which was, attached to the pipe with the use of 6 mm threaded 

rods. The thickness of the top and bottom plate was 6 mm. Rubber gaskets and 

sealant were used to avoid any leakage. The bottom plate was equipped with a 6 kW 

electric heater. The top plate contained thermocouple, pressure gauge, a ball valve, 

and a sight glass. 
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The water level in the boiler was measured with the help of a sight glass. The sight 

glass was made from 8 mm reinforced clear hose. The boiler has a total capacity 

22.08 L; however, to keep the heating element fully submerged, the working volume 

of the boiler was taken as 15L. 

 

Figure 4.2: Boiler Assembly 

The top plate was welded to a 25mm ID pipe through which the steam was directed 

to the primary nozzle and was controlled by the use of a ball valve. Figure 4.2 shows 

the boiler without insulations after leak test. 

 

4.2 Evaporator 

The evaporator was constructed from 150mm diameter galvanised pipe and a 10 mm 

bottom plate was welded to the galvanised pipe with a base leg. The bottom plate 

was equipped with a 3 kW heater, drain valve and a thermocouple. The top section of 

the evaporator was welded to a 100 mm galvanised T-piece with the help of a 

sandwiched 10 mm flange and contains a thermocouple and pressure gauge. The 

evaporator has a total capacity of 10.6 L but the working volume was taken as 5.3 L 
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in order to keep the heating element fully submerged.   Figure 4.3 below shows the 

partially insulated evaporator.      

The T piece was welded to 10 mm flanges on both sides to facilitate the mounting of 

the primary fluid inlet pipe and ejector. Between the flanges, a groove was created to 

allow insertion of rubber gasket to avoid leakage. 

 

Figure 4.3: Evaporator and T piece assembly 

4.3 Condenser 

The condenser was constructed from 150 mm diameter galvanised pipe with a length 

of 820 mm as shown in figure 4.4. It contained the end plates, which were welded to 

the pipe. The end plate contained the thermometer and pressure gauge. Inside the 

galvanised pipe were two 15 m wound coils constructed from 12.5 mm and 9.5 mm 

OD copper pipe respectively in which the condensing water flowed. 
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Figure 4.4: Condenser Assembly 

The end plate, which was at the far end of the condenser, also contained a ball valve 

to allow the draining of the condensed water into the reservoir tank via a 25 mm 

hose. The inlet of the condenser contained a flange, which allowed the mounting of 

ejector. Between the flanges, a groove was created to allow insertion of rubber 

gasket to avoid leakage.  

 

4.4 Primary Nozzle 

The primary nozzles were constructed from brass with dimensions as shown in table 

4.1 with respect to figure 4.5 below. It was connected to a 25 mm galvanised pipe, 

which was connected to a boiler via ball valve and welded with a flange, which 

secured a connection in the galvanised T-piece. The nozzles, spacers and the pipe 

were connected with the use of O-ring to prevent any leak. Figure 4.6 shows three 

primary nozzles after experimental tests. 

 

 

Figure 4.5: Primary nozzle details 
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Table 4.1: Primary Nozzle Construction Geometry 

Nozzle 
Number Do (mm) Dt (mm) De (mm) Lo (mm) Lt (mm) Le (mm) 

1 8 2 8 40 2 34.29 
2 8 3 11 40 2 28.57 
3 8 3.5 13 40 2 25.57 

 

 

Figure 4.6:  Primary Nozzle 

 

4.5 Ejector 

The conventional ejector was constructed from steel with an OD of 75 mm. It was 

connected to the galvanised T piece and condenser by using flange connections. The 

flange was equipped with O-ring to avoid any leakage. The ejector was machined 

into three pieces, as it was difficult to machine 475mm long convergent-divergent 

path as a whole piece.  
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Figure 4. 7: Conventional Ejector Assembly 

Once the bell-mouth inlet, convergent, throat and divergent sections were machined 

and developed, they were joined and welded together. At the two ends of the 

assembled ejector, the square plate with a thickness of 10 mm was welded to act as a 

flange to allow mounting to the T piece and the condenser entry. Figure 4.8 shows 

the profile of a conventional ejector. 

