IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Karagiorgis, G. (1998). Flow modelling of scroll compressors and expanders.
(Unpublished Doctoral thesis, City University London)

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/7573/

Link to published version:

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.

City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

FLOW MODELING OF SCROLL
COMPRESSORS AND EXPANDERS

by

George Karagiorgis

A Thesis submitted to
The City University
for the Degree of
Doctor of Philosophy

August 1998

Department of Mechanical Engineering and Aeronautics

The City University
Northampton Square, London EC1V OHB.



To my family

I



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION .....

1.1 Introductory Remarks
1.2 Present Contribution ................

1.3 Thesis Layout .............c.oooneee.

CHAPTER 2: LITERATURE SURVEY

.................................................

.................................................................

..................................................

..................................................

..............................................

2.1 Introduction .........covvvvvvineiennns

2.2 COMPIessSOrs .ovveviviniiineiininnnn.

2.2.1 Aerodynamic Compressors ....

2.2.1.1 Centrifugal Compressors ..

2.2.2 Positive Displacement Compressors

2.2.2.1 Reciprocating Compressor

2.2.2.2 Screw Compressor

2.2.2.3 Scroll Compressor ..........

2.2.2.3.1 Working Process
2.2.2.3.2 Scroll Members ........

2.2.2.3.3 Principle Of Operation

2.2.2.3.4 Analytical Model .......

Suction Process ..........o.......

Compression Process

Discharge Process

Leakages .......c.cocevvevninninnns

2.3 Two Phase Expanders ..............
2.3.1 Scroll Expanders ................
2.3.2 Lysholm Total Flow Expander

..................................................

.................................................

.................................................

..................................................

...........................................

..................................................

............................................................

..................................................

.........................................................

..................................................

...................................................

..................................................

.................................................

.............................................................

.................................................................

.................................................

..................................................

..................................................

..................................................

10
12
12
13
14
17
18
19
22
24
25

11



2.3.2.1 City University And Lysholm Expander

2.3.3 Two Phase Turbines

2.4 Conclusions ...................

CHAPTER 3: QUASI ONE DIMENSIONAL FLOW MODELING

..................................

........................................................

........................................................

............

3.1 Introduction ..........eeeene..t.
32Theory «coovvvreiiiininnnnnnn.

3.2.1 Assumptions ...............

3.2.2 Conservation Equations ..
Energy Gain Due To The Gas Inflow
Energy Gain Due To The Gas Outflow

Heat Transfer ..................

Work Supplied .................

3.2.3 Gas Leakage ...............
3.2.4 Oil Injection ...............

3.2.5 Computation Of Fluid Properties
3.3 Results Of The 1-D Flow Modelling

3.3.1 Scroll Compressor ........

3.3.2 Scroll Expander ...........

3.4 Applications Of The Scroll Compressor - Expander
3.4.1 Cycle Proposed ............

3.4.2 The Proposed Model .....

3.4.3 Expander Characteristics

3.4.4 Compressor Characteristics

3.4.5 Combined Characteristics

........................................................

.........................................................

........................................................

........................................................

...............................................

.........................................................

........................................................

.........................................................

.........................................................

...............................................

................................................

.........................................................

.........................................................

........................................................

..........................................................

........................................................

......................................................

........................................................

31
31
32
32
32
33
34
35
35
35
37
38
39
39
53
58
58
59
60
60
61

v



CHAPTER 4: GEOMETRY AND GRID GENERATION .......c....ccooinn... 64
4.1 INtrodUCHION ...cuitinit it 64
O @ 1T ) 115 o PN 64
4.3 Theory of Grid Generation ...........ooviiieiiiiiiiiiiiiiiiiiii e 68
4.3.1 Algebraic Methods .........cccovviiiiiiiiiiiiiiiiii 69
4.3.2 Partial Differential Equation Methods .............c.ooviiiiiiiiinn 69
4.3.3 Adaptive Grids .....oovvuiniiiiiiiiiiiii 71
4.3.4 Moving Boundary Grids .........cocvviiiiiiiiiiiiiiiiiice e, 72
4.3.5 Computational Grids For Complex Geometry Domains ..................... 73
4.3.5.1 Multi Block Grids ......ccoiuiiiviiiiiiii e 74
4.3.5.2 Unstructured Grids .........cooeeiiiiiiiiiiiiini e 74
4.4 Development Of Grid Generation Code ...........cccovviiiiiiiniiiiiiinninninn, 75
4.4.1 Two Block Grid Generation Code ..........ccoovvviiiiiiiiiiiiniinn e, 75
4.4.2 Four Block Grid Generation Code .............coocvviviiiiiiiinnee, 80
4.4.2.1 Implementation of Transfinite Interpolation .....................ooie. 80
4.4.3 Mid-Planes Based Grid Generation Code ..............ocoovviiiiiiininene, 85
4.4.3.1 Implementation Of Non Uniform Distribution Functions ............... 89
4.4.3.2 Suction-Part Of Compression Process ..............oovvviiiiiininnennn. 93
4.4.3.3 Remainder Of Compression Process ..........ccoovvvieiivniniiiiinninninns 94
4.4.3.4 DISCharge PrOCESS ..evuutvnutenetiiteiitintenteraiteeirterieeerneenrneans 95
4.4.3.5 Inclusion Of The Inlet Pipe ........cocoiiiiiiiiiiiiiiiinii e, 95
4.43.6Use Of The Code .....oonvenminiiiiiiiiiiii i 98
CHAPTER 5: THREE DIMENSIONAL FLOW MODELING ................... 115
ST INrOAUCHION ..uuiuieiiii e e 115
5.2 ThEOTY vttt e e e e 115
5.2.1 Governing EQUations ..........ovieiiiitiniiiiiir oo 116
5.2.2 Mathematical Behaviour of Partial Differential Equations .................. 117



PAGE

5.2.2.1 Hyperbolic FIOWS ........ccoiiiiiiiiiiiiiiiii 119
5.2.1.2 Parabolic FIOWS ........ccooiiiiiiiiiii e 119
S22 13 EHIPC FIOWS . oouitieiii i e e, 119
5.2.3 Numerical Solutions To Partial Differential Equations ..................... 120
5.2.3.1 Finite Difference Method .........cc.ooiiiiiiiiiiiii, 120
5.2.3.2 Finite Element Method ..........c..coiiiiiiiiiiiiiiiiiie 121
5.2.3.3 Finite Volume Method ...........c.coooiiiiiiiiiiiiii e, 122
5.2.3.4 Comparison Of The Discretization Techniques .......................... 122
5.2.4 Pressure / Velocity Coupling Procedures .................o.oooo 124
5.2.4.1 Simple Algorithms ......c.oiiriiiieiiiii 125
5.2.4.2 PisSO AlZOTItRMS .....evviviiiniiiiiiiii 126
5.2.4.3 Pressure / Velocity Coupling Techniques ForFEMs .................... 127
5.2.4.4 Rhie-Chow Interpolation ..........cooevviiiiiiiiiiiiniiiiiiiinnennnne, 128
5.2.5 Advective Term Methods ........ccooeeiiiiiiiiiiiiiiiiiiii 128
5.2.6 Time Stepping Procedures .............coooviiiiiiiiiiiiiii 132
5.2.7 Solution Techniques For The Linearized Equations ......................... 133
5.2.8 Commercially Available Codes ............ccovviiiiiiiiiiiiiiii 134
5.2.8.1 CFX-FLOWZ3D (Code OVEIVIEW) ...coiviiiiiniieiiinieeiiiieeennneinens 135
5.3 Results Of The 3-D Flow Modelling ..........cccccoiiiiiiiiiiiiniiiiiiiiine 141
5.3.1 CED ANALYSIS «1vueuuteniiiiitiiiiiiiiiieee e et e ee 141
5.3.2 Thermodynamic Analysis ........ccoviviiiiiiiiiiiiiiiiiiiii e 147
5.3.2.1 Expander CharacteristiCs ............oovuvivuiiiiiniiiiiiiiiin, 147
5.3.2.2 Compressor CharacteristiCs ..........eovviiviiiiiiiiiiiiniiiiiiiiinnn, 149
CHAPTER 6: CONCLUSIONS AND FUTURE WORK .........c.ccocvvevevnnnnn. 216
6.1 CONCIUSIONS L.ttt iiie e et et e e e e e e ana, 216
6.2 Future WOtk ..........ooiiiiiiiiii 218

VI



APPENDICES:
APPENDIX A: GEOMETRY .....cccoviviiiiiiiiiiit i, 220
AT INErodUCHION ....uieit i e 220
A.2 Geometry Of The Scroll DEVICE ......c.ovviiiiiiiiiiiiii e, 220
AL2.1 BaSiC GEOMEIIY . .evtenriiniiiteiieteiteateeireereer et enteeieearaaraennss 220
A.2.2 Contact CONAItIONS ....o.viviuiiiiiiiiintit i 228
A.2.3 Starting Points - Inner Circular Arcs ..........c.cocviviiiiiiiiiiniiiinnnnnn, 233
A.2.4 Length Of Device Spirals .........ccvviiiiiiiiiiiieriiineie e, 245
A.3 Working Chambers and Working Volumes .............c.cocoevnviniiiininn.. 256
A3 T AN OVEIVIEW .oivitiiiiiiiiii ittt e ee e e 256
A.3.2 Suction Chamber and its Working Volume .............cocovviviiinininnnn., 263
A.3.3 Compression Chamber and its Working Volume ............................ 277
A.3.4 Discharge Chamber and its Working Volume ............c.cocoviiviinini, 286
APPENDIX B: GOVERNING EQUATIONS ...........c.ccccovviiiiiiiiiniiiiiinn., 288
B.1 The Continuity Equation .............coviiiiiiiiiiiiiii e 288
B.2 The Momentum Equation ...........cocoeviiiiiiiniiiiniiii, 291
B.3 The Energy EQUation .........c.oveeiieiiiiiniiiiiiiiteie e eereieeieeeeaaen, 298
B.4 The Equation Of State .......c.ooviiiiniiiiiiiiiiiiiiii e 303
APPENDIX C: PROGRAM LISTING ........cccccoccvvviiniiiiiiiiiiiiiiiiiineiinnns 305
| C.1 Hyperbolic Tangent Distribution ...........c..cooeiiiiiiiiiniiiiiiiiiininnen.., 305
C.2 Trigonometric Tangent Distribution ................ccoviiiiiiiiiiiii.. 307
C.3 Transfinite Interpolation .........c.ceeoviiiiiiiiiiiiiiien e, 309
O € 103 14115 PP 311
C.5 Command Language (CEX4) .....oiviiiiiitiiiniitieieeeeereieeeieinaan 320
REFERENCES & BIBLIOGRAPHY ............ooveiiiieieneeieeninieaane, 330

VIl



ACKNOWLEDGEMENTS

I would like to express my sincere appreciation to my parents and family, and
especially to my wife Spyroula for her support and understanding during the difficult
times of this project.

I also would like to thank Dr. D. N. Papadakos (Imperial College) for allowing me to
use his powerful computing facilities without which this project would never have
reached this stage.

Finally, I would like to thank my supervisor Prof. I. K. Smith.

VIII



DECLARATION

I grant powers of discretion to the University Librarian to allow this thesis to be
copied in whole or in part without further reference to me. This permission covers

only single copies made for study purposes, subject to normal conditions of
acknowledgement.

IX



ABSTRACT

The use of scroll compressors in refrigeration systems is becoming increasing popular.
However the development and use of a scroll machine as an expander to replace a
throttle valve has never been reported. This thesis describes the work carried out to
develop a two phase scroll expander for use in vapour compression refrigeration

systems. By this means the power requirements of the system would be decreased and
the refrigeration effect increased.

A computer simulation of the geometry of the scroll device was first developed. This
was attached to a package of subroutines developed to analyse compressor and

expander thermodynamic performance to obtain estimates of both scroll expander and
compressor performance.

The results of the expander compressor analyses were used to estimate the
performance of a scroll expander driving a second scroll compressor in a sealed unit
used in a large industrial chiller of 4MW thermal output.

By this means the power requirement for the main compressor was reduced by
approximately 10% while, due to the expansion in the expander being more nearly
isentropic than in the throttle valve, the refrigeration effect was simultaneously
increased by nearly 2%. This lead to an overall improvement in coefficient of
performance of nearly 13.5%. Further investigation of the system and more specially
on the scroll device appears to be justified.

A 3D simulation was then performed by the use of a CFD package called CFX4. This
gave an excellent understanding on the flow ‘inside’ the machine. From the flow
patterns obtained it is obvious that the scroll device behaviour appears to be excellent
as compressor but not so good as an expander. This is mainly due to the huge
 recirculation during the filling process and due to the significant pressure drop of
approximately 2 bar (Max) associated with it.



