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In order for the potential of ejector refrigeration systems to be realized for mobile 

applications, several important system level issues must be solved. One of the 

requirements placed on pulse refrigeration system operation is to operate satisfactorily 

under a wide range of compression ratios and entrainment ratio demands. Under some 

combinations of temperature, pressure and load, the stagnation pressure at which 

refrigerant is delivered by the ejector system is more than the stagnation pressure of the 

secondary inlet. Unless significant compression ratios are delivered, the ejector will 

serve no purpose, with potential catastrophic results and back flow. In this study, an 

analysis is shown which enables a designer to perform rapid-but-accurate CFD 

simulation of ejectors for design purposes; the method is to model the system using  

perfect gas assumptions by appropriately choosing scaled values of viscosity   and 

specific heat constant   . The analysis is design dependent, geometrical variations in 

the ejector design change the scaled parameters with respect to the perfect gas model. 

Initially a mathematical model for an ejector is developed using FLUENT and is 

compared to experimental results and the numerical model is validated. A design-

oriented approach is incorporated by changing the geometry and initial boundary 
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conditions. Results indicate that moderate to high compression ratio operation will most 

likely decrease the entrainment ratio. The operating parameters of non-ideal 

components and subsystems change under varying operating conditions, which 

imposes additional limitations on achieving higher compression ratios. The effect of 

generating equivalent parameters for perfect gas model has been studied by 

considering certain specific design and operating regime choices and analyzing their 

effect on the performance of ejector. The results of this portion of study indicate that the 

efficiency of the perfect gas model with minimal computational effort. The magnitude of 

this effect is however design dependent and should be taken into account when 

considering a specific arrangement. The perfect gas model employs the method in 

which we appropriately choose scaled values of viscosity and specific heat using the 

linear fit generated as a part of this analysis, however the effect is more profound for the 

operational regime where compressibility is high. 

 The significance of the study is that these findings can be used to guide the 

designer to obtain the best ejector system performance swiftly and with minimal 

computational effort. This analysis also predicts the performance of the system when 

operating conditions are different from the on design conditions. 
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CHAPTER 1 
INTRODUCTION 

The exhaustion of the world‟s coal and oil reserves and the effect of conventional 

energy methods on the environment have become major concerns for energy industry 

in recent years. The supply of fossil fuels is reducing day by day and growing tension in 

the Middle East has led to a huge increase in petrol prices. In addition, environmental 

studies have shown that fossil fuels are causing major increase in the     content of the 

earth‟s atmosphere. This creates a greenhouse effect which leads to higher 

temperatures and unwanted climatic changes. 

The global drive towards sustainable and renewable energy technologies has 

fuelled research in solar powered ejector refrigeration systems. It is evident that most 

ejector based systems, whether driven by solar or waste heat require the refrigerant to 

be circulated by an electric pump. Low-grade thermal energies are widely available from 

many sources such as vehicle engines, fuel cell stacks, industrial processes and solar 

radiations, etc. To recover these energies through ejector based refrigeration cycle 

benefits our society both economically and environmentally.  

The increased interest in space exploration, and the importance of a human 

presence in space, motivates space propulsion and thermal management 

improvements.  One of the more important aspects of the desired enhancements is to 

have lightweight space power generation capabilities.  Onboard power generation adds 

weight to the space platform not only due to its inherent weight, but also due to the 

increased weight of the required thermal management systems. This proposed work is 

a significant extension of previous projects, which relate to the analysis of an ejector 

based thermal management system. 
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The ejector refrigeration system was firstly developed by Maurice Leblanc in 1910. 

This refrigeration system utilized low grade thermal energy or waste heat instead of 

using electricity. The main advantage of this system is it has fewer moving parts i.e. no 

compressor is involved. It is therefore very low in wear and significantly durable. It is 

also suitable to operate using water as a refrigerant. However, it usually has a very low 

coefficient of performance and this becomes the critical issue and disadvantage of this 

system. 

Comparing to the typical refrigeration cycle or vapor compression cycle, it can be 

seen that the ejector, the boiler and the circulating pump are used to replace the 

compressor. The high pressure refrigerant, boiled in the boiler, is the primary fluid 

feeding to the primary nozzle. It then expands through the nozzle throat at supersonic 

speed and causes a low pressure area where it connects to the evaporator. Therefore, 

the refrigerant in the evaporator can boil and evaporate easily. The heat absorbed at the 

evaporator is the refrigerating capacity. The evaporated refrigerant is called the 

secondary fluid. The primary and secondary fluids are mixed and flow through the 

ejector to the condenser. The liquid refrigerant is pumped back to the boiler partly, and 

some portion is fed through the expansion valve and evaporator to complete the cycle. 

It can be seen that the refrigeration performance of the system depends much on the 

performance of the ejector to induce the refrigerant flow rate through the evaporator. 

In the present analysis a mathematical model for an ejector is being developed 

using numerical techniques provided by commercially available computational fluid 

dynamics package FLUENT. Initially geometry of the ejector is fixed considering 

appropriate scaling ratios from the literature and system requirements. Flow regime of 



 

16 

the ejector is simulated and the results are post processed to study the performance of 

the system. Geometry of the ejector is chosen such that the flow is always over 

expanded facilitating a series of oblique shocks exiting the nozzle in order to achieve 

high compression ratios. Flow field of the ejector is being examined under varying 

geometries and initial boundary conditions. In an effort to reduce the computational 

effort each time we perform a simulation incorporating a real gas model, an algorithm is 

being presented in this analysis which enables a designer to perform rapid-but-accurate 

CFD simulation of ejectors for design purposes; the method is to model the system 

using perfect gas assumptions and by appropriately choosing viscosity and specific heat 

constant of the refrigerant. Generation of this effective algorithm using the mathematical 

tools is the basic motivation of the current study. 
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CHAPTER 2 
DESIGN OF EJECTOR 

2.1 Description of System 

The ejector based pulse refrigeration system proposed by Brooks et al. [1] is 

shown in Figure 2-1.Primarily there are two loops, the outer driving loop and a cooling 

loop. Two boilers are powered by waste heat or solar thermal energy generating a 

sustained series of high pressure pulses by alternately isolating, pressurizing and 

pulsing refrigerant R134a through the system. For the engineering test loop, the boiler 

absorption plate operates at approximately 90°C.The ejector entrains a secondary flow 

from the cooling loop and provides the compression in the refrigeration sub-system. The 

condenser removes heat from the system reducing the pressure and provides slightly 

sub-cooled refrigerant to the boilers and the cooling loop.  

Initially, solenoid valves will direct the high pressure pulse of high vapor quality, 

through the ejector, entraining flow from the evaporator and producing a cooling effect. 

After a predetermined time, control software will toggle the solenoid valves to direct the 

remainder of the pulse through the outer driving loop to replenish the boiler.  