 

Figure 4.8: Profile of a conventional ejector 

On the other hand, the supersonic ejector was constructed with a method of casting 

according to the profile shown in Figure 3.2 and dimensions shown in table 4.2 

derived from use of equations (20-32). Since the profile was smooth with no constant 

area regions, it was difficult to machine the ejector profile using normal lathe 

machines. Thus casting of Lead was used to achieve the supersonic ejector profile 

where aluminium was used as a profile model. Further details on pressure 

temperature along the ejector, which was calculated using equations (20-32) is 

shown in Table A.1. The pressure and temperature at each point (x) defined the 

diameter of the ejector at that point. 
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Firstly, since the aluminium of desired dimensions was not available, the aluminium 

was cast and machined to form a desired profile on which the casting process of lead 

will take place. Figure 4.9 below shows the process (refer to Figure A.1 and A.2 for 

clarity). 

 

 

Figure 4.9: Casting mould and machining of aluminium  

 

Table 4.2: Dimensions of Supersonic Nozzle 

x (mm) DDX (mm) 
0.00 22.00 
10.00 21.36 
20.00 20.80 
30.00 20.30 
40.00 19.85 
50.00 19.47 
60.00 19.14 
70.00 18.85 
80.00 18.61 
90.00 18.41 

100.00 18.25 
110.00 18.13 
120.00 18.05 
130.00 18.01 
140.00 18.01 
150.00 18.04 
160.00 18.12 
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170.00 18.24 
180.00 18.40 
190.00 18.61 
200.00 18.87 
210.00 19.19 
220.00 19.57 
230.00 20.03 
240.00 20.57 
250.00 21.21 
260.00 21.97 
270.00 22.88 
280.00 23.98 
290.00 25.31 
300.00 26.97 
310.00 29.09 
320.00 31.90 
330.00 35.83 
340.00 41.83 
350.00 52.60 

         

The aluminium was cut into two pieces and machined into a convergent-divergent 

profile with no constant area region so that it could be removed from the solidified 

lead. It was polished to eliminate any roughness so that final cast lead ejector profile 

could have a smooth finish. 

Once the two model pieces were polished, it was joined as shown in Figure 4.10 and 

an outside casing was prepared from a 100 mm galvanised pipe to hold the lead 

during casting (refer to Figure A.3 and A.4 for clarity). 

Thereafter, the aluminium model was carbon coated with the help of blowlamp so 

that it could act as a non-bonding agent between the aluminium and molten lead. 

This allowed easy removal of the two parts in the opposite directions. Figure 4.11 

shows the carbon coated model and assembly inside the pipe (refer to Figure A.5 and 

A.6 for clarity).      
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Figure 4.10: Polishing of aluminium model and assembly 

 

 

Figure 4.11: Carbon coated model and assembly inside the pipe 

  

Once the aluminium was assembled inside the pipe, the molten Lead at 480°C was 

poured into the galvanised pipe until it was filled. The process of filling was kept fast 

to ensure that there was no bonding breakage between each pour. The Figure 4.12 

below shows the molten lead from the furnace, which was poured into the pipe and 

was machined (refer to figure A.7 and A.8 for clarity). 
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Figure 4.12: Profile Casting and Machining 

Once it was machined the end caps and aluminium profile were removed from the 

ejector, the square plates were welded to the galvanised pipe as shown in figure 4.13 

to help form a flange connection to the T-piece and the condenser inlet. 

 

Figure 4.13: Supersonic Ejector assembly 

 

4.6 Experimental Procedure 

Once the components were joined together, the boiler and evaporator were filled 

with tap water to a level near to the top of the sight glass. The vacuum pump was 

used to remove the air from the system to create the absolute pressure corresponding 
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to the tap water temperature in the system. Once the pressure reached the absolute 

reading and all air was evacuated from the system, the boiler ball valve was closed 

and the heater was turned on and allowed to reach the desired temperature. 