Chapter |

Introduction

1.1 Introductory Remarks

Studies in fluid flow analysis are generally conducted using either experimental or
numerical-computational approaches. From the theoretical point of view fluid
dynamics are highly developed, however the mathematical formulations are highly
complex and can only be solved analytically in very few simplified cases. On the
other hand advances in numerical analysis and computer hardware/software have
made feasible the solution of the relevant equations using numerical techniques.
This thesis is concerned with the development of a an efficient scroll expander

which can operate with two phase flow, and the modeling of its working
conditions.

During the last few years, numerical flow analysis techniques have become more
and more important in machine design. A key factor in obtaining a realistic
solution is mesh generation, considered as a basic problem requiring a sustained
effort. In fact, the interaction between the mesh characteristics and the development
of it of the solver calculation are closely linked as far as stability, convergence and
definition of the solution are concerned.

The study was carried out using Computational Fluid Dynamics (CFD) techniques.
The advantages of successful computational procedures compared with actual
experiments are significant. Computational studies are relatively cheap to perform.
Furthermore the parameters defining the geometry or the operating conditions of

the device can be varied at will and hence the required optimum can be achieved.

Scroll expanders present definite advantages over other machines. In addition, the
reduced number of parts, the ability to cope with two phase working fluids and the
inherent reliability proven in compressor mode are major reasons for its wider use
in energy recovery. The fast growing mass production of such units as compressors

is also likely to contribute to a lowering of the production costs for expander
applications.
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As is the case for all rotary volumetric machines, reverse motion is inherently
possible and, therefore the conversion of scroll compressor to scroll expander can
be envisaged. Smith’s investigation for this type of machine indicated that the
machines most applicable for the expansion of a two phase flow are the Lysholm
twin screw expander and the scroll expander. As far as the first type is concerned,
work was initiated by Smith at the Centre for Compressor Technology, City
University London in late 1982.

In order to perform a thermodynamic analysis of the scroll compressor - expander
first we have to describe the physical behavior of the machine in terms of
mathematical equations. Functions of working volume, sealing lines, touching
conditions etc. in terms of crank angle, (i.e. time) form the foundations for the
analysis.

1.2 Present Contribution

The objective of this research project was to design and develop a two phase
expander to be used as a substitute of the throttle valve in a vapour compression
refrigeration system, and to model the thermodynamics and fluid mechanics of this
machine when operating in the compression mode. The major contributions of the
work presented in this thesis are:

1. A parametric study giving all the mathematical equations needed for the
modeling of the scroll compressor-expander. This includes the derivation of
mathematical expressions giving the working volumes, the sealing lines, the
touching conditions, the thickness and the lengths of the arms, etc. as functions
of the various design parameters (such as & and N ) and the crank angle 6 .

2. Implementation of the geometry developed into a Quasi One Dimensional Flow
package called SCORPATH. This gave some estimates of the performance of
the scroll compressor and expander operating under different working
conditions.

3. Design and development of a grid generation program that can handle the
complexity of the working volumes of the scroll device. Aspect ratios,
orthogonality, cell distortion and smooth distribution are some of the difficult
issues involved in the transient, structured, body fitted grid generation package
developed. This is a major contribution to the development and understanding
of these type of machines.

4. Coupling of the Transient Grid Generation Code developed with a
Computational Fluid Dynamics (CFD) package called CFX4. Implementation
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of the resulted executable yielded thermodynamic results, as well as an in depth
understanding of the flow patterns within the scroll device. Consequently
visualization software tools can be used to improve the overall behavior of the
device.

5. Finally a test case was devised and studied in which the scroll expander

substituted the throttle valve in a Carnot refrigeration cycle.

1.3 Thesis Layout

The thesis is structured as follows:

In chapter 2 previous efforts to develop two-phase expanders and compressors are
examined. Emphasis is placed on the work done on scroll compressors mainly
because knowledge on this topic is essential for the design and development of
scroll expanders. It is also demonstrated that the scroll device is the most
appropriate machine for the requirements of the present study. The existing, very
limited amount of work that has been done up to now on scroll expanders, is also
presented.

Chapter 3 describes the computation of thermodynamics and flow process in a
scroll compressor-expander based on the work of N. Stosic. It also contains a
discussion of the results from the Quasi 1-D flow modeling. The importance of the
relationship between build-in volume ratio and build-in pressure ratio and the use
of the correct pressure ratio is clearly defined. The significant point is that the
build-in volume ratio is a constant for any given scroll compressor or expander
design but the pressure ratio is not, and is a function of both the gas being handled
and the rotational speed. The linking of a scroll expander to a scroll compressor in
a sealed ‘Expressor’ unit is also described in this chapter. This may be used both in
new systems and for retrofit applications in place of a throttle valve. The results of
computer simulations of Expressor performance in a large industrial chiller are
shown.

In the first part of chapter 4 we present the necessary equations needed for the
analysis. As will be shown in section 4.4, these equations form the basis for the
development of the grid generation code. The derivation of the equations was
necessary since it is not based on any publish data, however it is partially based on
the patent of the inventor of the machine. Full analysis of the geometry is given in
appendix A. Then follows a survey on the different methods of grid generation and

finally the design and development of a grid generation program that can handle
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the complexity of the working volume of the scroll device is analyzed. Aspect
ratio, orthogonality, cell distortion, and smooth distribution, are some of the
difficult issues involved in the transient structured body fitted grid generation
package developed.

In chapter 5 we give the mathematical basis for a comprehensive general purpose
model of fluid flow and heat transfer from the basic principles of conservation of
mass, momentum and energy. This leads to the governing equations of fluid flow,
the so called Navier - Stokes equations. The governing equations are complex non
linear partial differential equations, which can be solved using numerical methods.
Discretization methods, advection schemes, time differencing schemes and
pressure / velocity coupling algorithms are discussed. Commercially available CFD
software packages are reviewed and CFX - FLOW3D is described in detail. Flows
inside scroll compressors - expanders are turbulent, time dependent, compressible
and for the case of the expander two phase. Furthermore these flows are driven by
the wall motion and, therefore, are characterized by moving boundaries. In the last

section of this chapter the results of the three dimensional modeling are shown.

Chapter 6 contains some concluding remarks and suggestions for possible future
research.
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Literature Survey

2.1 Introduction

Since its invention by Perkins in 1834, there has been no major change in the
layout of vapour compression refrigeration plant. However, design aspects such as
refrigerating controls, amount of superheating, sub-cooling, etc. have been
modified over the years. All these modifications were related to production cost,
ambient conditions and other manufacturing related factors. The need to develop
more efficient compressors considering all aspects such as noise, vibration, weight,
efficiency as well as the losses due to throttling, still exists.

In this chapter we examine previous efforts to develop two-phase expanders and
compressors. Emphasis is placed on the work done on the scroll. It is also
demonstrated that the scroll device is the most appropriate machine for the
requirements of the present study. The existing, very limited amount of work that

has been done up to now on scroll expanders, is also presented.

2.2 Compressors

Compressors are generally divided into two different categories or types based on
the principle on which they operate. These types are positive displacement and
aerodynamic, the latter type is sometimes called dynamic. Figure 2-1 shows a chart

of common compressor types separated according to the above categories.

An area where confusion arises surprisingly often is in the specification of the
“duty” required from an industrial compressor. Different industries have different
conventions, some call for volume flow, others mass flow, and in the refrigeration
industry the “duty” is rated in the heat units absorbed by the refrigeration plant.
Over and above the basic “duty” specification, there is the question of
performance, tolerances and guarantees which can also be a subject of

misunderstandings.

The convention for rating compressors in the refrigeration industry is quite
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different from the convention used in the case of air, gas or chemical applications.
Compressors in the refrigeration industry are rated on the basis of their

refrigeration capacity at specific evaporating and condensing temperatures. This is
largely a function of mass flow.

Compressors
Positive displacement Aerodynamic
| |
ﬁ ] | | |
Reciprocoting Rotary  Centrifugal ~ Ax'al  Ejector
| ! ]
One shaft Two shaft Three haft

F—H Illll

Piston Diaphragm Sliding Liquid Scroll Roots Twin Stepped Tooth Z'mmern
vane  ring screw  rotor

Figure 2.1 Classification of common industrial compressors

2.2.1 Aerodynamic Compressors

In a turbine the working fluid enters at a high pressure and acquires increased
kinetic energy as it expands through a ring of fixed nozzles to a lower pressure.
The stream of fluid then undergoes a change of momentum as it flows trough
passages between blades attached to the rotor, and the component in a direction

tangential to the circle of rotation produces the output torque at the shaft.

This series of events is reversed in aerodynamic compressor. Input torque from
some external source imparts a change of momentum to the working passage
between the rotor blades. Having acquired an increased velocity, the fluid then

slows down with an accompanying rise of pressure while flowing through a ring of
fixed diffusers.

There are two main types of aerodynamic compressors, distinguished by whether
the flow through the machine is in the axial or radial direction. In these machines
the fluid undergoes a continuous steady-flow process and the speed of flow is very
high. For this reason comparatively small machines can handle large mass flows

and large work transfers, and the processes can be assumed to be adiabatic (Rogers
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& Mayhew 1980).

2.2.1.1 Centrifugal Compressors

The first commercial centrifugal compressor used in refrigeration service was
promoted by Willis Carrier in 1920. Since then the centrifugal compressor has

become the dominant type of compressor in large installations.

Centrifugal compressors serve refrigeration systems in the range of 200 to 10,000
kW of refrigeration capacity. Evaporating temperatures in multistage machines
may extend downwards to -1000 C, although one of the major uses of the
compressor is the chilling of water to about 6° C to 8 C in air conditioning
systems.

Centrifugal compressors are similar in construction to centrifugal pumps in that the
incoming fluid enters the eye of the spinning impeller and is thrown by centrifugal
forces to the periphery of the impeller. Thus the blades of the impeller impart high
speed to the gas. From the impeller the gas flows either into diffuser blades or into
a volute, where gas momentum is lost and its pressure increases. The centrifugal
compressor may be manufactured with only one wheel if the pressure ratio is low,
although these kind of compressors are generally multistage. Centrifugal
compressors operate with adiabatic efficiencies of 70 to 80 percent.

2.2.2 Positive Displacement Compressors

In this type of machine gas is drawn into the compressor, it is trapped within it and
is then positively displaced out of it by the movement of one or more components.
The term “trapped” is used to indicate that the quantity of gas involved in the
compression processes, is not affected by either the suction or discharge cycles of
the machine. These types of compressor can develop at the discharge port exactly
that pressure which is necessary to discharge the gas from the machine, subject of

course to the power available and the physical constrains of the compressor design.

2.2.2.1 Reciprocating Compressors

Reciprocating compressors have been in existence for a very long time. The basic
principle of a piston or reciprocating compressor is that gas is drawn into a cylinder
by the movement of a piston. Originally, the piston’s movement leaves a free space
and the gas flows into this to fill it. The piston then reverses the direction of its



Chapter 2 Literature Review

movement and forces the gas back out of the cylinder. Valves are fitted to both

inlet and outlet which ensure that the gas enters and leaves by different ports.

From the action of the piston compressor it is clear that this device belongs to the
type of positive displacement machines. The air or gas is sucked in, compressed
and then pushed out, that is displaced by the movement of the piston. The higher
the pressure of the system into which the gas is to be discharged the greater the
force required to move the piston during the compression-discharge cycle and
hence the greater the input power of the device. Consequently, the power input to a
reciprocating compressor increases with its discharge pressure. The maximum
possible discharge pressure of a piston compressor is dictated by the available
power, subject to the mechanical and thermal limitations of the design, and is not
in any way affected by the speed.

By construction, at the end of the compression/discharge stroke, there is still some
space left between the piston and the top of the cylinder. This is the so called
clearance volume and the gas trapped in there is at discharge pressure. Due to this
pressure, if at the end of the compression/discharge stroke the force at the back of
the piston is released the gas in the clearance volume expands pushing the piston
backwards some distance until the forces on either sides of the piston become
equal. Two points arise from this situation.

Firstly, the expansion of the gas does useful work in moving the piston backwards,
so recovering much of the compression work put into the gas in the clearance
volume.

Secondly, no additional gas is drawn into the cylinder until the clearance volume
gas has expanded down to the suction pressure. After this point is reached, further
movement of the piston reduces the pressure in the cylinder below suction pressure
and suction flow past the inlet valve commences. Thus the volumetric efficiency of

a compressor with clearance volume is directly affected by the clearance volume.

2.2.2.2 Screw Compressors

The so called “¢win” screw compressor is the type of compressor which has been
developed for the widest list of applications and has the largest range of available
sizes. Compared to some other types, for example piston compressors, the history

and therefore technology, of screw compressors is relatively young. The screw
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compressor was developed in the 1930s and first became popular for refrigeration
service in Europe in the 1960s.