In the proposed pulse refrigeration system, the design and performance of the 

ejector is critically important. This part of report describes the design of vapor ejectors 

proposed for use in the pulse driven system running on refrigerant R134a. The ejector 

geometries designed for different mass flow rates are determined from an isentropic 

expansion analysis of R134a vapor using NIST RefProp data and geometric scaling 

ratios obtained in the literature. An assumption of pure vapor at the inlet to the ejector 

nozzle is being made as opposed to a two phase fluid as a part of this analysis. 
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Figure 2-1.  Layout of pulse refrigeration system. 

2.2 Description of Ejector 

The ejector consists of four components the nozzle at the primary inlet, the suction 

chamber housing the secondary inlet, the constant-area mixing chamber and the 

recovery diffuser. The primary motive flow isentropically expands and accelerates 

through the convergent-divergent nozzle to reach supersonic velocity. The low pressure 

region at the outlet of the nozzle is necessary to entrain the secondary flow. The two 

flows mix in the mixing chamber and the resulting stream regains pressure in the 

diffuser. 
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Figure 2-2.  Ejector design schematic 

 
2.2.1 Nozzle 

The nozzle is an essential component of the ejector, this allows the primary fluid to 

accelerate and assist in entraining the secondary flow from the evaporator; The Design 

of nozzle has a critical role in the working of ejector, a key design parameter is the 

nozzle exit to throat area ratio. Selvaraju et al. [2] designed miniature ejectors with 

nozzle exit to throat area ratios       of approximately 2.6. This is comparable with 

other literature which give ratios between 2.5 and 3.1.The converging and diverging 

angles of the nozzle are not well documented in the literature and do not appear to be 

key parameters. 

2.2.2 Suction Chamber 

The suction chamber houses the secondary inlet to the ejector. Area ratios 

comparing the secondary inlet to other ejector geometry were not available from the 

literature.  

2.2.3 Mixing Chamber 

The design of the mixing chamber depends on three key dimensional ratios (       

      and      . The area ratio of the mixing chamber to the nozzle throat        
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commonly ranges from 4 to 10.6. For optimal mixing of the two fluids to occur, the 

length to diameter ratio of the mixing chamber       is approximately 10 .The distance 

from the nozzle exit to the mixing chamber entrance (  ) is also important. It has been 

found experimentally that the        ratio is approximately 1.5 for best ejector 

performance. The inlet angle into the mixing chamber is not critical but often ranges 

from 22 to 34 degrees. These values are absorbed from the literature. 

2.2.4 Diffuser 

A pressure rise occurs in the diffuser due to the increasing cross-sectional area. 

The diffusing angle commonly ranges from 6.3 to 9.4 degrees. 

Two ejector designs are presented which are based on the expected inlet 

conditions upstream of the nozzle. Based on work by Brooks [1] et al. the expected 

mass flow rate of the pulse could be in the range of 0.002      to 0.01    . This 

depends on the boiler fill level and the duration of the pulse. An expected average pulse 

pressure of 14     is selected for the inlet pressure, and mass flow rate of 0.002      is 

delivered. 

2.2.5 Ejector Body Mixing Chamber and Diffuser 

Using the nozzle geometries and the ratios identified in Table 2-1, the mixing 

chamber and the diffuser geometries are calculated. The diffuser cone may need to be 

designed separately; however the internal geometries will remain the same. Table 2-1 

summarizes the proposed designs for the ejectors. The dimensions, angles and ratios 

can be used to derive further scaled versions of the ejectors for use with        A 

sample ejector body is shown in Figure 2-3 where in all the dimensions are specified. 
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Figure 2-3.  Ejector body for a 14 bar pulse and a mass flow rate of 0.002 kg/s  

 
Table 2-1. Ejector geometries 
 dt 

(mm) 
d1 

(mm) 
A1/At Nozzle 

converging 
angle 

Nozzle 
diverging 

angle 

Chamber 
Inlet 

Angle 

D3 A3/At L3/D3 Lx/D3 
 

Chamber 
diffusing 

angle 

A 0.7 1.2 2.94 30° 5° 30° 2.1 9 10 1.5 7° 

B 1.1 1.8 2.67 30° 5° 30° 3.3 9 10 1.5 7° 

 
 
 

 
 

 

 

 

Table 2-1 compares ejector designs from the literature to ascertain key 

dimensional parameters. 

2.3 Design Summary 

Two primary nozzle designs were developed for application in an ejector running 

on R134a. Geometric scaling ratios from literature were then used to complete the 

ejector designs. This analysis assumes that the fluid inlet condition to the ejector 

𝑑
t
  Nozzle throat diameter 

𝑑   Nozzle exit diameter 
𝐷   Mixing chamber Diameter  
𝐿3 Mixing chamber length 

𝐿𝑥  Distance from the nozzle outlet to the mixing chamber inlet 
𝐴  Nozzle exit area     

𝐴    Area of constant area mixing chamber    

𝐴𝑡 Nozzle throat area    
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primary nozzle is pure vapor, which may not accurately resemble the operating 

condition in a pulsed refrigeration system. Further investigation into two-phase 

conditions at the inlet of the ejector, including friction losses will result in a more 

accurate analysis. Computational fluid dynamics analysis is pursued to develop the 

design further and model the ejector in order to arrive at the best design of the ejector 

optimizing in between compression and entrainment ratios. 
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CHAPTER 3 
COMPUTATIONAL EJECTOR MODEL 

The software employed for the present work is FLUENT a commercially available 

CFD package, which is widely used in the turbo machinery industry to analyze flows in 

scrolls, volutes, compressors, water turbines, gas turbines, pumps, diffusers, rocket 

motors, pneumatic control devices, nozzles, cavities and ducts. The FLUENT software 

solves the 3-D Reynolds-Navier-Stokes equations for the mass-averaged velocity and 

the time-averaged pressure, energy and density.  The software is an integrated and 

complex Navier-Stokes fluid flow prediction system, capable of diverse and complex 

multi-dimensional fluid flow problems.  It uses a flexible, multi-block grid system, a 

graphical interface and several sophisticated modeling tools, especially for rotating 

machinery and combustion applications.  The fluid flow solver, FLUENT provides 

solutions for incompressible / compressible, steady state / transient, laminar / turbulent 

single-phase fluid flow in complex geometries.  

3.1 Benefits of Carrying out CFD Analysis 

3.1.1 Low Cost  

The most important advantage of computational analysis is its low cost. In most 

applications, the cost of a computer simulation is much lower than the cost of a 

corresponding experimental analysis. This can reduce or even eliminate the need for 

expensive or large-scale physical test facilities. 

3.1.2 Speed 

A computational investigation can be performed with remarkable speed. A 

designer can study the implication of hundreds of different configurations quickly and 

choose the optimum design process; rapid evaluation of design alternatives can be 
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made. On the other hand, a corresponding experimental investigation would take a long 

time. 

3.1.3 Complete Information 

A computer solution to a problem gives detailed and complete information. It can 

provide the values of all relevant variables such as velocity, pressure, temperature, 

concentration, turbulence intensity throughout the domain of interest. This provides a 

better understanding of the flow phenomenon and the product performance. For this 

reason, even when an experiment is to be performed, there would be great value in 

obtaining a companion computer solution to supplement the experimental information. 