Once the required temperature was achieved, the ball valve was opened for 5 

seconds or so and closed while the vacuum pump was still in operation. This opening 

and closing of the valve was repeated 3-4 times to heat the pipe connected to the 

primary nozzle as well as to remove any uncondensed gas from the system. The 

evaporator, condenser, ejector and steam pipe after boiler ball valve are all connected 

to each other without any valves. Once the steam pipe was heated and all the air 

evacuated, the vacuum pump was switched off, the ball valve was then fully opened 

and the temperature and pressures in the condenser, and evaporator was recorded. 

There was a rise in the condenser temperature while the evaporator temperature was 

rapidly decreasing. The data loggers were turned on and the boiler and evaporator 

temperatures were controlled via variac. 

The manual readings of amperage, voltage, water level in the sight glasses were 

recorded including temperatures and pressures from the data monitor. For each new 

set up such as the position of the nozzle, different nozzle, the system was switched 

off, the flange were opened and changes were done and again the system was joined 

together and the air was evacuated from the system. This process was same for 

conventional and supersonic ejectors. 

 

Figure 4.14: Experiment prototype assembly 
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4.7 CFD Analysis  

CFD analysis was carried out using Fluent for conventional ejector using a 2D 

model. The analysis was carried out using air and the ideal gas compressible steady-

state axisymmetric form of the conservation equation is assumed to govern the flow. 

Axisymmetric form in CFD enables the 2D model to be solved in 3D as shown in 

Figure 4.15. The total energy equation was also included into the equations but the 

thermodynamics transport properties of air were held constant, because Heimedi et 

al. [51] claims that the influence of this is insignificant.  

The geometries and operating conditions were same as used in the experiments for 

the conventional ejector. The dimensions have already been described in table 4.1, 

Figures 4.5 and 4.8. The mesh was made of 3781 quadrilateral elements as shown in 

Figure 4.16 

 

Figure 4.15: Ejector developed for fluid modelling. 

 

 

Figure 4.16: Mesh of the CFD Model 
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As the flow is supersonic in the model, it was assumed turbulent compressible flow 

thus “realizable k-ε” model was selected to administer the turbulence characteristics 

of the system. It is noted that “realizable k-ε” is able to predict accurately the 

spreading rate of jet [35] and it also assists in providing better solutions for flows 

under strong adverse pressure gradient and separation [36]. The non-linear equations 

were solved using “coupled” solver and the near wall function was left as “standard 

wall function” which gave comparable result. Many published work [52-54] have 

used standard wall function and obtained comparable results. 

Grid independence was also studied in order to investigate the effect of mesh size on 

results. Six different meshes upto 11200 quadrilateral elements were constructed and 

tested respectively. The variable that was of interest was the entrainment ratio and 

from the result, the value started to converge from 3781 quadrilateral elements. 

Increasing the mesh element beyond this did not affect the result much. The 

entrainment ratio at 3781 quadrilateral elements was 0.227 and at 11200 

quadrilateral elements was 0.223. The difference is within 1.7 % hence, 3781 

quadrilateral elements were used for all simulations to reduce the simulation time. 

Boundary conditions were set for the faces. Entry to the primary nozzle and ejector 

were set as pressure inlet and the one leaving the ejector was set as pressure outlet. 

Boiler parameters were set for nozzle inlet, evaporator parameters were set for 

ejector inlet, and condenser conditions were set for ejector outlet and it should be 

noted that all values were assigned as the saturation properties for each operating 

region. 
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Chapter 5 Results and Discussion 

 

This section discusses the results obtained from experimental testing and CFD 

analysis. The focus was to operate, test, collect data and analyse the results by 

operating the conventional ejector with the boiler temperature below 120°C and the 

evaporator temperature below 15°C and compare the results with the supersonic 

ejector by operating at the evaporator temperature of 10°C. Since both the ejectors 

have different geometry and work on different theory, this section presents the fluid 

behaviour and performance of the two ejectors at different operating conditions. 

However, both ejectors were designed on same inlet conditions.  Different primary 

nozzles and ejector configurations were also tested to investigate the performance. 