The screw compressor consists essentially of two meshing rotors in a casing. The
male rotor drives the female rotor in a stationary housing. The refrigerant enters the
one end of the compressor at the top and leaves the other end at the bottom. At the
suction position of the compressor a void is created into which the inlet vapor
flows. Just before the point where the interlobe space leaves the inlet port, the
entire length of the cavity or gully is filled with gas. As the rotation continues the
trapped gas is moved circumferentially around the housing of the compressor.
Further rotation results in meshing of the male lobe with the female gully,
decreasing the volume in the cavity and compressing the gas. At a certain point into
the compression process the discharge port is uncovered and the compressed gas is
discharged by further meshing of the lobe and the gully. A major feature of this is

that there is zero clearance volume.

2.2.2.3 Scroll Compressors

After the 1970 energy crisis, conservation has been the most emphasized topic for
air conditioners. The demand for air conditioners with higher efficiency have been
required from the distributors to meet the customer’s needs concerning energy
savings. Under such a situation, there came a strong demand for higher efficiency
compressors, because the improvement of the compressor efficiency is the most
economical method in spite of technological difficulties. Thus most compressors
manufactures have been eagerly improving conventional compressors. However,

some of them turned their attention to scroll devices.

The concept of scroll devices goes back to the beginning of this century. The scroll
machine was invented by Leon Greux, a French scientist in June 1905 and was
patented on 3 October 1905. It is currently attracting the designers attention
because of its high efficiency and smooth operation. One of the main reasons why
scroll machines were not fully developed or substantially improved for such a long
period, was the lack of precise production techniques needed for the construction
of such machines. However designers started looking at these kind of devices
again in the early 1970’s.

The scroll compressor was not commercially successful until 1976. This was
primarily because of sealing and wearing problems which placed severe limitations
on the efficiencies, operating life and pressure ratios attainable. Such sealing and
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wear problems were of both radial and tangential types. However, since then a lot

of work is been done and many problems were overcome.

Scroll compressors have a lower level of noise and vibration, than rolling piston
rotary compressors, and because of this, they are used extensively as air conditioner
refrigeration compressors.
Compared to the other types of compressors, the inherent advantages of the scroll
COMPressors are :
e fixed build-in volume ratio making it valveless and more reliable as well as
adaptable to variable speed,
e large inhaling hole and nearly continuous inhaling making it have small
pressure drop,
¢ high volumetric efficiency,

¢ low noise.

However, designing and manufacturing this machine is very difficult. The early
1970’s, research and development work on the scroll compressor has been carried
out steadily until now. Practical application however, was not achieved until
recently mainly for the following reasons :
e very high precision tooling is required for the production of the scroll
compressor,
o a complicated process is required to assemble the parts involved in the

compression mechanism.

2.2.2.3.1 Working Process

The main components of the scroll compressor are shown in Figs. 2.2a and 2.2b.
There are the fixed scroll, orbiting scroll, anti-rotation coupling, crankshaft and
crankcase. The outside suction port and the outside discharge port are in the fixed
scroll. The inside suction ports are located at the vane profile termination, the
inside discharge ports are located at the vane profile start. The area of the inside
suction ports varies periodically with the crankshaft rotation. The gas is inhaled
from the outside suction port then gets into the suction pockets tangentially through
the inside suction ports. After compression it leaves the displacement volume
tangentially through the inside discharge ports, then enters the central pockets.
Finally it leaves the compressor axially through the outside discharge port.

10
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Outsde Dscharge Port
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Figure 2.2a The ports
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Figure 2.2b Scroll compressor rotating mechanism
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The working process can be divided into five stages: steady suction, suction
closing, compression, initial discharge, and steady discharge. In the steady suction
stage, the displacement volume increases from zero to a maximum, the crank angle
range is broad and the suction time is long. In the suction closing stage, the volume
begins to decrease gradually, but the inside suction ports are not closed off, so the
gas returning phenomenon arises and the pressure of the closed pockets is higher
than the nominal suction pressure, this increases the volumetric efficiency. In the
compression stage, leakage has the main influence on the compressor efficiency. In
the initial discharged stage, the compressor starts to discharge forcibly, the gas
scurries through the inside discharge ports when the pocket pressure is different
from the central pockets. In the steady discharge stage, the gas leaves the
compressor but the effective area of the outside discharge port decreases because of
the orbiting scroll interference. So the velocity increases. A detailed survey of
scroll compressors follows.

2.2.2.3.2 Scroll Members

Conventional scroll members are mirror imaged pairs comprising a single
appropriately shaped spiral vane, of uniform thickness and height, protruding from
an end vane plate. Spirals of the involute type are most commonly used,
particularly the involute of a circle. The basic parameters defining the scrolls are
displayed on fig.2.3. They are the base circle radius, ry; orbiting radius, ro; vane
height, H and vane thickness, T.

Vane th'ckness T

Wrap angle ///////” Vane

/

Vane
Involute Height
curve

7700002

Base circle radius

Figure 2.3 Basic geometric parameters

2.2.2.3.3 Principle Of Operation

The members are appropriately phased, and eccentrically mated, so as to form

various pockets bounded by the vanes and their respective end plates, as shown in
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fig.2.4 Most commonly one scroll is fixed and the other is made to orbit by a crank
mechanism. Through relative motion of the members the pockets, initially opened
to the surroundings, are first formed, sealed off, progressively moved inwards

while reducing in volume, and finally merged into a common discharged volume.

Conversely simultaneous rotation of the members about their respective geometric
centre yields an equivalent relative motion of members. However the first scheme
only was considered in the present study.

The inherent advantages of such a scroll machine are valveless compression
virtually constant volumetric efficiency, nearly continuous suction and discharge

flow, smooth operation, low relative velocity and potentially low unbalance.

(e) ()

Figure 2.4 Working volumes in a scroll compressor

2.2.2.3.4 Analytical Model

To model the scroll suction compression and discharge process, descriptions of
volume in the pair of compression pockets and area open for suction and discharge
flow as functions of time are required. These geometric relationships are more
conveniently described as functions of scroll orbit angle, or crank angle.
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The volume in a pair of scroll pockets for a typical scroll compressor is shown in
fig.2.5 from the start of suction (SOS) through the end of discharge (EOD). The
process from the start of compression (SOC) to the start of discharge (SOD) is
approximately a closed compression process; only leakage or porting for some
pneumatic operations such a back chamber, prevent it from being truly sealed.

L
/N
g / / \\
L/ N
/ =

Figure 2.5 Volume in a pair of typical scroll pockets from SOS to EOD.

However as far as the "closed" process is concerned, by the time the inner wrap tips
open at SOD, the control volume in the pocket is no longer "closed"”, and the
problem of defining a boundary to the control volume in the open regions must be
resolved.

SUCTION PROCESS

The suction gas flow in a scroll compressor is driven by the opening and closing of
the pair suction pockets. The pair of suction pockets referred to are shown
crosshatched in fig.2.6 for a typical scroll compressor geometry. The volume in the
suction pockets, and the inlet cross - sectional area into the pockets varies with the
crank angle. During most of a scroll orbit cycle, the volume in the suction pockets
increases and causes gas to be pulled into the pockets. But near the end of the orbit
cycle, the volume in the pockets begins to decrease until they are abruptly closed
off at the end of one complete cycle. (Note that the end of the suction process
coincides with the start of the closed compression process)
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To adequately model the scroll suction process, the flow dynamics into the control
volume of the suction pockets must be considered. The instantaneous mass of
suction gas contained within the suction pockets control volume can be defined by

the time differential continuity equation.

i(mcv) = m

dt P @0

Where : m_, =mass of gas in suction pockets control volume

myg, =mass of gas into or out of suction pockets

Fixed
scroll ™

Orbiting
scrol

Figure 2.6 Typical pair of scroll suction pockets

The instantaneous mass flow rate of suction gas entering or leaving the control

volume can be described using the steady one-dimensional, isentropic flow
equation.

m_ = CppAyy2(hy, - hy,) (2.2)

Where : Cp = Discharge coefficient for flow into or out of suction pocket
p = Density of gas
Ag,= Suction pocket cross sectional area
h,, = Enthalpy of gas upstream or suction pocket inlet
h;, = Enthalpy of gas downstream
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Also, the first law of thermodynamics on a time rate basis is applied to the suction
pockets control volume.

] (<] o 2 o 2
%(Ecv) =Q-W+3Y¥m o [h+ V? +gz],, — 2 m out [h+ V? +82] (2.3)

Where: E_, = Energy contain within the control volume

For all equations it is assumed that gas properties are uniform throughout each
defined region, e.g. properties are uniform throughout the suction pockets. In
applying the above equation it is reasonable to assume that the following terms are
negligible and can be eliminated: heat transfer, boundary work and kinetic and
potential energies. One might question why the boundary work term can be
neglected since the suction pockets volume changes considerably during each

cycle.
: d

Where: Pgp = Pressure in suction pockets

Psc = Pressure in suction chamber
Vgp = Volume in pair of suction pockets

The reason is that the pressure difference across the suction pockets control volume
boundary is quite small, consequently the product in the work term is negligible
compared to the enthalpy terms. What is left then is the classic filling process
energy equation where it is assumed the time rate change of energy in the control

volume equals the time rate change of internal energy.

d o
EOICV): msp hup (25)

Where: u,, = Internal energy of gas in the control volume

To utilise eq. (2.2) for the mass flow rate into or out of the suction pockets the
conditions in the suction pockets and the suction chamber surrounding the orbiting
scroll must be known. Immediately after the start of the cycle, the volume in the
pocket is still quite small. During this early part of the suction process it can be
assumed that quasi - static filling of the suction pockets takes place so that at any
instant in time the volume in the pockets is completely filled with gas. This
assumption allows the analysis to be initiated as conditions in the suction pocket

can then be defined. With the conditions in the suction pockets and suction
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chamber specified, the mass flow rate into the pockets can be computed. The
continuity equation then determines the instantaneous mass in the suction pockets
so that the conditions in the pockets can be defined for that time increment. This

process is continued until the end of the suction cycle.

What results from using this scroll suction model (Nieter J.F. & Gacne D.P. 1988)
is the ability to predict the pressure rise in the suction pockets that occurs as the
volume in the pockets is reduced near the end of the suction process. This increase
in suction pockets gas pressure indicates that early compression takes place before
the displacement volume of gas is sealed off at the start of the actual closed
compression process (S.0.C). Besides predicting the early compression of suction
gas, this suction process model can also produce a continuous function for
instantaneous mass flow rate at suction which is important for accurate prediction

of suction pressure pulsations in the manifold system.

COMPRESSION PROCESS

The compression process pertains to “closed” compression after the outer wrap tips
seal off at SOC and continues until the inner wrap tips open at the SOD. Farther
compression effectively continues after SOD, through the discharge process until
EOD. Therefore the following relationships that are used to model the compression
process are actually applied from SOC to EOD as well. For all process equations, it
is assumed that gas properties are uniform through each region, e.g. properties are
uniform throughout the compression and discharge pockets.

The instantaneous mass of gas contained within the control volume for a pair of

compression pockets can be described by the differential continuity equation.

d$° =Z(r;1i,, “m ) (2.6)

out

Where: m, = Mass flow rate of gas in the volume

Leakage’s are also included in the above equation, however a detail analysis about
leakage’s follows later on in this chapter.

The gas state in the control volume during the compression process normally is
modeled by one of two approaches: either using the polytropic process, or using the

first law of thermodynamics (energy conservation). The polytropic process model
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is quite often a good approximation to employ for displacement compressors. It
simply uses the relation :

m
P,=P," p—°] (2.7)
I:psoc

Where: Subscript c: control volume

The greatest difficulty with this model is obtaining an accurate value for the
polytropic exponent mp , a good approach is to measure Mp in a laboratory
experiment. However the first law of thermodynamics on a time rate basis can be
applied to the control volume using:

i(mu )=6—V;/'+Zr;1_ [h+12—+gz:| —Er;l [h+v—2+gz} (2.8)
det " " 2 in o 2 out

This approach is more difficult that the polytropic model. The general energy
equation given must be reduced to usable form, typically a differential equation of
gas temperature in the control volume. Further reduction of the general form
involves obtaining a number of partial differentials relating enthalpy and pressure
to temperature and specific volume. These are trivial for the ideal gas properties,
but for real gas properties are more difficult to compute, in such cases the
polytropic approach would be completely inappropriate. Finally, the greatest
obstacle using eq.(8) is in obtaining reasonably accurate values of heat transfer Q.
Models used for heat transfer in positive displacement compressors have been
fairly documented for reciprocating piston types, but much less so for other types,

and almost not at all for scroll compressors.

DISCHARGE PROCESS

The instantaneous mass flow rate of discharge gas exiting or back-flowing into the
control volume can be described using the steady, one dimensional isentropic flow
equation for a nozzle.

m,®)=p A C_,2gdh,, -hy) (2.9)

Where: Ap = Discharge port area

Cp = Appropriately chosen flow coefficient
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As stated previously, the relationships used to model the state of gas in the control
volume during the discharge process are the same as those used during the "closed"
compression process.