3.1.4 Ability to Simulate Realistic Conditions 

In theoretical calculation, realistic conditions can be easily stimulated. There is no 

need to resort to small scale models. Through a computer program, there is little 

difficulty in having a very large or very small dimension, in treating very low or very high 

temperatures, in handling toxic or flammable substances, or in following very fast or 

very slow processes. 

3.1.5 Ability to Simulate Ideal Conditions 

A prediction method is sometimes used to study a basic phenomenon, rather than 

a complex engineering application. In the study of phenomenon, one wants to focus 

attention on a few essential parameters and eliminates all irrelevant features. Thus 

many idealizations are desirable for example: two dimensionally constant densities an 

adiabatic surface of an infinite reaction rate. In a computation approach, such conditions 

can be setup with ease and precision, whereas even careful experimental can barely 

approximate the idealization. 
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3.1.6 Reduction of Failure Risks 

CFD can also be used to investigate configurations that may be too large to test or 

which pose a significant safety risk including pollutant spread and nuclear accident 

scenarios. This can often provide confidence in operation, reduce or eliminate the cost 

of problem solving during installations, reduce product liability risks. 

3.2 Steps for CFD Analysis 

The basic steps involved in performing this simulation are  

1. Identifying the flow domain and physical processes. 
2. 2-D modeling and generating grid for the flow domain. 
3. Specification of boundary conditions and initial guess. 
4. Selection of solver parameters and convergence criterion. 
5. Post processing and analysis of CFD results. 

 
The ejector is modeled and analysis is carried out by following the above steps. 

3.3 Identification of Flow Domain  

It is required to understand the exact flow domain thoroughly before the 

construction of the grid. Present geometry has 2 pressure inlets, one pressure outlet 

and the geometry is  being modeled as an axisymmetric case in order to reduce the 

computational effort as the geometry is symmetrical about the central axis. Flow domain 

has boundary layer growing on the walls of the geometry and an interior boundary layer 

on the walls of convergent-divergent nozzle. The flow analysis through any component 

under consideration will be having a flow entry zone as well as the exit zone; in the 

present case we have two entry zones and one exit zone. Thus the flow within the 

components should be analyzed along with inlet and outlet passages, and with realistic 

boundary conditions imposed. 
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Figure 3-1.  Axisymmetric geometry of an ejector eith entry and exit zones 

Figure 3-1 shows the pressure inlets, the pressure outlet and the axis. As the flow 

passes in the flow passages past the walled boundaries, a considerable boundary layer 

growth takes place with resulting frictional losses. The boundary layer is generally very 

thin initially, but grows thicker, with possible flow separation when adverse pressure 

gradients exist. Modeling this area very carefully is essential to ensure correct pressure 

loss estimation. Thus sufficient number of grid lines within this region are incorporated 

with an initial size of 0.001 and a growth rate of 1.10 to capture the boundary layer in 

detail as shown in Figure 3-2. 

 

Figure 3-2. Growing boundary layer in the near wall region at nozzle exit 

Secondary 
inlet Outlet 

Primary 
inlet 

Axis 

Nozzle throat 
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3.4 Grid Generation 

The mesh for the present geometry is generated using GAMBIT it also provides 

meshing capabilities for boundary layer and the grid is subsequently imported into 

FLUENT and solved. GAMBIT is designed for the creation of high quality computational 

meshes for two dimensional geometries. Predefined grid topology templates are used to 

minimize grid setup time and optimize the mesh for the given application.  GAMBIT 

enables the user to generate computational grids quickly through the automatic 

management of grid topology, periodic boundary conditions and grid attachment. The 

geometry is shown in two-dimensional view with growing boundary layer in Figure 3-2. 

3.5 Meshing Procedure 

3.5.1 Importing Coordinates 

In GAMBIT, points can be created by specifying the coordinates, namely the x, y 

and z coordinates. But if the numbers of points are more, specifying the coordinates of 

each of these points becomes highly tedious. Instead, all the points can be imported 

into GAMBIT at once in the form of a text document (*.txt). This test document contains 

the number of points in the first row followed by the x, y and z coordinates of the points. 

Ejector geometry is constructed in gambit by importing the coordinates in a text 

document which is generated manually by analyzing the geometry of the ejector. 

3.5.2 Creation of Edges 

The points imported are joined to form edges. In GAMBIT, points can be joined 

using straight lines or smooth curves. There are many kinds of curves that can be 

employed namely Conics, nurbs, lines etc. and in this study we use lines to join the 

points. Each of the points is to be selected in a systematic manner for the desired edges 
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to be created. If the points are not sequentially selected, inappropriate or irregular 

edges are created.  

3.5.3 Creation of Faces 

In general, a face can be created by sweeping an edge along an axis or revolving 

it about an axis. In GAMBIT, faces can also be created by selecting the already formed 

edges in a sequential order clock-wise or anti clock-wise. Face formation can be 

confirmed by noticing a change in color from yellow to blue.  

3.5.4 Creation of Volumes 

Volume generation in GAMBIT can be done in different ways. Volume can be 

created by sweeping a face along a direction, revolving a face about an axis or stitching 

the faces in a sequential manner. The volume generation can be confirmed by noticing 

a change in color from blue to green.  

 For volume generation in case of Turbo machinery, there is a special feature 

called TURBO in GAMBIT. This feature creates periodic boundaries and breaks down 

the component into smaller similar elements. Now the analysis of one of these elements 

when integrated over the entire volume gives us the analysis of the complete 

component. 

3.5.5 Meshing  

The entire volume is divided into innumerable small finite number of elements. 

This process is called meshing and the grid generated is called a mesh. Meshing gives 

us a scope to study the behavior of various parameters such as pressure, velocity etc at 

each of these elements. The finer the mesh the better is the scope for analysis since it 

gives us more number of points to study the behavior of parameters.  
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In GAMBIT, the mesh elements can be of two types namely trigonal and 

quadrilateral. To create a mesh, either the element count number or the element size 

can be specified. Gambit also provides us with size functions which allow us to control 

the size of mesh for the geometric edges, faces and volumes that are meshed. Size 

functions control the mesh characteristics in the proximity of the entities to which they 

are attached. Size functions control the following properties. Maximum mesh element 

edge lengths fixed-type size function. Angles between normal‟s for adjacent mesh 

elements curvature-type size function. Number of mesh elements employed in the gaps 

between two geometric entities proximity-type size function 

 
From the above size functions the fixed size function has been used in meshing 

the ejector so as to capture the effect of boundary layer in the flow domain effectively. 

This allows us to have a finer mesh, with relatively less number of mesh elements for 

the flow domain which helps in capturing the flow effectively. 

 

Figure 3-3. Meshed ejector geometry. 
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Figure 3-4. Zoom in view of the near wall region. 