 

5.1 Effect of boiler temperature on the performance of conventional ejector 

The boiler with a temperature below 120°C was used to test the performance of the 

conventional ejector at varying evaporating temperatures. It is noted (Figure 5.1) that 

decreasing the boiler temperature increases the COP but the critical condenser 

pressure decreased as well. It is believed that the decrease in the boiler temperature 

resulted in the creation of entrainment zone with smaller expansion angle leading to 

longer entrainment zone, which enhances the suction of secondary fluid. 

Chunnanond et al.[29] and Srisastra et al. [14] also reported that reducing boiler 

temperatures result in an increase in COP but lower critical condenser pressures. It 

was also deduced from Figure 5.1 that minimum temperature of 5 °C was achieved 

with a maximum COP of 0.208 at boiler temperature of 90 °C and at this point, the 

cooling capacity of the system was noted to be approximately 1 KW.  
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Figure 5.1: Performance comparison of conventional ejector at diffeent boiler 

temperature (Exp). 

Moreover, it is also noted from the CFD analysis (presented in Figure 5.2) that as 

boiler temperature increases, the entrainment ratio reduces because high boiler 

temperature leads to high angle of expansion of the primary jet from the primary 

nozzle. The behaviour of fluids in the ejector are shown in figures 5.3 and 5.4. It can 

be clearly noted that the jet with a high boiler temerature expands in the area 

downstream of the nozzle leaving less entrainment region between the primary fluid 

and the ejector wall, which results into drawing less of secondary fluid. 

 

 

Figure 5.2: Effect of boiler temperature on the entrainment ratio at different 

evaporator temperatures (CFD) 
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Figure 5.3: ISO Mach number contours at boiler temperature of 90°C 

 

In addition, it is believed that a defined condenser pressure and ejector profile dictate 

the total mixed flow rate into the condenser and as the boiler temperature increases, 

it leads to more mass flow rate of primary fluid thus, the entrainment of secondary 

flow is reduced to maintain the mass flow rate of mixed fluid into the ejector. 

Therefore, it is clear that appropriate boiler temperature can provide optimum 

entrainment ratio and in this analysis, 90 °C provides the optimum, which is the 

design boiler temperature. 

 

Figure 5.4: ISO Mach number contours at boiler temperature of 110°C for 

conventional ejector 
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Moreover, it is observed from CFD analysis (presented in Figure 5.5) that lower 

boiler temperature results in a shock formation inside the ejector resulting in an 

increased pressure and temperature and reduced Mach number. This enhances the 

condensation process but higher boiler temperature leads the system not to 

experience any shock inside the ejector and thus the pressure remains low, leading to 

lower condensing temperature affecting overall system performance. This was also 

observed from literature in ref. [36], that increasing the boiler temperature leads to 

moving the shock position towards diffuser exit. 

 

 

Figure 5. 5: Centreline Mach number along the conventional ejector (CFD) 

 

5.2 Effect of evaporator temperature on the performance of conventional 

ejector 

Evaporator conditions also dictate the performance of the ejector refrigeration 

system as in Chapter 2. CFD results as shown in figure 5.6 predict that for each 

boiler temperature, as the evaporator temperature increases, the entrainment ratio 

also increases. This is due to increased pressure difference between the nozzle exit 

and the evaporator. This pressure difference enhances the suction of the secondary 

fluid from the evaporator resulting in a higher entrainment ratio and better 
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performance. This is also noted from experimental results in figure 5.1, which show 

that an increase in COP is possible at the expense of evaporator temperature. It is 

also noted that a slight increase in evaporator temperature would increase both the 

COP and critical condenser pressure.  

Yapici et al.[55], Chunnanond et al.[29] and Chang et al.[6] also reported similar 

results where entrainment and critical condenser pressures increased as a result of 

increased evaporator temperature. 