Gas pulsation’s in compressors manifolds have a significant effect upon suction and
discharge processes. Modeling this interaction between the discharge flow process
and the manifold pressure pulsation’s can be accomplished in a number of ways.
Probably the most powerful and flexible of these approaches is the transfer matrix
which is performed in the frequency domain.

In the transfer matrix approach, pressure pulsation’s are modelled by combining the
steady state acoustical impedance description of the manifold with an acoustical
source: the oscillatory gas flow in or out of the port. Since the mass flow rate
through the discharge port is a periodic function of time or crank angle, it can be

represented by a finite Fourier series.

LEAKAGES

Minimizing leakage from the compression chamber is a significant subject in any

type of compressor.

Compression chambers of the scroll compressor are the spaces configurationaly
formed between the fixed scroll wrap and the orbiting scroll wrap, so there occurs
clearance through the fine clearances from the higher pressure chamber to the
lower pressure chamber, as shown in fig.2.7. There are two kinds of leakage, one is
the radial flow through the axial clearance, and the other one is the tangential
leakage flow through radial clearance. In the scroll compressor, leakage from the
higher to the lower pressure pockets is the largest factor governing both the

volumetric and adiabatic efficiencies.

1-D APPROACH

Considering only the leakage between the tips and bases, flow rates that include
frictional effects are determined using (Gaillat J. L. 1988):

m=Auy24,p, Do/ (fL) (2.10)

Where: Ay, = Leakage flow area between tips and bases

Ap = Inter pocket pressure difference
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pu. = Upstream density
D, = Hydraulic diameter

f =Friction factor - Moody
L = Inter pocket tip/base leakage path

To solve this equation iteration is required since the friction factor f, is dependent

on the Reynolds’s number, which in turn is dependent upon mass.

Tip cleoroncez Z%EZ Radial clearance

e ‘.\\\ / m\\
Lower / Higher /
pressure pressure Lower Higher
pocket pocket pressure pressure
pocket pocket

Tangential
leakage

Radial leakage

Figure 2.7 Leakages in a scroll machine

Flank leakage is modeled as a converging nozzle. With a known pressure
difference and flank clearance, an assumption of isentropic steady-state

compressible flow yields.
m=KAf\/Pupu%Y_,)[Rp%—Rp’%] (2.11)

Where: K = Contraction coefficient - empirical
A; = Leakage flow area between vane flank surfaces

P, = Upstream pressure
Rp = Down stream to upstream pressure ratio
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The deficiency of the 1-D inviscid model is that viscous effects, while important,
are neglected. On the other hand, purely 1-D viscous flow (stokes flow) ignores the

convection effect, which may be significant when the pressure gradient is large.

To fully understand the flow through clearances, an approach based on
computational fluid dynamics (CFD), made by Yong H. 1994 is presented here.
The aim was to calculate the detailed flow field, including velocity, pressure and
mass flow across the clearance and assessing the threshold as to when a quasi 1-D
model is sufficient enough to predict the mass flow. The set-up of the problem is
illustrated in fig.2.8 One dimensional models or quasi 1-D models can be a good
approximation only when the ratio /L is very small.

S

e

L * ] P2
T T S R

Figure 2.8 Tip clearance geometry

2-D APPROACH

Two dimensional Navier Stokes equations are used to calculate the flow field. The
flow is assumed to be compressible, viscous and laminar. The ideal gas law is
employed as the equation of state. The system of partial differential equations
governing this type of flow is described as follows in non-dimensional form for
Cartesian co-ordinate.
0Q OJ0E OF 1 |0Ev 0Fv
‘5?*5;’“?%{37%7}
(2.12)

P=('y~1)[p—%p(u2 +v2):|, a’ =’y§ .

Where: Q = [p, py, p,, €]T
E = [pu’ pu2+P, puva u(e+p)]T
F=1[p,, puy py2+p, v(e+p)IT

p is density, u and v are velocity components, e is total energy, P is pressure, a is

the speed of sound and v is the ratio of specific heats. Reynolds’s number Re is
defined as: Re = p;a;H/l,. The viscous terms are:
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0 0
Txx Tyx (2.13)
E,6 = Tyy F, = Tyy
- 1 0a’ - _, 0a®
T, + VT, +p, (Y — 1) IE UT,, + VT, + 1P, (Y=1) ‘g

Where shear stress: Ty =H a—u+ a_v , etc.
dy 90X

and Pr is Prandtl number. The viscosity follows Sutherland’s law:

_[TrTooHlO (2.14)

T | T+110

A finite volume method was used to discretize eq.(12) so that a system of algebraic
equations for five unknown variables (p, u, v, p, e€) were derived. With the
appropriate upstream boundary conditions where total pressure and temperature
were specified and downstream conditions where static pressure was set, the
equations are integrated to steady state using Mac-Cormac method; which is
second order accurate. Upstream and downstream locations are defined as some
distance up and down the step (about 10 H).

2.3 Two Phase Expanders

A vapour compression refrigeration system is characterised by the direct two-phase
expansion of the entire flow, from the exit of the condenser to the entrance of the

evaporator. Fig.2.9 illustrates the cycle on a T-S diagram.

With reference to basic fundamental thermodynamic principles it can be stated that
this process (expansion) has the ability to produce a specific amount of work.
However since the fluid expands entirely in the two phase area, it is necessary to
design and develop an expander which could accept a two phase flow of liquid and
gas at reasonable efficiency and reliability.
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Figure 2.9 Refrigeration cycle with isentropic expansion
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Up to date a lot of work is been done to develop two phase expanders that could be
used to substitute throttle valve and recover some power from the expansion
process in a refrigeration cycle. Two phase expanders such as biphase turbines,
and screw expanders have been developed, however efforts to develop and produce

scroll expanders started recently, and not much information is available.

Instead of throttling the refrigerant to produce cold liquid, the refrigerant could be
expanded in a two phase expander. The work conventionally lost in the irreversible
throttling process could be recovered as shaft power, which could in turn assist in
driving a second compressor (or the main compressor ). The electricity
consumption for refrigeration could be reduced by approximately 10% also the
coefficient of performance will be increased by 13%. Apart from the above
application two phase expanders could be used in low grade heat recovery
(Trilateral Flash Cycle).

It is a well known fact that conventional turbines and reciprocators are not suitable
for the expansion of hot liquids in this manner since liquid droplets erode turbine
blades and reduce the aerodynamic efficiency of the turbine, while they wash the
lubricating oil off the cylinder walls of reciprocating expanders and so promote
wear and seizure of the mechanism. Therefore some alternative methods have been
investigated for this purpose. These are:
1. Scroll expander
2. Lysholm total flow expander
3. Specially designed two phase turbines
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2.3.1 Scroll Expander

In recent years, scroll machinery has been put into practice as compressors, taking
advantage of their higher efficiency and their low noise/vibration. However the

scroll principle can be applied also to the expansion process.

Unfortunately not much work is been done on scroll expanders. However the very
small and limited amount of work that has been done is concerning only the single
phase flow.

In 1988 Yanagisawa et. al. published a paper (in Japanese) with the title "study on
fundamental performance of scroll expander". Equations of volume pressure and
output torque were derived. Moreover, practical losses which occur in the scroll
expander were analysed theoretically. It was also shown that the leakages through
axial clearances increase the flow rate of the expander and decrease the torque
greatly. An experimental scroll expander was also developed and showed

reasonable performance and recorded its maximum efficiency of 75%.

In 1992 Morishita et. al. used the scroll principle to develop a scroll expander to
use it in the Otto cycle spark ignition engine. The theory and experience of the
scroll compressor was extended to an engine with a scroll compressor and a scroll
expander. The scroll compressor compresses the air fuel mixture, and the scroll
expander is used to get power from the heat of the combustion. The flow is
continuous and uni-directional. Which is different from that of the reciprocating
engine. Although the Brayton cycle engine is possible with a scroll compressor and
expander, the temperature of the scroll expander could be extremely high due to
the continuous combustion. The requirement of the scroll material was becoming
very severe. The spark ignition engine was therefore studied in their report, based
on the air standard Otto cycle.

PRINCIPLE

The scroll engine Morishita recommends consists of two main components, the
scroll compressor and the scroll expander. The elements were assumed to have the
same geometric dimensions and to be synchronised via a proper mechanism. After
several degrees of rotation, the compressed air-fuel mixture discharge is to
commence. The volume of the combustion chamber (innermost) of the scroll
compressor is minimum at this angle, actually is zero. The discharge port of the

scroll compressor and the combustion chamber of the scroll expander were
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connected via a discharge valve, the compressed air-fuel mixture is transferred to
the combustion chamber of the scroll expander. The volume change rate of the two
connected chambers is the same during the transfer process. The discharge valve is
then closed this corresponds to the end of the compression process.

The air fuel-mixture is ignited in the combustion chamber of the scroll expander.
The combustion is assumed to take place instantly. The pressure of the combustion
chamber of the scroll expander increases suddenly. The orbiting scroll of the
expander is therefore driven by the high pressure of the combustion gas. The gas
pressure decreases during expansion. This corresponds to the expansion process.
The expansion ends when the gas reaches the outermost chamber. The gas is then
exhausted from the expander.

Another paper on the scroll expanders was published by the Swiss Federal Institute
of Technology on 1994. That paper describes a 1 to 3.5 kW hermetic scroll
expander-generator modified from a standard hermetic scroll compressor, an
organic Rankine cycle test facility build to test up to 10 kW, and a set of
experimental results using HCF134a in the dry vapour domain. Peak overall
isentropic efficiencies in the range of 63% to 65% for speeds of rotation varying
2400 and 3600 rpm were reported.

2.3.2 Lysholm Total Flow Expander

The idea to use a Lysholm twin screw machine as a direct two-phase expander (of
geothermal brines) stems from the patents of Sprankle [1973][1976]. The Lysholm
design consists of a pair of parallel rotors with meshing helical lobes which form
compression or expansion chambers in the casing. This configuration was patented
in Sweden by Lysholm in 1934. The design has found its main use as a heavy duty
air compressor known for its reliability. The use of the Lysholm design as an
engine has been suggested at several times, including the suggestion for its use in
geothermal energy conservation. Lysholm [1967] had earlier proposed his

machines for dry gas expanders.

The Lysholm twin screw expander is a positive displacement machine which
operates by the direct expansion of fluids. With the aid of fig.2.10 the principle of
operation of the expander can be described as follows. The pressurized fluid flows
through the throttle T and enters the high pressure pocket formed by the meshed

rotors, the rotor case bores and the case face. This pocket designated by A in the
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figure, is mostly hidden by the rotor lobes, but it can be seen in the plan section
view. As the rotors turn, the pocket elongates, splits into a V, and moves away
from the inlet port to form the region designated by B. With continued rotation, the
V lengthens, expanding successively to C,D and E as the point of meshing of the
rotors appears to retreat from the expanding fluid. The expanded fluid at a low
pressure is then discharged into the exhaust port. Energy is extracted from the fluid
in the process. Engine geometry determines the theoretical volumetric expansion
ratio, which is the ratio of the final to the initial chamber volumes.
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Figure 2.10 Layout of Lysholm screw Expander

Testing of the Lysholm engine has since been conducted by the Lawrence
Livermore Laboratory (LLL), by the Jet Propulsion Laboratory (JPL), and by the
department of Mechanical Engineering at University of California, Berkely. The
unit tested was an air compressor with 152.4 mm rotors modified by Sprankle. A
maximum efficiency of 55% was observed for a power output of 30 kW at 5000
rpm. Latterly a smaller version of this (130 mm rotors) was build from which a
maximum expander efficiency of 53% was obtained at 47 kWe output (Steidel
[1982]). Despite extensive experimental work, there had been a general lack of
theoretical analysis on the Lysholm screw expander. Steidel proposed an empirical
model using curve fitting. More recently Taniguchi et al [1988] developed an
analytical method for estimating the performance of a two phase screw expander.
The operation of a screw expander was simulated by the expansion of a fluid
between two pistons with appropriate leakage paths. Good agreement was

obtained against the experimental results from a prototype machine with a
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diameter of 81.6 mm and a length of 135 mm. However, the various frictional

losses and the two phase interaction were not accounted in the procedure.

2.3.2.1 City University And Lysholm Expander

Besides the work world wide, a research programme on two phase expanders was
initiated by Smith at City University, London beginning in late 1982. This was
intended primarily as a means of improving power recovery from geothermal
resources. The work concentrated on the development of twin-screw expanders
using suitable organic fluids operating in a closed cycle system.

A unique test rig was constructed and on it twin screw expanders attained adiabatic
efficiencies of more than 70% at power as low as 25 kW when operating in the
two phase mode. In addition to the experimental work, a programme of analytical
studies was developed from earlier work on the computer modeling of screw
compressor performance carried out at the university of Sarajevo by Stosic.