The geometry of the ejector was developed using the scaling ratios from         

Table 2-1. The model employs a 2-D axisymmetric mesh including only the upper half 

portion of the ejector as seen in Figure 3-3, the ejector design was plotted in Gambit 

and a Quad-Map mesh was applied giving a total of 23742 cells. The mesh was then 

improved using the Thom-Mid smoothing tool in FLUENT. 

Once the mesh is generated, for assigning values during solving, various surfaces 

of the grid are given names for easy understanding as primary inlet, secondary inlet, 

outlet, axis and wall. The type of boundary conditions and the continuum type are also 

specified. Finally, this meshed model is exported as      file in a format that can be 

directly read into FLUENT as a case file.  

3.5.6 Reading the Case and Grid Check 

First, the case file is read into FLUENT and its grid is checked for continuity and 

uniformity of the mesh. And the geometry is scaled appropriately into the required 

dimensions. Geometry is checked for negative volume which is an error if present. 

Nozzle throat 
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3.6 Solving 

3.6.1 Solvers  

Solving is an important phase in CFD analysis. The software used for solving in 

the present scenario is FLUENT a commercially available CFD tool. Two solvers are 

available in FLUENT Segregated solver and Coupled solver. 

 
In the present study, we use coupled implicit solver. Because the governing 

equations are non-linear, several iterations of the solution loop must be performed 

before a converged solution is obtained. Supersonic flow requires the use of the density 

based implicit solver. The third-order upwind discretization scheme is used for the 

momentum equations whilst a second-order upwind discretization scheme is used for 

the turbulent kinetic and turbulent dissipation energy equations. Method of absolute 

formulation for velocity is employed in order to calculate the velocities at different nodes. 

A Green-Gauss cell based gradient option is used for structured orthogonal grids, the 

gradient of a scalar at a given control volume centroid can be easily computed using the 

definition of the derivatives. The case becomes more complicated when general 

unstructured grids are involved. The usual approach is to make use of Green-Gauss 

theorem which states that the surface integral of a scalar function is equal to the volume 

integral over the volume bound by the surface of the gradient of the scalar function. 

These schemes ensure satisfactory accuracy, stability and convergence of the model. 

Turbulence modeling was done using the     model. The constants for the     

model were specified accordingly. Initially a general form of converged solution is 

obtained for the problem; then the solution is refined using effective wall treatment 

functions in the boundary layer and near wall regions. Figure 3-5 shows the modeling 
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parameters for turbulence. The convergence criteria is based on the residual value of 

the calculated variables which include the mass, velocity, turbulent kinetic energy and 

turbulent dissipation energy. In the present calculations, the threshold values were set 

to a      of the initial residual value of each variable. 

 

 

Figure 3-5. Turbulence model 
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The features of the CFD analysis on the ejector are summarized in Table 3-1. 

Table 3-1. Features of CFD analysis 

Number of cells 23742 
Mesh type Quad Map 
Smoother Thom-Mid 
Solver 2-D, Density based implicit solver 
Fluid Tetrafluroethane (R134a) 
Turbulence     Model, Standard wall function 
Model NIST Real gas model 
Numerics Absolute velocity formulation 

 
3.6.2 Convergence 

It is the point at which the solution no longer changes with successive iteration. 

Convergence criteria, along with reduction in residuals help in determining when the 

solution is complete. Convergence criteria are pre-set conditions on the residuals which 

indicate that a certain level of convergence has been achieved. If the residuals for all 

problem variables fall below the convergence criteria but are still in decline, the solution 

is still changing to a greater or lesser degree. A better indicator occurs when the 

residuals flatten in a traditional residual plot of residual value vs iteration. This point, 

sometimes referred to as convergence at the level of machine accuracy, takes time to 

reach, however, and may be beyond our needs. For this reason, alternative tools such 

as reports of forces, heat balances, or mass balances are used instead. In the present 

simulation convergence criterion is set to be      for all the variables. For each 

simulation, the solution is iterated until convergence is achieved such that the residue 

for each equation is less then      . In general, it is observed that the residue for the 

momentum equations, the turbulent kinetic energy and turbulent energy dissipation rate 

are well below     . And the continuity equation residue is below     , while the 

residue for the energy equation is below    . 
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3.6.3 Discretization  

The act of replacing the differential equations that govern fluid flow with a set of 

algebraic equations that are to be solved at distinct points is called discretization. Third 

order and second order discretization schemes are used in the current model 

depending on the importance of the property. The Pressure-Implicit with Splitting of 

Operators PISO scheme is used for pressure-velocity coupling. A second-order upwind 

scheme is adopted to discretize convective terms.  

3.6.4 Skewness  

It is the difference between the shape of the cell and the shape of an equilateral 

cell of an equivalent volume. Highly skewed cells can decrease accuracy and 

destabilize the solution. Cells skewness is reduced after exporting the mesh file into 

FLUENT. 

3.6.5 Residuals  

Residuals are the small imbalances that are created during the course of the 

iterative solution algorithm. This imbalance in each cell is a small, non-zero value that, 

under normal circumstances, decreases as the solution progresses. Each iteration 

consists of the following steps. 

Fluid properties are updated, based on the current solution. And if the calculation 

has just begun, the fluid properties will be updated based on the initialized solution. 

Three momentum equations are solved in turn using current value of the pressure and 

face mass fluxes, in order to update the velocity field. The velocity obtained in first step 

may not satisfy the continuity equation locally. A Poisson type equation for the pressure 

correction is derived from continuity equation and the linearized momentum equation. 

This pressure correction equation is then solved to obtain the necessary corrections to 
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the pressure and velocity fields and the face mass fluxes such that continuity is 

satisfied. When interface coupling is to be included, the source terms in the appropriate 

continuous phase equations may be updated with a discrete phase trajectory 

calculation. A check for convergence of the equation set is made. 

Above steps are continued until convergence criterion is achieved.  

Once the grid is checked, the solver is set to segregated and the viscous model     is 

selected.  

There are two well-known methods for numerically solving the set of governing 

equations, the finite volume and the finite element approaches. The governing 

equations for compressible fluid dynamics together with the initial and boundary 

conditions are solved using the density based solver to obtain a numerical solution. 

Using this solver, the conservation of mass and momentum were solved iteratively 

along with the coupled energy equation. 