 

 

Figure 5.6: Effect of evaporator temperature on the entrainment ratio for the 

conventional ejector at different boiler temperatures  (CFD) 

 

Figures 5.7 and 5.8 show the streamlines of secondary fluid and it is evident that 

higher evaporator temperature leads to clustering of streamlines near the wall of the 

ejector (convergent section) which lead to increased flow of the secondary fluid into 

the mixed region. The minimum velocity increased approximately by five times 

when evaporator temperature was increased from 10 °C to 15 °C. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

5 8 10 12 15

En
tr

ai
nm

en
t R

at
io

 

Evaporator Temperature (Deg C) 

90 Deg C
95 Deg C
100 Deg C
110 Deg C

Boiler Temp 



49 
 

 

Figure 5. 7: Secondary fluid flow at evaporator temperature of 10°C for conventional 

ejector. 

 

 

Figure 5. 8: Secondary fluid flow at evaporator temperature of 15°C for conventional 

ejector. 

 
 

5.3 Effect of nozzle throat diameter on the performance of conventional 

ejector 

Figure 5.9 shows that as the primary nozzle’s throat diameter decreases while 

keeping the ejector throat diameter constant, the COP of the system increases; 
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however, the boiler temperature corresponding to the maximum COP also increases. 

This indicates that as the throat diameter of primary nozzle decreases, it leads to a 

change in the entrainment zone leading to a variation in suction of the secondary 

fluid.  

In addition, it is also believed that smaller nozzle throat diameter restricts the 

primary flow therefore; the boiler temperature needs to be increased in order to 

maintain the optimum primary mass flow rate. During this process, the Mach number 

is increased leading to an increase in suction of secondary fluid resulting in overall 

increase in coefficient of performance of the system.  

This was also claimed by authors of ref. [1, 29, 35] that as the nozzle’s throat area 

increases, it creates a larger jet core with higher momentum resulting in a smaller 

amount of secondary fluid entrainment; therefore reduction in primary nozzles throat 

area results in the formation of a longer entrainment flow region leading to increased 

entrainment and thus higher COP.   

 

Figure 5.9 Effect of different primary nozzle on the system performance at constant 

condenser pressure (Exp).  

Furthermore, while comparing the entrainment ratio with COP, it is noted (Figure 

5.10) that as evaporator temperature increases, the entrainment ratio and COP also 

increased. The difference in COP and entrainment ratio is also observed. 
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Entrainment ratio is recorded to be higher than COP, which is due to the fact that the 

boiler and evaporator were suffering heat loss due to poor insulation of the system. 

Entrainment ratio predicts the ideal COP but in actual case, the system experiences 

many losses due to which the COP as shown in the figure turns out to be lower. 

 

Figure 5.10 Effect of evaporator temperature on COP and Entrainment ratio for 

Nozzle 1 (Exp) 

 

5.4 Effect of nozzle position on the performance of conventional ejector 
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Figure 5.11 Effect of nozzle position on ejector performance (Exp) 

 

Figure 5.12: Ejector performance at various nozzle positions (CFD) 
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shock positions shifted upstream. A shift in shock position also affects the critical 

condenser pressure. Chunnanond et al. [29] and Pianthong et al. [39] claim that 

slightly after shock position upstream results in lower critical condenser pressure and 

enhances the entrainment of secondary flow. In comparison, NXP of -20 mm has no 

shock present in the system and this indicates that the flow did not experience a 

compression and resulted in the significant declination in the performance of the 

system due to back flows experienced in the entrained region as shown in figures 

5.12, 5.13 and 5,14. 

NXP of -10 mm experienced highest COP with maximum shift in shock position 

upstream. The fluid also experienced uniform flow pattern, which assisted in 

improved entrainment of secondary flow as shown in figure 5.14. On the other hand 

at NXP of +10, despite the shock position being shifted inwards similar to NXP of -

10 mm, it is noted that the performance is poor and the secondary flow stream was 

not uniform and experienced a back flow. This could be due to restricted flow, which 

is a result of reduced inlet area of the secondary fluid. 

In addition, NXP of 0 mm has a shock position similar to NXP of 20 mm however; a 

significant difference was noted in the flow pattern. A flow circulation is noted at the 

nozzle exit at NXP of 0 mm whereas improved and smooth pattern was noted at 

NXP of +20 mm. Despite having smooth flow observed in NXP of +20 mm, a low 

entrainment was noted because shifting nozzle inwards restricts the flow of 

secondary fluid into the ejector due to reduced inlet area of the secondary fluid. 