Smith and Stosic concluded from their investigation that the failure of the earlier
investigators to get good results was entirely due to the design of such machines
with inappropriate build in volume ratios. However, they also examine the
possibility to replace the throttle valve in the refrigeration cycle with a screw
expander. They obtained an overall adiabatic efficiency for the expander, including
bearing, seal and timing gear losses, to be of the order of 70% over a large range of
operating conditions.

2.3.3 Two Phase Turbines

During the same period, work was initiated at JPL and LLL to seek an alternative
efficient two phase expander system aimed at overcoming the restrictions imposed
by the positive displacement type machines. Austin [1973] and his geothermal
group at the LLL proposed a two-phase impulse turbine for geothermal application
in which the two phase brine from geothermal wells would be passed though the
turbine. It was hoped that the water drops would be small enough for the steam
and water to behave as a homogeneous fluid and give these turbines efficiencies
comparable to those of vapour turbines. However the detail calculations on drop
sizes and trajectory showed that the liquid drops in two phase turbines would be
too large to follow the gas phase, and that the liquid would impinge on the blades
and form a thin liquid film. The friction drag of this film would be so high that the
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efficiency of single-stage impulse turbines would be limited to little more than
50%.

As a result of low efficiencies achieved by two phase impulse turbines a rotary
separator turbine was developed by Biphase Energy Systems [1982]. The basic
idea was to replace the throttle valve with a separator system in the traditional
flashed steam cycle system. In place of the throttle valve, the geothermal fluid is
expanded in a two phase nozzle with an adiabatic efficiency of around 90%. The
high velocity liquid and vapour so formed are then separated in a rotary drum. The
steam is then passed to the steam turbine, while the liquid is either used in a liquid
turbine to produce additional power or pressurised in a diffuser to reduce the re
injection power. This rotary separator turbine was investigated and tested in the
laboratory and at three geothermal resources. The machines were reported to
operate well and a power gain of some 20 -25% more than that from a single flash
system was achieved. A maximum adiabatic efficiency of the separator system of
35% was measured although it was predicted that improved designs with up to
50% efficiency were attainable in the future. It was thought that the impact and
other losses in the rotary separator would limit the turbine efficiency as severely as
the liquid friction in blade turbines.

Further work on a specially designed two-phase turbine was attempt by Elliot
[1982] at the JPL using either steam for total flow or organic fluids. The two phase
turbine utilised a uniform mixture of liquid and gas accelerated in a two-phase
nozzle which is similar in design to that used in the rotary separator turbine. The
mixture acts directly on an axial flow or tangential impulse turbine. Based on this
concept he predicted an upper limit efficiency of about 65% for two phase
turbines, and probably only attainable with organic working fluids. This prediction
could not be justified by the extensive experimental program carried out on both
JPL and LLL, which showed that this efficiency was not attainable and a
maximum efficiency of only 55% was achieved using organic fluids. However it
was found that the JPL two-phase nozzle study calculated velocities which are
within 2 - 4 percent of measured values and the nozzle showed good performance
over a wide range of operating conditions.

Carrier [1994] introduced in their chiller plant a device using a high efficiency two
phase nozzle, followed by separation of the liquid and vapour components for
independent power recovery. This biphase turbine is introduced as a throttle valve

replacement. The adiabatic efficiency recorded is 50% and the turbine is linked
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directly to the main compressor to reduce the power output to the electric motor.
Gains in COP of 3 - 5% are stated to be possible by this means. See figure 2.11.
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Figure 2.11 Refrigeration cycle, Carrier

As it was said above, Carrier has linked the expander with the compressor and
therefore the expander run at the same speed as the compressor. This might result
in a not so good working performance of the expander for the case where the
system will run at off design conditions. This thesis uses a completely different
way to recover the work from the expander.

2.4 Conclusions

Since the expansion process in the vapour compression cycle occurs entirely in the
two-phase region, a mechanical expander which can operate with two phase
mixtures and operate at high efficiency is the most important part of this study,
because the success of the whole project depends upon this. As it can be seen from
the literature review the need to design and develop a machine like this still exists.

As is the case for all rotary volumetric principles, reverse motion is inherently
possible and, therefore the conversion of scroll compressor to scroll expander can
be envisaged. Smith’s investigation for this type of machine indicated that the
machines most applicable for the expansion of a two phase flow are the Lysholm
twin screw expander and the scroll expander.
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Scroll expanders present definite advantages over potential volumetric machines.
In addition, the reduced number of parts, the ability to cope with two phase
working fluids and the inherent reliability proven in compressor mode are major
reasons for its wider use in energy recovery. The fast growing mass production of
such units as compressors is likely to also contribute to a lowering of the
production costs for expander applications.

P4
- A - <
I
Y CONDENSER A t
TWO PHASE :@
EXPANDER VAPOUR MAIN DRIVE
] COMPRESSOR |~ COMPRESSOR ™|  MOROR
‘ A ‘
EVAPORATOR

Figure 2.12 The proposed cycle

What is recommended by this project is instead of coupling the expander with the
main compressor, introduce a second smaller compressor that will run in parallel
with the main one. All the work that will be produced from the expander in terms
of shaft power will be used to drive this new compressor which in turn will
contribute to the mass flow rate. This design appears to be more complicated than
the one Carrier uses, but the main reason is the performance of the expander at off
design conditions. The cycle is illustrated above (figure 2.12).
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Chapter 3

Quasi One Dimensional
Flow Modeling

3.1 Introduction

In this chapter we describe the computation of thermodynamics and flow process
in a scroll compressor and a scroll expander with reference to Stosic’s work. This
chapter discusses also the results from the Quasi 1-D flow modeling. The
importance of the relationship between built-in volume ratio and pressure ratio and
the use of the correct pressure ratio is clearly defined. The significant point is that
the built-in volume ratio is a constant for any given scroll compressor or expander
design but the pressure ratio, which is a function of the gas being compressed or

expand is not. Speed also affects the relationship between pressure and volume
ratios.

Therefore, while it would be convenient to identify a compressor - expander by its
build-in pressure ratio since this is the basis of the correct selection for efficiency,
it is not practical to do so unless the compressor - expander is always going to
operate on only one gas. This is the case with air compressors so that typically
these use the pressure ratio for identification, whereas gas or refrigeration
compressors normally use the built in volume ratio. The feature of the ‘“built-in
volume ratio” has been treated on the basis that it is a constant value in scroll
machinery. While this is true in the majority of cases, it is possible to incorporate
into the compressor - expander features which enable it to be varied. (such as
controlling the opening - closing of the discharge port)

The linking of a scroll expander to a scroll compressor in a sealed ‘Expressor’ unit
is also described in this chapter. This may be used both in new systems and for
retrofit applications in place of a throttle valve. The results of computer
simulations of Expressor performance in a large industrial chiller are shown.
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3.2 Theory

The equation set consists of the conservation equations for energy and mass
continuity together with a number of algebraic equations defining various
phenomena, which accompany the fluid suction, compression and discharge. The
mathematical model employs the differential kinematics relationship which
describes the instantaneous operating volume and its change with the rotational
angle, as well as the equations of conservation of the mass and the energy for the
adopted control volume. These are applied for each phase of the process that the
fluid is subjected to: suction, compression and discharge. The solution of the

equation set is performed numerically by employing the Runge-Kutta 4th order
method.

The model takes also into account the following effects:

e The working fluid can be any ideal or real gas or liquid gas mixture of known
properties (internal thermal energy , enthalpy).

o Inevitable leakage of the working medium which occur at any stage of the
process through axial or radial clearances is taken into account.

e Account can be taken of the effect of liquid such as oil, water or refrigerant
injecting during suction, expansion or discharge for lubricating, sealing or
cooling purposes.

3.2.1 Assumptions

Some assumptions need to be made in order to ensure an efficient computation,
these are:

e The fluid flow is assumed to be quasi-one dimensional.

» Gas or gas-liquid mixture inflow or outflow through the compressor suction or
discharge port was assumed isentropic.

» The leakage of the fluid through the clearances is assumed to be adiabatic.

3.2.2 Conservation Equations

The main difference of this model (comparing with other models) is the use of the
non-steady flow rather than the steady flow energy equation. Stosic proved that
this practice is computationally beneficial in evaluating the properties of real
fluids, as compared with the conventional methods using enthalpy as the
dependent variable.
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Non-Steady Flow Energy Equation: (:—;) = (m h) - (m h) + é+ W (3.1)
v in out

Where: ¢ = Crank angle.
h = h(¢) Specific enthalpy.

1;1 = 1;1(¢) Mass flow rate.

6 = é((b) Heat transfer between fluid and sarroundings.

o

wW=P ‘;—:Thermodynamic work supplied to the gas.

ENERGY GAIN DUE TO THE GAS INFLOW [mh],,

The energy gain due to the gas inflow into the working chamber is represented by
the product of the mass intake, and its average enthalpy. As such the energy inflow
varies with the crank angle. During the suction period gas enters the working
volume bringing the average gas enthalpy which dominates in the suction
chamber. While this process is taking place, a certain amount of the compressed
gas leaks into the working chamber through the axial and radial clearances. The

mass flow rate of the leaking gas as well as its enthalpy are determined on the
basis of the gas leakage equations.

Total inflow enthalpy is also affected by the amount of enthalpy flow into the
working chamber in the case of oil injection. Therefore if oil is injected into the

working chamber, the oil mass inflow together with its enthalpy must be included
in the inflow terms.
The mass inflow rate consists of :

m, =m_+m_+m_, (3.2)

Where m_ = Suction mass flow rate.
m,, = Mass flow rate due to leakage gain.

m , = Mass flow rate due to the injection of oil.

The velocity of the oil depends on the amount of oil injected. The velocity of the
leaking gas will be analysed later on this chapter. Now as far as the suction fluid
velocity is concerned the following equation is used:

@ = 2(h, ~ h,) (3.3)
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Where U is the suction coefficient, assumed to take a value of p =0.6 While "1"

and "2" denote conditions upstream and downstream of the considered port.
The fluid total inflow component consists of the following components:

(I;l h) = (l;lsuc hsuc) + (I;‘l.g hl‘gj + (l;loil hoil(,‘) (3'4)
ENERGY GAIN DUE TO GAS OUTFLOW [mh],,

The energy loss due to the gas outflow from the working volume is defined by the
product of the mass outflow and its average gas enthalpy. During the compression
this is the gas which leaks through the clearances from the working chamber into
the neighbouring chambers at a lower pressure, where as in the case of delivery
this is the gas entering the discharge plenum.

The mass outflow rate consists of:

° °

1;10u¢ =My +m, (3.5)

where m ;. = Discharge flow rate.

m,, = Mass flow rate due to leakage loss.

The discharge fluid velocity can be calculated by the use of equation 3.3 but with
the appropriate discharge coefficient \. Therefore the fluid total outflow enthalpy

consists of:
(m h) = (r;ldis hdis) + (I;l” hu) (3.6)
out

Each of the mass flow rates satisfies the continuity equation:

m=VpA (3.7)

Where: V [m/s] denotes fluid velocity
p [kg/m3] fluid density
A [mZ2] the flow cross section area and

The mass continuity equation of the model is :
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dm o o
dt =m,—m,, (3.8)

HEAT TRANSFER [Q]

The heat exchange between the fluid and the compressor/expander tip and casing
(and through it to the surrounding) due to the difference in temperatures of gas and

casing and spiral surfaces is accounted for by the heat transfer coefficient
evaluated from the expression:

Nu = 0.023 Re"? (3.9)

Here the surface over which the heat is exchanged, as well as the wall temperature
depend on the crank angle. The characteristic velocity for Re number is computed
from the local mass flow and the cross sectional area.

WORK SUPPLIED [W]

The thermodynamic work supplied to the gas during the compression process is

represented by:
V;’ = P[d—vj (3.10)
dt

Where : P = Pressure in control volume
dv/dt = Working volume

3.2.3 Gas Leakage

The leakages in a scroll machine affect the total flow rate and therefore play an
important role because they influence the process by affecting the mass flow rate
(and therefore the volumetric efficiency), and the work efficiency. Two types of
leakages according to their direction with respect to the working chamber exists:
gain and loss leakages. The loss leakage leave the working chamber towards
neighbouring chamber with lower pressure. On the other hand gain leakages come

from the neighbouring working chamber which has a higher pressure.

The fluid flow through the clearance is taken into account for the computation of
the leakage velocity. The process is essentially adiabatic (Fanno flow). The present

model treats only the gas, no attempt is made to account for leakages of gas-liquid
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mixture. The clearance gap is assumed to have a rectangular shape and the mass

flow of the leaking fluid is expressed by the continuity equation:

o

m, = V0 A, = 117 A, (3.11)

where: 3=V p  -The mass velocity of the leaking gas
Ag= lg ég -The clearance ("gap") cross sectional area
lg -The leakage clearance length (sealing line)
dg -The leakage clearance width ("gap")
M (Re,Ma) -The "discharge" coefficient.