3.7 Incorporating the Real Gas Model 

The simulation assumes that both the primary and secondary streams at the inlet 

to the ejector are in the gaseous phase.  The properties of R134a were obtained from 

NIST REFPROP and the corresponding state equations for the real gas model were 

activated manually as shown in Figures 3-6 and 3-7. A Helmholtz equation of state has 

been used for solving states and the energy equation is also incorporated to calculate 

the temperatures across the flow domain. 
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Figure 3-6. List of commands employed in FLUENT to activate real gas model 

 

Figure 3-7. List of commands employed in FLUENT to activate real gas model 
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3.8 Governing Equations 

The continuity equation for a 2D axisymmetric geometry is given in Eq. 3-1. The 

axial and radial momentum conservation equations are given by Eq. 3-2 and Eq.3-3, 

and combined in Eq. 3-4. 
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Where   is the axial coordinate,   is the radial coordinate,    is the axial velocity, 

   is the radial velocity and vz is the swirl velocity. The Turbulence     model is 

described in Eq. 3-5. The dissipation rate of the turbulence kinetic energy is given by 

Eq. 3-6. Constants:                                                         
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The above equations were solved using the finite volume method which is 

employed in the commercial fluid flow solver FLUENT 6.3. Moreover, three turbulence 

models Realizable     model Renormalization-group RNG     model and Shear-

stress transport SST     model, are tried out for solving the high velocity flow problem 

and then compared with the experimental results. The RNG     model is finally 

selected in FLUENT for its ability to better predict ejector performance than other 

turbulence models. The near wall treatment is treated with the standard wall functions, 

which gives reasonably accurate results for the wall bounded with very high Reynolds 

number flow. A third order muscle  iterative step scheme is used for the time marching 

of the momentum and continuity equations and second order discretization schemes 

are used for kinetic turbulence energy and dissipation rate. 

The time step is set up by a Courant–Friedrichs–Lewy CFL conditions. The time 

step is controlled by a specified maximum value for the Courant number. The Courant 

number Co is defined as  

  Vx

t
Co

/
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where Δx is the grid size and V is the fluid velocity. A maximum Courant number of 5 

was set in the present simulation and a variable time step based on the set Courant 

number was used.  At the beginning of calculations, it is set to 0.5 because the solution 

is highly non-linear, and it is increased up to 5 at the end due the full-implicit time 

discretization. Moreover, proceeding to in-depth analysis, a grid convergence study was 

performed to ensure overall mesh independent results. 

In this investigation, structured squared shapes of grids were used for all 

simulations. In the previous study of the authors, it was observed that grids whose 

aspect ratios are different from unity produce non-physical results.  

3.9 Boundary Conditions 

The boundary conditions are specified for stagnation pressure and stagnation 

temperature at the primary and secondary inlets and a static pressure for diffuser outlet. 

The diffuser outlet boundary condition is set up as a pressure boundary rather than a 

velocity boundary to avoid difficulties with backflow and to make sure the problem is not 

over specified. Since we are modeling a geometry which is cylindrical and is 

symmetrical about the central axis, the centerline is specified as the axis of the 

geometry. An outlook of geometry where boundary conditions are specified is shown in 

Figure 3-10. The working fluid of the model is Freon R134a. Its density is obtained using 

the ideal gas relationship. Other properties such as specific heat, thermal conductivity, 

viscosity and molecular weight are derived from R134a‟s real fluid thermodynamic 

properties provided in NIST. Boundary conditions of the primary flow and the second 

flow inlets are set as „„pressure inlet” condition, and the „„pressure outlet” condition is 

adopted on the outlet of the ejector. Pressure inlet specification is shown in Figure 3-8. 
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Figure 3-8. Example pressure inlet specification 

There are two wall regions in the present geometry, one is an interior wall 

encompassing the nozzle and the other is the outer case which covers the secondary 

inlet, mixed chamber and the diffuser. Wall is specified as a stationary wall with no slip 

shear condition and has zero roughness coefficient. Material for the wall is chosen as 

Aluminuium with  zero thickness and the heat generation rate being zero on the 

wall.Boundary conditions for wall are depicted in Figure 3-9. 

 

Figure 3-9. Wall specifications 
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Figure 3-10. Geometry of ejector indicating the boundaries. 

The simulation solves for the velocity flow field, pressure profile and entrainment ratio. 

Pressure ratios are chosen such that the entrainment ratio is greater than zero and the 

compression ratio is greater than 1. The inlet conditions to the ejector simulation are 

dependent on numerous factors; power input to the PRS boilers, pressure differential 

between the boilers    for a pulse to occur, and the effective cooling at the condenser. 

The ejector must be modeled as close to the expected operation of the refrigeration 

cycle as possible to ensure that the design is viable. 

The system pressure also resembles the initial pressure at the outlet of the ejector 

before the pulse occurs. Therefore the initial pressure at the ejector diffuser outlet is 

expected to be between 8 and 16     depending on the point in time of the cycle. The 

cooling loop and the condenser are in communication. The secondary inlet condition 

from the refrigeration loop is therefore dependent on the extent of cooling at the 

condenser and the conditions at the evaporator. Assuming that there is no load at the 

evaporator and that the expansion valve is fully open, the initial conditions follow from 

the condenser outlet. The refrigerant is sub cooled to 20.5   and has the corresponding 

system pressure which ranges from 8 to 16     depending on the point in time of the 

cycle. The pressure ratio 
     

    
⁄  is effectively equal to 1 and remains constant. 

Blue-inlets Red-outlet  Yellow-axilsline White-wall 
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A recommended set of initial values to the computational model is provided in 

Table 3-2 and caters for a range of possible    values. Simulating these input values 

will yield an operational envelope for the ejector and determine its effectiveness at 

inducing secondary flow.
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Table 3-2. Proposed boundary conditions. 
Primary inlet dP = 2 bar dP=4 bar dP=6 bar  

Initial diffuser 
outlet 

Initial secondary 
inlet 

Initial diffuser 
outlet 

Initial secondary 
inlet 

Initial diffuser 
outlet 

Initial secondary 
inlet 

P (bar) T (°C) P (bar) T (°C) P (bar) T (°C) P (bar) T (°C) P (bar) T (°C) P (bar) T (°C) P (bar) T (°C) 

12 46.3 10 39.4 10 20.5 8 31.3 8 20.5 - - - - 
14 52.4 12 46.3 12 20.5 10 39.4 10 20.5 8 31.3 8 20.5 
16 57.9 14 52.4 14 20.5 12 46.3 12 20.5 10 39.4 10 20.5 
18 62.9 16 57.9 16 20.5 14 52.4 14 20.5 12 46.3 12 20.5 
20 67.5 - - - - 16 57.9 16 20.5 14 52.4 14 20.5 
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3.10 Model Validation 

Flow entrainment to the ejector was extensively validated by the current authors in 

[1] using the numerical model developed in FLUENT.  

Table 3-3. Comparing experimental mass flow rate to simulated mass flow rate. 

Test Case Primary inlet 
pressure 

Secondary 
inlet pressure 

Outlet 
pressure 

Mass flow 
rate 
experimental 

Numerical 
model value 

1 10 bar 6bar 6.3bar 0.002kg/s  0.00173kg/s  

2 12 bar 8bar 8.4bar 0.005kg/s  0.00442kg/s 

 

 

Figure 3-11. Validation of model. 

 

The experimental mass flow rate is compared to the simulated mass flow rate for two 

cases with different primary and secondary inlet stagnation pressures keeping the 

compression ratio same. They were in good agreement with accuracy of 90%. The 
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slope of the trend line should be 1 in order for the perfect match of the experimental 

data when compared to the theoretical data. Slope of the trend line is 0.9 from the 

equation          –       of trend line generated. This comparison validates the current 

models performance with an experimental result. Now that mathematical model is in 

good agreement with the experimental results, this model can be used to perform 

simulations of on and off design conditions to optimize and select the best design 

conditions. 