 



54 

Figure 5.13: Flow behaviour and shock position at different NXP (units in mm, Tb =
90 °C and Te = 10 °C)
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Figure 5.14: Flow pattern at different NXP position (Tb = 90 °C and Te = 10 °C)
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5.5 Effect of area ratio on the performance of conventional ejector 

The area ratio Ad/At, affects the performance significantly as shown in Figure 5.15. 

As the area ratio increases, the COP of the system increases but at the same time the 

pressure lift ratio decreases. This indicates that a decrease in the pressure lift 

enhances the performance. Huang et al. [56] reported with the use of R141b 

refrigerant that as the area ratio increases the compression ratio (pressure lift ratio) 

decreases. 

 

Figure 5.15 Effect of area ratio on ejector performance (Exp) 

 

5.6 Effect of boiler temperature on performance of supersonic ejector  
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was not choking which results in fluctuation of mass flow rate and entrainment ratio. 

It was also noted from Figure 5.16 that minimum temperature of 10 °C was achieved 

with a maximum COP of 0.285 at boiler temperature of 90 °C and at this point, the 

cooling capacity of the system was noted to be approximately 1.4 kW.  

 In addition, it is noted from CFD analysis (Figures 5.18 and 5.19) that as the boiler 

temperature increases, the passage A (entrainment zone) reduces restricting the 

secondary flow into the ejector. This is because at higher boiler temperature, the 

supersonic jet forms a primary fluid jet with higher angle of expansion which blocks 

the passage A, leading to reduction in the entrainment ratio.   

 

Figure 5.16 Performance comparison of the supersonic ejector at different boiler 

temperatures (Exp) 

 

Figure 5.17 Performance comparison of supersonic ejector at different boiler and 
evaporator conditions (CFD) 
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Figure 5.18: ISO Mach number contours at the boiler temperature of 90°C for 

supersonic ejector (CFD) 

 

 

Figure 5.19: ISO Mach number contours at the boiler temperature of 110°C for 

supersonic ejector (CFD) 
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Furthermore, it can be seen from the CFD results (shown in Figures 5.18-5.20) that 

in supersonic ejector there is no shock experienced at the boiler temperature of 90°C, 

where the entrainment ratio was higher compared to the case where boiler 

temperature is 110°C where shock is experienced. The gradual reduction in the Mach 

number along the ejector can be clearly seen from the figure. Thus it is clear that 

supersonic ejector eliminates the shock phenomena experienced in conventional 

ejector; however if the boiler temperature is increased beyond the optimal value, the 

entrainment ratio of the system decreases and the system experiences the shock 

phenomena affecting the overall performance. Figure 5.21 shows ejector length and 

the centreline, which is used as a reference for Mach number presentation. 

 

Figure 5.20: Centreline Mach number along the supersonic ejector (CFD) 

 

Figure 5.21 Centreline and distance along the supersonic ejector 
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5.7 Effect of evaporator temperature on performance of supersonic ejector  

Evaporator temperature has great impact on the performance of the conventional 

ejector as shown in Figure 5.6, that for every temperature increase, the entrainment 

ratio also increased however, it was noted from the CFD analysis of supersonic 

ejector as presented in figure 5.22 that the evaporator temperature does not have 

significant impact on the performance. It was noted that as the temperature increases, 

the entrainment increases but does not increase linearly, instead fluctuations in the 

trend are noted. This result agrees with the experimental results shown in figure 5.16 

that as the operating conditions change, the entrainment ratio does not change 

linearly, instead a fluctuation is noted. 

 

 

Figure 5.22: Effect of evaporator temperature on entrainment (CFD) 
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in the conventional ejector is not experienced in the supersonic ejector, due to which 

the diffuser exit pressure of the supersonic ejector increases with increase in boiler 

temperature. 

 

Figure 5.23: Comparison of pressure lift ratio’s for the two ejectors 

 

Figure 5.24: CFD results of critical condenser pressure of conventional ejector 
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critical condenser pressure is higher; similar to what was noted from the 

experimental result.  