The computation of the leaking gas velocity follows from the momentum equation
which accounts for the fluid wall friction:

2
odo, + 32 g P X (3.12)
A 2 Deg

Where: f(Re,Ma) is the friction coefficient (dependent on Re and Mach number)
Deg is the effective diameter of the clearance gas (Deg = 20g)

dx is the length increment

From the continuity equation (and assuming that T = constant to eliminate gas
density in terms of pressure) the equation can be integrated in terms of pressure

from high pressure side (position "2") to the lower pressure side (position "1") of

the gap to yield:
1 P’ - P’
K| = D0, = — — 3.13
71[ /d] 1P CU\/RTZ §+2|n(%) (3.13)
L
Where { =f 5 B+ Z & characterizes the flow resistance (3.14)
€g

Lg= clearance length in the leaking flow direction

f =friction factor and
& =local resistance coefficient

{ can be evaluated for each clearance gap in function of its dimensions and shape
and flow Re and Ma numbers. The full procedure would require incorporation into

model of the friction and drug coefficients in terms of Re and Ma number for each
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type of clearance. However Stosic recommends a value of { = 0.6.

3.2.4 Oil Injection

Injection of oil or other liquids for lubrication, or sealing purposes, modifies
substantially the thermodynamic process in a scroll machine. A convenient
parameter to define the injected oil mass flow is the oil to gas mass ratio, m;/Mg,q

In addition to lubrication major purpose for injecting oil is the cooling of the gas.

In the present model the heat exchange with the gas is determined from the
differential equation for the instantaneous heat transfer between the surrounding
gas and an oil droplet. Assuming that the droplets retain a spherical form, with a
prescribed Sauter mean diameter ds, the heat exchange between the droplet and

gas can be expressed in terms of a simple cooling law:
Qo = hOAO(Tgas - To) (3.15)

Where: A is the droplet surface Ay = (ds? )

ds? is the mean Sauter diameter of the droplet and
hg is the heat transfer coefficient determined from the empirical expression

Nu = 2 + 0.6 Re®® pr®® (3.16)

The exchanged heat must balance the rate of change of heat taken or given away
by the droplet in the unit time.

dT, dT,
Q,=m,.C, - MeCa@ (3.17)

Where Coj] is the oil specific heat and the index "o" denotes oil droplet. The rate

of change of oil droplet temperature can be expressed now as:

dT, h,A, (T, -T,)
d¢  m,C,w

o oil

(3.18)

A simplified integration of the equation between the two time (angle) steps yields
the new oil droplet temperature at each new time (angle) step:
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_ T, + kT,

T = 3.19
¢ 1+k (3-19)

Where: T, is the oil droplet temperature at the previous time step k is the non-
dimensional time constant of the droplet, k=1m/A¢ with T=mg Cyij/ hg Aq

being the real time constant of the droplet. For the given mean Sauter diameter ds

the non-dimensional time constant takes a form:

_mC,0 dsC

o oil oil o

" hA,dp 6 h, Ap

(3.20)

The obtained droplet temperature is further assumed to represent the average
temperature of the oil, i.e. Tyj] = Ty , which is further used to compute- the

enthalpy of the gas-oil mixture.

Because the inclusion of a complete model of droplet dynamics would
unnecessarily complicate the computer code, Stosic developed and used the above
described simplified approach. The inputs parameters are only the mean Sauter
diameter of the oil droplets, ds and oil properties - density, viscosity and specific
heat.

3.2.5 Computation Of Fluid Properties

For the ideal gas, the internal (thermal) energy of the gas oil mixture is given by:

mRT,
u=
y-1

+(m,T) = Py, (m,T) (3.21)

oil },_1

Where R is the gas constant. The pressure and temperature of the fluid in the

working chamber can be explicitly calculated by the help of the equation for oil.

(r-1)(1+k)u(m,T)
(1+k)mR+(m,,)

Temperature: T = (3.22)

oil

PROPERTIES OF REAL GASES

For the case of a real gas the situation is more complex. Many gases differ in their
properties from ideal gases. The above theory is based on the compression of ideal
gases. In the application of industrial compressors allowances have to be made
where possible for the differences between real and ideal gases.

Real gases do not behave exactly in the manner of ideal gases, and in some

38



Chapter 3 Quasi One Dimensional Flow Modeling

instances the differences can be quite significant, particularly when the pressure

and temperature are in the region of the critical conditions.

Accurate equations of state are inconvenient for everyday calculations because they
lead to unwieldy expressions. They are most used for the preparation of tables and
diagrams of properties. When tables are not available, and for conditions where the
perfect gas laws are too inaccurate, correction factors may be applied to the perfect

gas relations. Thus the equation of state, for example, can be written as

A%
Z= % (3.23)

where Z is the compressibility factor. The value of this factor depends upon the

gas and it is also a function of the pressure and temperature. The combination of
Z = ¢(p, T) and the above equation is the complete characteristic equation.

3.3 Resuits of the 1-D Flow Modeling

As it was stated earlier in this study the Quasi One Dimensional Flow Modeling
was performed with the aid of an advance commercial package called
"SCORPATH", written by Professor N. Stosic. The performance characteristics
over a wide range of speed and other operating conditions have been analysed.

3.3.1 Scroll Compressor

The function of the compressor is to raise the pressure of the vapour leaving the
evaporator to a value at which its corresponding saturated vapour pressure is high

enough to enable heat to be rejected to its surroundings by means of a condenser.

Because in a scroll compressor the opening of the delivery port is determined
entirely by the geometry of the machine, there is a certain build - in volume ratio
and a corresponding build in pressure ratio for a particular gas. If the pressure in
the working chamber has not reached the pressure in the delivery pipe when the
port is uncovered, gas flows back into the working chamber. On the other hand, if
the pressure inside the working chamber at the instant of opening exceeds that of
the delivery pipe, gas rushes out suddenly at an unresisted expansion. In either

event there is a loss of efficiency.
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Build In Volume Ratio 2.5:1 Pressure Ratio 5:1
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Figure 3.1 Pressure - Volume diagram for condition where system pressure ratio is

much greater than build in Volume ratio. Speed 3000 RPM. Working fluid R134A,
dry vapour.

Ideally the build - in pressure ratio should match the actual pressure ratio for
maximum efficiency but this is not possible in practice because a compressor in
any given installation may have to operate at different pressure ratios, depending
on the evaporating and condensing temperatures. Nevertheless there is usually one

pressure ratio which corresponds to average or design conditions and the machine
can be designed for this.

In figures 3.1 to 3.4, the pressure-volume and pressure-angle diagrams
corresponding to the conditions of greater and smaller pressure ratio, than the build
in .volume ratio are shown. The dramatic increase in scroll pocket pressure shortly
after the start of discharge due to the strong back flow is apparent in figures 3.1 and
3.2. This back-flow effect results in an increase in compressor power over what
would be required if the compressor pressure ratio matched the system. The area
located under the curve and above the dashed line in figure 3.1 represents this
increase in compression power. The total compression power is proportional to the
enclosed pressure-volume area.
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Build In Volume Ratio 2.5:1 Pressure Ratio 5:1

[

-400 -200 0 200 400 600
Angle (Degrees)
Figure 3.2 Pressure - Angle diagram for condition where system pressure ratio is

much greater than build in volume ratio. Speed 3000 RPM. Working fluid R134A
dry vapour.

In figures 3.3 and 3.4, the pocket pressure after the start of discharge increases
more gradually due to normal flow and over-pressure before peaking and then
slowly decreasing back to discharge pressure. There is no increase in power due to
back flow, only the increase in power due to over-pressure. Generally speaking the
area between the discharge pocket curve and the discharge pressure curve for both
cases ( greater-lower pressure ratios) represents the increase in compression power

due to over-pressure.

As was said above there is an average pressure ratio that corresponds to the build in
volume ratio of the machine. Figures 3.5 and 3.6 illustrates this. As it can be seen
from these figures there is not any major decrease or increase on the pressure after
the discharge port is open. This is because there is more pressure equilibrium
between the discharge pipe and the chamber.

During the suction period which is quite long some fluctuations on the pressure
were recorded, this is due to the fact that some gas might flow backwards due to
the pressure difference caused from the opening of the suction port. Now as far as
the compression is concerned figures 3.5 and 3.6 shows that the process which
takes long appears to be very smooth. This is because the momentum term sz is

small since gas density is not large.
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Build In Volume Ratio 2.5:1 Pressure Ratio 1.5:1
1.0E+06

9.0E+05

8.0E+05 //\\
7.0E-+-05 / \
6.0E+05

I / N
5.0E+05 ~_
4.0E+05

.
3.0E+05 +— == >

p——

Pressure (N/m*2)

2.0E+05 —t—t—t ——t—t bttt P
0.0000 0.0003 0.0005 0.0008 0.0010 0.0013
Volume (m*3)

Figure 3.3 Pressure - Volume diagram for condition where system pressure ratio
is less than build in Volume ratio. Speed 3000 RPM. Working fluid R134A dry
vapour.
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Figure 3.4 Pressure - Angle diagram for condition where system pressure ratio is
less than build in Volume ratio. Speed 3000 RPM. Working fluid R134A dry
vapour.
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Build In Volume Ratio 2.5:1 Pressure Ratio 2.6:1
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Figure 3.5 Pressure - Volume diagram for condition where system pressure ratio is

the same with the build in Volume ratio. Speed 3000 RPM. Working fluid R134A
dry vapour.
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Figure 3.6 Pressure - Angle diagram for condition where system pressure ratio is
the same with the build in Volume ratio. Speed 3000 RPM. Working fluid
R134A dry vapour.
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The relationship between build-in volume ratio and build-in pressure ratio and
individual gas properties is also important. The physical situation is that a scroll
compressor has a built-in volume ratio. It draws in volume of gas V, and reduces
this internally to a smaller volume V,. The build-in volume ratio is therefore the
ratio of these, i.e.

However, we have already seen that the optimum efficiency occurs when the
pressure ratio is approximately the same with the built-in volume ratio. The
significant point is that the build-in volume ratio is a constant for any given
compressor design but pressure ratio is not. Zis a function of the gas being

handled. For an isentropic compression process we have
P _(vY
Pl V2
where ¥ is the isentropic index of the gas concerned, i.e. C,/C,. The isentropic

index varies quite widely for different gases, typical examples at atmospheric
pressure and temperature being: [O’Neill, P. A. 1993 Industrial compressors pp.
309]

Fluid 4
Propane 1.14
Ammonia 1.29
Air 1.4
Helium 1.63

Thus if a compressor has a build-in volume ratio of 3.5:1 the build in pressure ratio
with the above gases would be:

If however, we are dealing with a polytropic process then the equation will become

and the pressure ratio will depend on the value of 7. Raymon, L., et. al. 1988

Fluid Pressure ratio
Propane 4.17
Ammonia 5.03
Air 5.77
Helium 7.71

P,_(v,Y
Pl V2
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Build In Volume Ratio 25:1 Speed 3000 RPM
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Figure 3.7 Pressure - Volume diagram for different pressure ratios. Working fluid
R134A dry vapour.
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Figure 3.8 Pressure - Angle diagram for different pressure ratios. Working fluid
R134A dry vapour.
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Figures 3.7 and 3.8 shows influence of operating pressure ratio, on the pressure
curve. Under the ideal condition the discharge pressure changes in a stepwise
manner at the start of the discharge process. At higher pressure ratio operation, the
discharge pressure rises smoothly as an extension of the compression process and
the over- compression becomes small as the pressure ratio increases. On the other
hand over-compression becomes very large at an operating pressure ratio lower
than the build-in pressure ratio.

Figure 3.9 shows relationships between adiabatic and volumetric efficiencies for
different pressure ratios. The pressure ratio at which adiabatic efficiency peaks
depends on the built-in volume ratio as noted earlier. An optimum operating
pressure ratio moves to low pressure ratio with increasing leakage. The reason is
that the leakage loss becomes large as the operating ratio increases. The
characteristic of volumetric efficiency versus pressure ratio is quite different. The
back leakage increases a little with increasing pressure ratio but only to a small
degree. There are also leakage and fluid injection effects which greatly affect the
choice of volume ratio for a given pressure rise.