The Mach number contours are plotted in Figures 3-12 a, b and c for ejector 

designed for a flow rate of 0.002    . The initial boundary conditions are set to 12     

for the primary pulse, 8     at the secondary inlet and varying diffuser back pressures 

of (a) 8 bar, (b) 8.5     and (c) 9    . An entrainment ratio of 0.255 has been observed 

for case (a). The shock wave for this case is captured as shown in the pressure spike of 

figure 3-14.Note that the code has the capability of handling transonic flow, as 

evidenced by the supersonic region in the primary nozzle, Figure 3-14. A pressure ratio 

greater than 1 results in backflow, shown in case (c). The simulation results are plotted 

in Figure 3-13 and show that the entrainment ratio is proportionally increased with a 

decrease in diffuser back pressure. This result indicates that the ejector is condenser 

limited; a sufficiently large condenser is required for the system to provide a lower 

ejector back pressure to aid entrainment. The results are checked for various properties 

to test for the correctness of the modeling approach. 
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Figure 3-12. Velocity profiles for a 12     pulse, secondary inlet pressure of 8     and 

back pressure of (a) 8    , (b) 8.5     and (c) 9    . 

Vortices are observed in the flow field when the outlet pressure is increased to 

values greater than the secondary inlet pressure resulting in zero entrainment. 

 
Figure 3-13. Graph of entrainment ratio vs. outlet pressure with the primary and 

secondary inlet pressures kept constant. 
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From the Figure 3-13 it is observed that entrainment ratio increases with a 

reduction in diffuser outlet pressure. Three plots are given for different pressure ratios 

as shown. In this figure each converged solution represents a point on the graph. 

 

 
Figure 3-14. Mach number plot along the axis of the ejector 

 A grid independency analysis has also been performed by coarsening the mesh to 

double the size and fine tuning it to half. Variation in the results was found to be less 

than 3% depicting that properties are independent of mesh. The number of cells in the 

model geometry was varied from 13582 to 54328 and simulated under the same 

conditions. The variation of x- velocity Mach number along the axis is plotted for 3 

different grids halving and doubling the grid node points. The results were found to vary 

within 3%, which indicates grid independence. The results for  intermediate grid used for 

modeling purpose is much closer to the grid which is finer, which indicates the grid 

convergence as the mesh  becomes finer, shown in Figure 3-15.The residuals were 



 

48 

also examined to ensure that the convergence is steady and no sudden variation is 

found in the convergence of the solution. 

 

Series1-grid1 Series 2 – grid 2 Series 3- grid 3.  

Figure 3-15. Variation of Mach number along the axis. 

3.11 Modeling Summary 

An ejector-based pulsed refrigeration system is described which can be powered 

by solar or waste heat. A CFD model was developed in FLUENT and results confirm 

flow entrainment to the ejector and the model is validated with the experimental results. 

The results also suggest that an optimally scaled condenser must be designed for the 

system to facilitate flow entrainment to the ejector. The careful design of the ejector will 
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enable the pulse refrigeration system to achieve active cooling at the evaporator without 

the need for an electric circulation pump. High quality computational effort is put in, to 

arrive at converged solutions. Now arises a need to develop a method which gives the 

same performance with minimal computational effort and negligible losses in the 

performance of the ejector. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

Now that the model has been validated with the experimental results, 

computational model with minor variation in geometry  is tested for various boundary 

conditions in an operational regime where the compressibility of       is in the range 

0.95~1 where in    specific heat constant is a very weak function of temperature. The 

geometry is now designed such that we rule out the possibility of shock in the nozzle. It 

is done by replacing the convergent divergent nozzle with a convergent nozzle only so 

as to have a series of oblique shockwaves compressing the flow. The results are 

presented in this chapter with velocity, pressure, temperature and turbulence intensity 

contours being discussed. 

4.1 Pressure Profiles 

The stagnation pressure contours across the ejector interior are shown for a base 

case where the primary stagnation pressure is 1.0Mpa, secondary stagnation pressure 

is 0.5Mpa and outlet static pressure is 0.5Mpa in Figure 4-1. This contour plot illustrates 

a decrease in stagnation pressure downstream of the primary nozzle exit due to the 

mixing of the two fluids. However there is rise in stagnation pressure of the secondary 

stream due to energy transfer between the two streams. Stagnation pressure is shifted 

along the ejector axis with an increase in primary flow temperature. The explanation of 

this phenomenon is that the momentum of the fluid increases with elevation of boiler 

temperature. An increase in momentum of the primary flow results in higher flow 

velocities and consequently the mixing process move downstream in the nozzle. Figure 

4-1 elucidates that the stagnation pressure of outlet stream is higher than the stagnation 

pressure of the secondary stream with positive entrainment, which is the desired result. 
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It is observed that decrease in static pressure as shown in Figure 4-2, is more 

prominent than decrease in stagnation pressure at the nozzle exit. The reason for this 

phenomenon is that the magnitude of velocity is higher at the nozzle exit which is at the 

expense of static pressure. 

  

 
Figure 4-1. Contours of total pressure. 

Pressure 
in Pascal 
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Figure 4-2. Contours of static pressure.  

 

4.2 Velocity Profile 

The velocity vectors across the ejector interior are shown for a base case where 

the primary stagnation pressure is 1.0Mpa, secondary stagnation pressure is 0.5Mpa 

and outlet static pressure is 0.55Mpa in Figure 4-3.The secondary fluid flow velocity is 

low at first, but speeds up as the two streams mix. A series of oblique shock waves 

Pressure 
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slows down the speed of the primary stream which results in increasing the pressure 

head. These shock waves are brought on by the non-uniform mixing of the two streams. 

The flow in the constant area duct is now at subsonic speeds and a diffuser at the end 

will help in gaining the static pressure. The ejector is now said to be operating in over 

expanded mode. 

 

 
 
Figure 4-3. Vectors of velocity. 
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4.3 Mach Number Profile 

A vector plot of the Mach number of the ejector is examined to investigate the 

expansion in the flow. The shock wave in this instance is pushed out of the primary 

nozzle, this is the reason for choosing this geometry of only a converging nozzle and is 

now located where the primary flow is dispersed into the ejector. The form of the shock 

wave has also changed from normal to the ejector axis or direction of flow to a more 

oblique shape. A diamond shaped series of shock waves and expansion waves can be 

seen downstream of the primary nozzle. The supersonic converging duct found after the 

primary nozzle exit plane extends a distance into the ejector and serves to entrain fluid 

from the evaporator. Mach number greater than one is observed at the exit of primary 

nozzle. The reason for this phenomenon can be explained as the pressure behind the 

nozzle exit is more than the pressure at exit, the flow tries to expand and forms 

hypothetical aerodynamic diffuser section at the exit of the nozzle which allows the flow 

to expand, hence the increase in Mach number. 
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Figure 4-4. Vectors of Mach number 

4.4 Temperature Profile 

The static temperature profile for the base case is shown in Figure 4-5.Initially the 

primary stream is at 373º K and the secondary stream is at 288º K which interacts to 

give a mixed temperature of 330º K. Temperature profiles are similar to that of pressure 

contours. 
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Figure 4-5. Contours of static temperature. 