 

Figure 5.25: CFD results for the critical condenser pressure of the supersonic ejector 
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Figure 5.26: Comparison of CFD and experimental results  

 
The experimental and CFD results for the conventional ejector and supersonic 

ejector are presented in Figure 5.26. The CFD and experimental values for both the 

ejectors are within the difference of a maximum of 5.6% and an average of 4.18%, 

which agrees well with the errors reported by published works of [54, 58, 59]. This 

indicates that CFD can be used to predict the performance of the system and thus can 

be utilised to enhance the performance during initial design.  Li et al. [52] compared 

the experimental and CFD results with errors of up to 25%.  

 

5.8 Summary  
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observed: 

� The increase of boiler temperature in conventional ejector increases the 

critical condenser pressure but has adverse effect on the coefficient of 
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results in drawing of less secondary fluid. 
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� The fluid flow in the conventional ejector experiences the shock phenomena 

while operated at the optimum or design conditions but the same in not 

observed if there is any increase in boiler temperature while keeping the 

condenser and evaporator condition constant. 

� The increase in evaporator temperature increases the entrainment ratio. This 

is due to increase pressure difference between the nozzle exit and evaporator, 

which enhances the suction of secondary fluid. Also high evaporator 

temperature leads to smooth streamlines at the convergent section of 

conventional ejector, which was not observed in the low temperature.  

However, for supersonic ejector, the evaporator temperature does not have 

significant impact on the performance. 

� As the primary nozzles, throat diameter decreases while keeping the ejector 

throat diameter constant, the coefficient of performance of the system 

increases but the boiler temperature corresponding to maximum coefficient of 

performance also increases. 

� The optimum NXP for conventional ejector was noted to be -10 mm to 0 

mm. 

� As the area ratio Ad/At increases, the COP of the system increases however 

the pressure lift ratio decreases. This indicates that a decrease in pressure lift 

ratio enhances the performance. 

� The increase of boiler temperature in supersonic ejector increases the critical 

condenser pressure and decreases the COP but the COP did not decrease 

linearly. 

� It was observed in supersonic ejector that at design conditions (boiler 

temperature of 90 °C), the fluid did not experience any shock however 

increasing the boiler temperature to 110 °C resulted in shock. This also 

adversely affected the entrainment ratio. 

� The supersonic ejector, which operates with the principle of constant rate of 

momentum change (CRMC), performs better than the conventional ejector. It 
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was noted that the use of supersonic ejector enhances the pressure lift ratio by 

up to 40%. 

� The CFD model predicted the performance of the ejector system with a 

maximum error of 5.6%.  
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Chapter 6 Conclusions & Recommendations 

 

6.1  Conclusion 

 

The working setup of the steam jet refrigeration system was successfully designed, 

developed and tested experimentally and compared against a numerical model over 

boiler temperatures below 120ºC and this provides further understanding on the 

operations and behaviour of fluids in ejector systems. The system can operate with 

stability at boiler temperature as low as 90°C but an increasing boiler temperature 

increases the critical condenser pressure but at the expense of COP and this gives an 

indication that this type of refrigeration system can work well with low heat sources 

from solar or industrial waste. 

Reduction in primary nozzle throat diameter increases the COP; however the 

optimum boiler temperature leading to maximum COP is also increased because for 

every area ratio (Ad/At) there exist an optimum operating conditions which is 

important for any operation. 

Supersonic ejector has higher COP and critical condenser pressure than conventional 

ejector, which enhances its ability to operate well at low boiler temperature however 

changes in operating conditions makes its performance not conclusive and this 

feature limits its operation to well-defined operating conditions.   

The other factors such as evaporator temperature, position of primary nozzle position 

and area ratios also governs the performance of ejector refrigeration system; however 

pressure below critical condenser pressure has negligible effect of system 

performance and this indicates that the need for lower condenser cooling water well 

below the critical condition is not important to achieve better performance. 