L —— |diabatic Efficiency Volum etric Efficiency

100
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80

70

60
. /
40 ] /
30 o]

0 1 2 3 4 5
N Pressure Ratio

Efficiency (%)

Figure 3.9 Efficiencies - Pressure Ratio. Speed 3000 RPM, Build In Volume
Ratio 2.5:1. Working fluid R134A dry vapour.
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As the scroll compressor is a positive displacement machine, the discharge
pressure is not dependent on compressor speed, however Rotational Speed can be
used to control the capacity of the machine. Ideally this would be true only if there
is no leakage. Figure 3.10 shows the influence of the rotational speed on the
pressure curve. As the rotational speed increases, the discharge pressure increases.
On the other hand, pressure during suction process becomes slightly low but
pressure during compression is almost the same. This is due to the leakage, which
is influenced by the rotational speed. Leakage takes place between the radial
(flank) and tangential (tip) clearance. Both kinds of leakage raise the delivery
temperature, because the vapour which is throttle back to a lower pressure is
subsequently recompressed adiabatically. A sudden rise in delivery temperature is a

sign of excessive leakage. The presence of oil is an important factor in achievihg
good sealing

The influence of leakage on the scroll compressor performance is mainly indicated
in the compression power and the volumetric efficiency, which is the ratio of the
volume flow rate to the theoretical delivery. The leakage through tip clearance,

increase the pressure during the compression process but lessens somewhat the
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Figure 3.10 Pressure - Angle diagram for different rotational speed. Working
fluid R134A dry vapour.
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over-compression during the discharge process. On the other hand, the leakage
through flank clearance, accelerates the pressure rise during a later part of the
compression process and increases the succeeding over-compression. When both

the leakages are considered, the compression pressure increases.

Figure 3.11 shows that the volumetric efficiency increases with increasing
rotational speed though it decreases at extremely high speed operation. Figure 3.12
shows that power and mass flow rate also increase with speed. Figures 3.13 and
3.14 shows how the mass flow rate and the power of the compressor change when
system is working at off design conditions.

Increasing of rotational speed increases an over-compression loss at low pressure
ratio operation but moderates an under-compression loss at high pressure ratia
operation, which leads to a higher optimum operating pressure ratio. Therefore,
dimensions of scroll wrap must be selected such as it has a maximum efficiency at
an actual operating pressure condition by taking into account of rotational speed
and leakage.

Most refrigeration systems reject heat to the atmosphere, and the ambient
conditions change throughout the year. Process refrigeration plants that operate
year round are particularly subjected to a wide range of condensing temperatures.
The response of a scroll compressor to changes in condensing temperature is
analyzed here. Firstly the behavior of the machine was examined by varying the
condensation temperature and keeping fixed the evaporating temperature. This
forces the compressor to operate at off design conditions, as far as the operating

pressure ratio is concern.

Figure 3.15 shows the changes in the adiabatic and volumetric efficiency for a
scroll compressor as a function of condensing temperature, for an evaporating
temperature of -10°C. As the temperature increases the volumetric efficiency drops
off. On the same figure the increase of the pressure ratio due to the increase of the
condensation temperature, and therefore pressure is shown. The remaining
important characteristic is the power, shown on Figure 3.16. The work of

compression in kJ/Kg increases as the condensing temperature increases.
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Figure 3.11 Efficiencies - Speed. Working fluid R134A dry vapour.
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Figure 3.12 Power / Mass Flow Rate - Speed. Working fluid R134A dry vapour.
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Figures 3.17 and 3.18 shows the behavior of the machine for different condensation
temperatures but fixed operating pressure ratio. This was achieved by varying both
the condensing and evaporating temperatures. As it can be seen from figure 3.17
the volumetric efficiency remains approximately the same, and the adiabatic
efficiency appears to be better than the one in figure 3.15. Figure 3.18 shows that
the adiabatic work of compression remains approximately the same. The Indicated

power curve follows a similar trend to that of figure 3.16 but with match greater
range.

A few comments on the significance of the trends in Figs. 3.15 to 3.18 follow.
With more moderate differences between the condensing and evaporating
temperatures the expectation is that the power required by the compressor will
increase with an increase in condensing temperature. The refrigerating capacity
always decreases with an increase in condensing temperature. Another important
characteristic which is not shown on the graphs is the coefficient of performance,

which decreases monotonically as the condensing temperature increases.

From the standpoint of power and efficiency, a low condensing temperature is
desirable; thus condensers should use the coldest air or water available.
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Figure 3.17 Efficiencies / Condensation Temperature. With fixed pressure ratio.
Working fluid R134A dry vapour.
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3.3.2 Scroll Expander

As was said earlier, the function of a compressor is to admit the fluid from a low
pressure region, compress it and deliver it to a high pressure region. An expander

carries out the reverse processes with the object of producing work.

In section 3.3.1 the importance of the correct build in volume ratio for a scroll
compressor was analyzed. In the case of the expander the build in volume ratio is
also extremely important. If the pressure in the working chamber has fallen below
the i)ressure in the delivery pipe, (over-expansion) when the port is uncovered, gas
flow back into the working chamber. As can be seen from fig 3.19 the delivery
port opens before the pressure in the working chamber has fallen enough, (under-
expansion) this results in an unresisted expansion, which in this case corresponds

to the waste of a certain amount of energy.
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Figure 3.19 Pressure / Angle. Speed 3000 RPM. Working fluid R134A wet
vapour.

The most distinctive feature of the results is the shape of the pressure-volume
diagram, of which a typical result is shown in figure 3.20. As can be seen the
initial filling process, which is normally assumed to take place at approximately
constant pressure, is in fact associated with a small pressure drop and therefore
some expansion. This pressure drop is due to the acceleration of the fluid as it
enters the varying space between the spirals. Theoretically this pressure drop must
be larger than the pressure change associated with gas discharge from compressors
through the same area in the reverse direction. This is because the fluid entering
the suction pocket of the expander has a very high liquid content and therefore a
much greater density. However figure 3.20 shows that the pressure drop during the
suction process of the expander is smaller than the change of pressure during the

discharge process of the compressor.

However it must be noted that the pressure-volume characteristics of wet vapours
are different to those of dry vapours and these lead to the need for a larger build-in
volume ratio for scroll expanders.
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Figure 3.20 Pressure / Volume diagram of a two phase expansion process. Speed
3000 RPM. Working fluid R134A wet vapour.

Figures 3.21 and 3.22 shows some performance characteristics of the expander
with respect to rotational speed change. The adiabatic efficiency is shown to
increase together with the speed, a similar behaviour is recorded for the mass flow
rate and the power. As can be seen adiabatic efficiencies are of the order of 70%
over a wide range of operating conditions. The reason for the comparatively high
efficiency at low speeds is that leakage, which is then relatively large is in the
same direction as the bulk flow and hence its effect on performance is not so
adverse. From fig. 3.21 we can see a huge drop of the Volumetric efficiency with
speed. This is because the momentum term associated with filling becomes very
large at high speeds.

Figures 3.23 and 3.24 shows how mass flow rate and power change, over a wide

range of load conditions.

55



Chapter 3 Quasi One Dimensional Flow Modeling

Adiabatic Efficiency

Volumetric Efficiency

100

90 +

|

80

70

(Il L T Vo I T M
1

50 +

Efficiency (%)

40

(e L= L Jad e B
LI e e

30

20

10

(O O U BT oY)
L e e e

0 = R A T TP R L B AU e TS L T AL i L U s U L B e T P L L
0 1000 2000 3000 4000 5000 6000
Rotational Speed (RPM)

Figure 3.21 Efficiencies / Speed. Working fluid R134A wet vapour.
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Figure 3.22 Power / Speed. Working fluid R134A wet vapour.
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Figure 3.23 Mass Flow Rate/Speed. Working fluid R134A wet vapour. Different
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3.4 Applications Of the Scroll Compressor - Expander

The concept of improving the coefficient of performance of vapour compression
refrigeration cycle systems by utilising the throttle expansion process to generate
mechanical power is well known. It has the advantages not only of its potential use
to reduce the power requirement to the main compressor but also, by expanding
more nearly reversibly, of increasing the refrigeration effect per unit mass of fluid
passing through the evaporator. However, until relatively recently its practical
embodiment has not been followed with much interest by the refrigeration and air
conditioning industry. The main reasons for this lack of interest were:

) Gains in COP produced by improved compressor performance and reduced
heat exchanger temperature differences were more cost effective and significant.

II) Efficient means of recovering power from two-phase expansion were not
available.

At present, the situation has changed in that:

a) The continuing gains obtained from improved compressor performance and
reduced heat exchanger temperature differences have reached a stage where
further advances are diminishing in significance and escalating in cost to the
point where such improvements are no longer cost effective.

b) As a result of the relatively high efficiencies in modern compressors, the gains
achievable from two-phase expanders, which are relatively constant, have
become more significant.

3.4.1 Cycle Proposed

To make use of the work produced from the expander in terms of shaft power and
therefore reduce the power requirements of the compressor, the scroll expander
needs to be coupled with the compressor. This might create some performance
problems with the expander. Since it is well known that the mass flow rate of the
refrigerant varies, mainly because it depends on the load, the scroll expander must
not be coupled directly to the main compressor because this will force the expander
to run at the same speed with the compressor. The result of this will be a not so
good working performance for the expander when the system will operate at off
design conditions. To overcome this problem and allow the expander to adjust its
speed for any instantly mass flow rate (which depends on the load) it was decided

to coupled the expander with a second compressor.

The second compressor will work in parallel with the main one, it will be driven
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only by the work produced from the expander and it will contribute to the system in
terms of mass flow rate, The whole cycle is illustrated below.

r |
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TWO PHASE :€/\>
EXPANDER K VAPOUR MAIN

DRIVE
COMPRESSOR| -~ COMPRESSOR ™|  MORGR
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Figure 3.25 The proposed cycle. (‘Expressor’)

Y

3.4.2 The proposed Model

A study was performed on a standard vapour compression refrigeration cycle using
refrigerant R134a. Although several working fluids, as for example R22 or propane
etc. could be used for the desired applications, HFC134a was chosen for ease of

use, non flammability and mainly because of global environmental acceptance. The
cycle was operating on the following conditions:

o Evaporating temperature : 50C

o Superheating : 100C

¢ Condensing temperature : 350°C

e Sub cooling : 00C

Parameters Main compressor | Second compressor | Expander
Width (m) 0.5 0.12 0.1
Height (m) 0.062 0.02 0.0165
Thickness (m) 0.00006 0.00003 0.000025
Speed (RPM) 2200 3000 3000
Mass flow rate (kg/s) 23.44 1.55 25.1
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Figure 3.26 Scroll machine.

3.4.3 Expander Characteristics

These are shown in figures 3.21 to 3.24. As may be seen overall adiabatic
efficiencies, which include bearing, seal and timing gear losses, are of the order of
70% over a range of operating conditions. For the design conditions of this model
the power output of the expander is approximately 52 kW.

3.4.4 Compressor Characteristics

These are shown in figures 3.11 to 3.14. Since leakage in compressors opposes the
bulk flow, its effect on idiabatic efficiencies should be greater than in expanders.
However as it was said earlier in this Chapter the pressure-volume characteristics
of wet vapours are different to those of dry vapours and these lead to the need for a
larger build in volume ratio for the expander. The larger build in volume ratio for
the expander implies that the leakage flow is relatively larger. Hence the superior
compressor efficiency at higher speeds.
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3.4.5 Combined Characteristics

The expander and compressor characteristics may be combined to show how the
proposed model will perform over different rotational speeds. Figures 3.27 to 3.29
show these performance. Figure 3.27 shows how the mass flow through the second
compressor compares with that through the evaporator and hence the main
compressor. From figure 3.28 it may be seen that the expander will be able to drive

the compressor to produce an increased mass flow rate at speeds above 3000 RPM.

As far as the performance gains are concern, firstly it should be noted that if the
scroll expander is used (as proposed) then the mass flow through the expander will
be increased by the extra mass flow it induces in the coupled compressor.
Secondly, the inclusion of the expander has the additional advantage of making the
expansion process more nearly isentropic and hence increases the evaporation
effect per unit mass flow.

The refrigeration effect was increased from 157.177 kJ/kg to 160.082 kJ/kg, 1.81%
increase. The power requirements of the main compressor were decreased from
923.199 kW to 827.266 kW, 10.39% decrease. Now as far as the coefficient of
performance is concern it was increase from 4.29 to 4.87 which corresponds to an
increase of approximately 13%. (This is only given as an example at one operating
point).

This study has demonstrated that an Expressor unit comprising a scroll expander
driving a scroll compressor in a sealed unit is a viable and stable device for use as a
throttle valve replacement in large vapour compression chiller systems which can
produce improvements in the Coefficient of Performance of the order of 13% at the
design operating conditions.