4.5 Turbulence Intensity 

The turbulence intensity vectors are shown for the same base case in the Figure 

4-7.The magnitude of turbulent intensity is varying from a minimum of 0% to a maximum 

of 8% in the interaction regime. There is a region of higher turbulence intensity between 

the primary flow and secondary flow after the nozzle exit and it ultimately dies down as 

the flow enters into the mixing chamber. The reason behind this observation is the 
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viscous interaction between two streams, shear layers of primary stream are working on 

the secondary stream causing small eddies and vortices in the interaction region. 

 
 
Figure 4-6. Contours of turbulence intensity. 
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CHAPTER 5 
MODELLING OF EQUIVALENT PERFECT GAS MODEL 

In an effort to reduce the computational effort each time we perform a simulation 

using real gas assumptions, an innovative approach is being discussed in this chapter. 

Specific heat constant and viscosity are the two major factors that vary according to the 

temperature in the flow domain of the real gas model whereas these values will be kept 

constant in a perfect gas model. The computational effort and time that goes into a real 

gas model is of the order of ten times higher than that of a simulation with perfect gas 

assumptions. So in order to speed up the convergence, save time and to reduce the 

computational effort by lessening the complexity of the equations used, this approach is 

useful for the future designers. 

5.1 Algorithm to Estimate the Equivalent Viscosity 

The basic output of any converged solution in the present simulation is the 

compression ratio and the entrainment ratio associated with it, these two components 

together constitute the performance of the system. In the perfect gas model for a given 

set of boundary conditions that is for a given compression ratio, entrainment ratio is 

largely dependent upon the specific heat constant and viscosity. Holding these 

parameters as the key inputs we model the simulation. Some of the key steps involved 

are, 

Initially for a given set of boundary conditions a converged solution for real gas 

model is obtained. Entrainment ratio corresponding to the same is evaluated by post 

processing the results in FLUENT. Now the perfect gas model is switched on with an 

initial guess of viscosity and specific heat constant is made and the entrainment ratio is 

tabulated by varying the above key parameters. Now we search for such pair of values 
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of     and µ which gives the same entrainment ratio as that of the real gas model. Now 

that we have a family of    and µ, matching the performance of a real gas model, this 

combination is not unique. In order to make this combination unique, more in depth 

analysis is done by studying the sensitivity of these two parameters with respect to the 

entrainment ratio. In the operational regime of interest,    does not vary much and is a 

weak function of temperature which is validated from the superheated tables of R134 a. 

So the value of    is chosen such that it represents the value of the primary stream and 

an according value of µ is chosen which completes the pair and gives the performance 

of the real gas model. 

5.2 Linear Fit for   and    

From the super-heated tables of       refrigerant a line of least squares fit is 

made for   . Depending upon the temperature of the primary stream     value is 

calculated from the fit. 

Now let us assume µ depends upon the stagnation temperatures of the primary 

inlet secondary inlet ,stagnation pressure of primary inlet, secondary inlet , static 

pressure of outlet and specific heat constant    .A linear fit for   is generated using the 

following mathematical tool available in excel. 

5.3 LINEST 

This tool is used to generate the fit for µ with the normalized values of pressure 

and temperature. Briefing about LINEST it calculates the statistics for a line by using the 

"least squares" method to calculate a straight line that best fits your data, and then 

returns an array that describes the line. LINEST is used with other functions to calculate 

the statistics for other types of models that are linear in the unknown parameters, 
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including polynomial, logarithmic, exponential, and power series. Because this function 

returns an array of values, it must be entered as an array formula. 

The equation for the line is: 

           or 

                        (if there are multiple ranges of x-values) 

where the dependent y-value is a function of the independent x-values. The m-values 

are coefficients corresponding to each x-value, and b is a constant value. Note that y, x, 

and m can be vectors. The array that LINEST returns is {mn,mn-1,...,m1,b}. LINEST can 

also return additional regression statistics. 

Now our unknown y is the viscosity µ and the parameters it depends on 

are    
 ,    

  ,   
  ,   

 ,   and   . As discussed above, µ is fit as a linear combination of all 

the parameters stated from the data Table 5-2. 

Now the linear fit for µ can be written as 

  = 0.971058  
 +0.505967  

 +0.763564  
 +0.967391  

 -0.05024  
 -0.22698 

 from the coefficient matrix Table 5-3. 

Now a designer picks an operational regime and certain boundary conditions, the 

value of     is calculated from the superheat tables of        depending the primary 

flow temperature. The normalized pressure values are calculated by dividing the 

pressure with the critical pressure of       and the same exercise is done with the 

temperature. Corresponding values are input to the linear fit generated using excel in 

order to calculate the value of normalized viscosity. We get back the value of equivalent 

µ by multiplying it with the base of value of µ which gives the performance of the model. 
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Table 5-1. List of boundary conditions used to make the fit. 

         SNO    
          

      
            

   
           

   
1 1000000 600000 660000 373 285 
2 1000000 600000 650000 378 286 
3 1000000 600000 660000 368 287 
4 1000000 600000 650000 370 288 
5 1000000 500000 550000 373 289 
6 1000000 500000 550000 385 290 
7 1000000 500000 550000 390 290 
8 1000000 500000 550000 395 288 
9 900000 500000 550000 373 285 

10 900000 500000 540000 378 286 
11 900000 500000 550000 368 287 
12 900000 500000 540000 370 288 
13 900000 450000 495000 373 289 
14 900000 450000 500000 385 290 
15 900000 450000 495000 390 290 
16 900000 450000 500000 395 288 
17 800000 420000 460000 373 285 
18 800000 420000 450000 378 286 
19 800000 420000 460000 368 287 
20 800000 420000 450000 370 288 
21 800000 400000 440000 373 289 
22 800000 400000 440000 385 290 
23 800000 400000 450000 390 290 
24 800000 400000 450000 395 288 
25 700000 400000 450000 373 285 
26 700000 400000 440000 378 286 
27 700000 400000 440000 368 287 
28 700000 400000 450000 370 288 
29 700000 350000 390000 373 289 
30 700000 350000 385000 385 290 
31 700000 350000 390000 390 290 
32 700000 350000 385000 395 288 
33 600000 350000 390000 373 285 
34 600000 350000 385000 378 286 
35 600000 350000 390000 368 287 
36 600000 300000 330000 370 288 
37 600000 300000 335000 373 289 
38 600000 300000 333000 385 290 
39 600000 300000 330000 390 290 
40 600000 300000 332000 395 288 
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Table 5-2. Normalized parameters 

         
           

           
           