CFD analysis provided clear understanding on the behaviour of fluids in both the 

ejector systems and validated the reasons for such behaviours, which was difficult to 

understand using experimental method. Thus, CFD analysis should be utilised when 

developing any system so that performance could be enhanced during design phase. 
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The conventional and supersonic ejectors were able to operate at a minimum 

temperature of 5°C with maximum COP of 0.208 and 0.285 respectively at boiler 

temperature of 90°C and the cooling capacity achieved was approximately 1 kW and 

1.5 kW respectively. 

Therefore taking into consideration the performance of the system at lower 

temperatures, there is a clear indication that this sort of system can operate well with 

the heat sourced from solar by using solar collectors, which is easily available in 

PICs at low cost and waste heat from factories, which is all typically below 120°C. 

 

6.2 Recommendations 

 

Supersonic ejector has proved to have superior performance however further study 

should be carried out using different design configurations so that detailed 

understanding on its performance could be achieved which was not conclusive in this 

study. 

Few studies have published the results of operating steam jet refrigeration system 

below 100 ºC and thus it is recommended to conduct more experimental and 

numerical studies on steam ejector systems below 100 ºC. 
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Appendix A – Pictures of forming supersonic ejector 

Table A.1: Dimensions and flow conditions of Supersonic Nozzle 

x (mm) Px Tx Vdx DDX (mm) rX (mm) 
0.00 881.74 220.33 646.49 22.00 11.00 
10.00 986.91 226.14 628.88 21.36 10.68 
20.00 1098.19 231.78 611.26 20.80 10.40 
30.00 1215.30 237.27 593.65 20.30 10.15 
40.00 1337.97 242.59 576.03 19.85 9.93 
50.00 1465.82 247.75 558.42 19.47 9.74 
60.00 1598.47 252.76 540.81 19.14 9.57 
70.00 1735.49 257.60 523.19 18.85 9.42 
80.00 1876.39 262.28 505.58 18.61 9.30 
90.00 2020.66 266.80 487.96 18.41 9.20 

100.00 2167.75 271.16 470.35 18.25 9.13 
110.00 2317.10 275.37 452.74 18.13 9.07 
120.00 2468.09 279.41 435.12 18.05 9.03 
130.00 2620.11 283.29 417.51 18.01 9.00 
140.00 2772.52 287.01 399.89 18.01 9.00 
150.00 2924.65 290.57 382.28 18.04 9.02 
160.00 3075.85 293.97 364.67 18.12 9.06 
170.00 3225.44 297.21 347.05 18.24 9.12 
180.00 3372.76 300.29 329.44 18.40 9.20 
190.00 3517.13 303.20 311.82 18.61 9.30 
200.00 3657.90 305.96 294.21 18.87 9.43 
210.00 3794.41 308.56 276.60 19.19 9.59 
220.00 3926.03 311.00 258.98 19.57 9.79 
230.00 4052.13 313.28 241.37 20.03 10.01 
240.00 4172.13 315.39 223.75 20.57 10.29 
250.00 4285.46 317.35 206.14 21.21 10.61 
260.00 4391.57 319.15 188.53 21.97 10.99 
270.00 4489.95 320.78 170.91 22.88 11.44 
280.00 4580.14 322.26 153.30 23.98 11.99 
290.00 4661.70 323.57 135.68 25.31 12.66 
300.00 4734.23 324.73 118.07 26.97 13.49 
310.00 4797.39 325.72 100.46 29.09 14.55 
320.00 4850.86 326.56 82.84 31.90 15.95 
330.00 4894.39 327.23 65.23 35.83 17.91 
340.00 4927.77 327.74 47.61 41.83 20.91 
350.00 4950.82 328.10 30.00 52.60 26.30 
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Figure A. 1: Formation of aluminium profile using casting process 
 

 

Figure A. 2: Machining of Aluminium profile 
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Figure A. 3: Machining one-half of the aluminium to form supersonic ejector profile 
 

 

Figure A. 4: Aluminium profile joined ready to go into casing 
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Figure A. 5: Aluminium profile carbon coated before put into casing 

 

Figure A. 6: Profile inserted into casing ready for casting 
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Figure A. 7: Lead-casting process – Lead was poured into the casing 

 

Figure A. 8: Casing machined to remove aluminium profile to get supersonic ejector. 
 

 

 