       *           
0.250 0.150 0.165 0.762 1.003 0.925 
0.250 0.150 0.162 0.764 1.016 0.900 
0.250 0.150 0.165 0.767 0.990 0.916 
0.250 0.150 0.162 0.770 0.995 0.925 
0.250 0.120 0.137 0.772 1.003 0.916 
0.250 0.120 0.137 0.775 1.034 0.925 
0.250 0.120 0.137 0.775 1.047 0.908 
0.250 0.120 0.137 0.770 1.060 0.900 
0.220 0.120 0.137 0.762 1.003 0.875 
0.220 0.120 0.135 0.764 1.016 0.825 
0.220 0.120 0.137 0.767 0.990 0.800 
0.220 0.120 0.135 0.770 0.995 0.816 
0.220 0.110 0.123 0.772 1.003 0.808 
0.220 0.110 0.125 0.775 1.034 0.825 
0.220 0.110 0.123 0.775 1.047 0.800 
0.220 0.110 0.125 0.770 1.060 0.816 
0.200 0.105 0.115 0.762 1.003 0.791 
0.200 0.105 0.112 0.764 1.016 0.800 
0.200 0.105 0.115 0.767 0.990 0.783 
0.200 0.105 0.112 0.770 0.995 0.800 
0.200 0.100 0.110 0.772 1.003 0.800 
0.200 0.100 0.110 0.775 1.034 0.791 
0.200 0.100 0.112 0.775 1.047 0.783 
0.200 0.100 0.112 0.770 1.060 0.775 
0.170 0.100 0.112 0.762 1.003 0.766 
0.170 0.100 0.110 0.764 1.016 0.758 
0.170 0.100 0.110 0.767 0.990 0.800 
0.170 0.100 0.112 0.770 0.995 0.766 
0.170 0.080 0.097 0.772 1.003 0.758 
0.170 0.080 0.096 0.775 1.034 0.775 

0.170 0.080 0.097 0.775 1.047 0.758 
0.170 0.080 0.096 0.770 1.060 0.766 
0.150 0.080 0.097 0.762 1.003 0.733 
0.150 0.080 0.096 0.764 1.016 0.716 
0.150 0.080 0.097 0.767 0.990 0.733 
0.150 0.070 0.082 0.770 0.995 0.725 
0.150 0.070 0.083 0.772 1.003 0.741 
0.150 0.070 0.083 0.775 1.034 0.716 
0.150 0.070 0.082 0.775 1.047 0.733 
0.150 0.070 0.083 0.770 1.060 0.708 
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Table 5-3. LINEST coefficient matrix 
-0.05024 0.967391 0.763564 0.505967 0.971058 -0.22698 #N/A 

0.18724 1.11982 2.866043 3.195672 0.408336 0.862776 #N/A 
0.895987 0.022655 #N/A #N/A #N/A #N/A #N/A 
58.57619 34 #N/A #N/A #N/A #N/A #N/A 
0.150327 0.017451 #N/A #N/A #N/A #N/A #N/A 

  

 
 
Figure  5-1. Histogram showing the variation using the linear fit and the actual values. 

Series 1 actual; Series 2 generated. 
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5.4 Verification of the Algorithm 

In order to prove the efficacy of the algorithm, it is tested for wide range of 

boundary conditions and the results are shown in the form of histograms in Figure 5-1 

showing the variation of calculated value with the actual value of normalized viscosity. 

 

 

Figure 5-2. Percentage error for 40 data points. 

Thirty six data points lie within a percentage error of 4% to 0% in the data sheet, 

which shows the accuracy of the linear fit generated using method of least squares. 

Figure 5-3 illustrates that the data fit generated for viscosity is 89.6% accurate. The 

trend line slope should be actually 1 in order for the experimental data to be in perfect 

match with the theoretical data, it is 0.896 from the equation of trendline shown. 
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Figure 5-3. Plot showing the trend line for the data points. 

 

From Figures 5-2 and 5-3, it can be concluded that we gain computational effort 

and time with minimal loss in performance of the system using this algorithm.
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CHAPTER 6 
CONCLUSIONS 

In this study an integrated and a balanced CFD-model study was presented for a 

supersonic ejector working with      . In this work, good validation results have been 

obtained for a wide range of operating conditions and were generally in a better 

quantitative agreement that those found in literature, especially for the off-design 

operation. A literature study was conducted to explain the phenomenon and behavior of 

the ejector in greater detail. The axisymmetric geometry of the ejector was modeled and 

tested for grid independencies and the solutions were validated by examining the 

convergence of the solution residuals. The outcome of a converged solution was 

studied and it was found that the simulation gave meaningful results, consistent with the 

theoretical operation and functioning of an ejector. Potential outcomes of this analysis 

are stated below 

1. A functional ejector is capable of operating under varying initial and boundary 

conditions in an operating regime of       where compressibility is high enough 
so that assumption of both streams being vapors is valid and it can replace a 
compressor in a vapor compression refrigeration system. 

2. Real vapor data and scaling ratios obtained from literature were used to design 

two prototype ejectors for the pulse refrigeration system running on      .  

3. A numerical model was then developed in FLUENT a commercial computational 
fluid dynamics package and is compared to an experimental rig, the results 
confirm flow entrainment in the ejector. Numerical model is validated. 

4. A CFD model for perfect gas flow regime was then developed in order to achieve 
highly efficient computation effort and more speed in convergence of results. This 
is compared to a real gas model with two parameters   and    held as the keys to 

the perfect gas model. 

5. Using the mathematical tools, an algorithm is designed to minimize the 
computational effort and the time that goes into real gas modeling with minimal 
loss in the performance. 
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6. Algorithm is tested and validated for the particular geometry of the ejector. The 
results were in good agreement with less than 3% loss in the performance of the 
ejector. 
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CHAPTER 7 
RECOMMENDATIONS FOR FUTURE STUDY 

Similar analysis and algorithms can be extended to different geometries of 

ejectors by varying nozzle exit position, converging angle, nozzle to throat area ratio 

and to different refrigerants as well. A good model for ejectors operating with 

refrigerants should take into account possible nucleation, growing of condensation 

droplets, metastable states, and should be consistent in terms of the mixture speed of 

sound. To our knowledge, there is no such works published in the open literature. A 

comparison can be made for a boiler inlet temperature equal to the evaporator inlet 

temperature in the boundary conditions, so as to have similar cooling loads at similar 

temperatures.  For the pulse refrigeration system configuration discussed in this paper, 

different refrigerants will be considered. It appears that a refrigerant with a higher critical 

temperature will allow for higher entrainment ratios and thus better system performance. 

A low critical point pressure is also desirable to allow for thinner pipe walls. This can be 

investigated at a higher order of magnitude. Flow field can be further made complex by 

incorporating two phase regime in the mixing chamber which makes the simulation 

more demanding and closer to reality. The model should be reconstructed in a full 3-D 

form and this should be compared with the axisymmetric geometry used in this study to 

compare the results. The turbulence model used for the iterative calculations can be 

changed to investigate the dependence of the solution on this. 
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