Since it is not connected mechanically to the main compressor, an Expressor may

be readily incorporated into a chiller unit even as a retrofit device.
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Chapter 4

Geometry And Grid
Generation

4.1 Introduction

In order to perform a thermodynamic analysis of the scroll compressor - expander
first we have to describe the physical behavior of the machine in terms of
mathematical equations. Functions of working volume, sealing lines, contact
conditions etc. in terms of crank angle, (i.e. time) form the foundations of the
analysis. In the first part of this chapter we present the necessary equations needed
for the analysis. As will be shown in section 4.4 these equations form the basis for
the development of the grid generation code. The derivation of the equations was
necessary since it is not based on any published data. However it is partially based
on the patent of the inventor of the machine. Full analysis of the geometry is given
in appendix A

During the last few years, numerical flow analysis techniques have become
increasingly important in machine design. A key factor in obtaining a realistic
solution is mesh generation, considered as a basic problem requiring a sustained
effort. In fact, the interaction between the mesh characteristics and the development
of the solver are closely linked as far as stability, convergence and definition of the
solution are concerned. Therefore section 4.4 of this chapter deals with the design
and development of a grid generation program that can handle the complexity of
the working volume of the scroll device. Aspect ratio, orthogonality, cell distortion,
and smooth distribution, are some of the difficult issues involved in the transient

structured body fitted grid generation package developed.

4.2 Geometry

The basic elements in a scroll compressor are the identical scroll wraps whose
quality is vital to the compressor’s performance. Geometrically speaking the wraps
are usually made on the basis of an involute of a basic circle (IOC).
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As can be seen from the literature survey, there is almost nothing published on the
geometry of the scroll compressor. However even in the very few papers published
so far on this topic, only basic principles are stated. Therefore it was decided to
develop our own unique geometry based on the patent of the innovator of the scroll
engine Leon Greux [1905]. A detailed analysis of the geometry needed for the

design of a scroll machine is shown in appendix A, however some of the basic
equations are shown here:

The involute spiral of a circle is an appropriate curve for a scroll compressor
because of its simplicity of construction. If one unwraps a string from a circle,
keeping the string taut, the end of the string will trace out an involute spiral. The
envelope, formed by orbiting (revolving without rotating) an involute about a
separate origin, is in itself an involute spiral which differs from the original

involute by its starting angle. To build a spiral of this type both the inner and outer
curves must be known.

The curves C,= Cr,, C,=Cq, Cy=C,, and C, = C,y, defining the inner and
outer surfaces of the fixed and orbiting spirals of the compressor are shown in
figure 4.1. The meaning of the subscripts is : FO = Fixed Outer, /= Fixed Inner,
00 = Orbiting Outer, and O/ = Orbiting Inner. The analytical expressions
describing the curves C,=Cp, C,=C, C3=C,p and C,=C,,. are:,

x
C=Cro : [ l]
N

C~C, - AN r(cos((p+ ¥)+ @sin(o + 7)] ,

r(cos(go) + gosin((p)]
sin(p) — ¢ cos(¢) ’

\ Y2 sin(p+ y)— @ cos(p + )
(4.1)
X, r(cos(@)+ ¢sin(@)) + d cos(6)
Cs=Coo =- . . ,
Y; r(sin(p) — ¢ cos(¢)) + d sin(9)
C=C x,) _ [r(cos(p+y)+gsin(p+y))+d cos(e))
¢ a v.) \rGsin(p+y)-g@cos(p+y)+dsin(@))’

It is now assumed that the curves C,~=C, and C,=C,, have been constructed in
such a way that they never intersect each other, but there exist points at which they
are tangent. The same assumptions are also made for the pair of the curves C,=Cg,

and C;=C,,. At these touching points the following relations hold
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o, =2k7z+§+9, 3 =2k7r+§+9,

P=T+Q =Y, Q=x+¢;—-v, ¢,20(i=1234), d=r(x-7), (4.2)
O<y=constant<z/2, keW, 0ec®R.

Clearly, the relations between the angles ¢,, ¢, and @ refer to the contact

conditions of the curves C,=Cr, and C,=C, , while the relations between the
angles ¢,, @; and @ refer to the touching conditions of the curves C,=C, and

C=Cee
CE=CFI
Y
B.
Y B, ¢
P\ R
'IG? X
0 G
0
d
G, .
¥ S X
RA/GN ™\
R :
B4
Cfcm
C:Cx

Figure 4.1. Generating circles and involutes.

The derivation of the working volumes leads to a number of formulae. For
example the volume of the suction chamber only is described by four different
equations depending on the relative position of the spiral walls of the device.
Therefore it has been decided not to put all those equations here. As already stated
a mathematical analysis is shown in appendix A.
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Figure 4.2. 3-D View of the Scroll Machine using the involute of a circle

New types of curves named as "The Involute of a Basic Square” and " The
Involute of a Basic Triangle" have been recently studied [1992] in an attempt to
improve or replace the conventional one. The involute of a basic square can be

obtained when unwrapping a string from a square as shown in figure 4.3.

Re R 22
R3 R2 R31 R21
2 I
\ - a R, R32 o Ri2
; Rs R 41
Ra42

Figure 4.3. Formation of involute of square, wrap design.

It is obvious from the formation process that, the curve consists of several quarter
circles, that is, its curvature changes every quarter circle. Something quite similar
happens with the involute of the basic triangle.

Besides the types of curve mentioned above an Archimedes spiral can also be used
for the design of scroll machinery. However when using this type of curve extreme

caution must be taken in order to avoid any problems regarding contact conditions.
(i.e. leakages)
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4.3 Theory Of Grid Generation

One of the main problems in computing numerical solutions of Partial Differential
Equations (PDE) is the generation of the mesh for the solution domain. The grid
has to be well-constructed otherwise it may lead to instability or lack of
convergence. Numerical grid generation has now become a fairly common tool in
the numerical solution of PDE on arbitrarily shaped regions and several
commercial packages are available (Thompson, 1988). A comprehensive survey of
procedures and applications has been given by Thompson et al. (1982; 1984).

Body-fitted curvilinear coordinate systems, used in modern CFD codes generated
to maintain coordinate lines coincident with the boundaries, were introduced to
extend the capabilities of Finite Difference Methods (FDMs) to deal with complex
geometries and assist in the imposition of boundary conditions without the need for
special procedures at the boundaries. Motion of the boundaries is also possible, the
coordinate system adjusting to follow variations developing in the evolving
physical solution. In any case, the numerically-generated grid allows all
computations to be done on a fixed square grid in the computational field which is
always rectangular by construction. However, the cost of the greater flexibility
afforded by the use of body-fitted grids and general coordinates is an increase in
complexity of the equations to be solved, due to the non-linear coordinate
transformation.

The first step in the generation of the grid is the transformation of the physical
space (complex-geometry domain) into a computational domain (simple-
rectangular domain), where all numerical algorithms, finite difference, finite
volume or finite element, are implemented. Numerical grid generation techniques
may be roughly classified into three categories:

(a) Complex variable methods.

(b) Algebraic methods.

(c) Differential Equation Techniques.

Complex variable methods are restricted to two dimensional problems and so their
applicability is very limited. These techniques have the advantage that the
transformation used are analytic or partially analytic as opposed to the other
methods that are entirely numerical. Algebraic and differential equations
techniques can be used for complicated three-dimensional problems. In the next
sections we present the main approaches to the generation of meshes for structured

grids. Then, special techniques for gridding complex geometries will be discussed.
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4.3.1 Algebraic Methods

Algebraic mesh generation methods determine the coordinate positions by
interpolating among boundaries and / or intermediate surfaces using known
functions of sets of data points. The main advantages of algebraic mappings are
that they are direct and the metrics of the transformation can be computed
analytically. However, since inherent smoothing properties are missing,
discontinuities can arise in the mesh.

Several interpolation methods are used, and are classified as unidirectional and
multidirectional methods. In the unidirectional interpolation method, the
interpolation, in one curvilinear coordinate direction only, occurs between points.
These points can, however lie on boundary (or interior) curves of surfaces, and in
this sense the unidirectional interpolation can be considered to be between these
curves or surfaces. Several interpolation techniques are available (Lagrange,
Hermite, Splines, Tension Splines, B-Splines etc.), the most general procedure
being the ‘multi-surface procedure (Eiseman. 1979) of which Lagrangian or
Hermitian interpolations are special cases. This procedure is constructed from the
interpolation of a specified vector field, defined from piecewise-linear curves
determined by the boundaries and successive intermediate control surfaces. These
vectors are taken to be tangential to the coordinate lines intersecting the surfaces,
so that integration of this vector field produces the position vector field for the grid
points.

Multi-directional interpolation involves interpolation among functions of curves or
surfaces. The most general method used is the ‘transfinite’, described in detail by
Rizzi and Erikson (1981). The interpolation generates the mapping by combining
unidirectional interpolation with Boolean sums, and matches the function at any
number of points.

4.3.2 Partial Differential Equation Methods

These techniques are the most highly developed for generating grids. The grid
points are obtained by the solution of a set of partial differential equations, which
can be hyperbolic, elliptic or parabolic. If the coordinate points are specified on
the entire closed boundary of the physical region, the equations must be elliptic,
while if the specifications is only a portion of the boundary the equations would be
parabolic or hyperbolic.
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The use of elliptic PDEs to generate grids has been treated extensively by
Thompson (1974). This procedure transforms the physical space into the
computational space where the mapping is controlled by general Poisson-type
systems. The generation system guarantees a one-to-one mapping for boundary
conforming curvilinear coordinate systems on general closed boundaries. The
advantages of using this technique are to generate a smooth grid, complex
boundaries being easily treated, without overlap of grid lines (extremum
principles). However, grid point control on the interior is difficult to achieve, and if
boundaries are changing in time, (as in the case of a scroll compressor / expander)
since the grid has to be computed for each time step, large amounts of computer

time may be consumed.

The most simple elliptic partial differential system is the Laplace equation:
VIE =0 (i=1,2,3)

where £'is the coordinate vector in the computational domain.

This system exhibits an extremum principle and considerable smoothness. Control
of the coordinate line distribution in the field can be obtained by generalizing the

elliptic generating system for the Poisson equations:
VIEi=P' (i=1,2,3)

in which the ‘control functions’ P*, can be fashioned to control the spacing and

orientation of the coordinate lines. In the absence of the control functions the
coordinate lines will tend to be generally equally spaced away from the boundaries
regardless of the boundary point distribution. Variations of elliptic systems are
noted in Thompson et al. (1982; 1984).

A number of different algorithms have been used for the solution of these
equations, including point and line SOR, ADI (Alternating-Direction-Implicit-
Technique) (Thompson et al., 1982; Thompson, 1984). The convergence can be
accelerated by using multiple grid iteration (Forsey and Billing, 1988). For general
configurations, point SOR is certainly the most convenient to code and has been
found to be rapid and dependable, using over-relaxation, for a wide variety of
configurations. Since the system is nonlinear, convergence depends on the initial
guess in iterative solutions. Algebraic grid generation procedures may be used to

generate this initial guess. Transfinite interpolation generally produces a more

70



Chapter 4 Geomelry And Grid Generation

reliable initial guess than unidirectional interpolation does because of its reduced
skewness.

A fundamental development of the hyperbolic generation system was made by
Starius (1977). Hyperbolic systems are applicable to domains in which the inner
boundary is specified but the surrounding outer boundary is arbitrary, and therefore
of interest only for use in calculation on physically unbounded regions where the
precise location of a computational outer boundary is important. The parabolic
system can be applied to generate the grid between the two boundaries of a doubly-
connected region with each of these boundaries specified. The grid control is
generally weak and difficult compared with the elliptic methods. However the
weakest method in the grid control is the grid generation method. Both parabolic
and hyperbolic grid generation systems have the advantage of being generally faster
than elliptic generation systems, but, as noted, are applicable only to certain
configurations.

Orthogonality is one of the most desirable properties in grid generation techniques.
Orthogonal coordinate systems produce fewer additional terms in transformed
partial differential equations, and thus reduce the amount of computation required.
This also makes the application of boundary conditions more straightforward, and
permit a greater degree of vectorization on supercomputers. A severe departure
from orthogonality will introduce truncation error in ‘different expressions’.
Orthogonality in three dimensions is difficult to achieve, and only exists when the
coordinate lines on the bounding surfaces follow lines of curvature, i.e., lines in the
direction of maximum or minimum curvature of the surface. It is possible,
however, to have the system locally orthogonal at boundaries, and/or to have
orthogonality of surface coordinates. Since a part of the truncation error decreases
as the grid becomes more orthogonal, it is of interest to generate grids which are
‘nearly-orthogonal’. Various generation procedures of orthogonal systems are
surveyed in Thompson (1980).

4.3.3 Adaptive Grids

Adaptive grids are generated with the object of directing the distribution of grid
points so that a functional relationship on them may represent the physical solution
with sufficient accuracy. As the physical solution develops, grid points move,
concentrating in regions of large gradients in the solution as they emerge.

Movement of grid points is coupled to their neighbours, and cannot be too far or
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too fast, otherwise oscillations may occur.

Different techniques for constructing adaptive grids have been proposed. Brackill
and Saltzman (1980) have developed a technique for constructing an adaptive grid
using a variational approach. 1t offers a powerful method for constructing
computational grids; however, a considerable effort must be expended in solving
the equations which govern the grid generation. Many applications of adaptive
grids require grid motion along one coordinate. The equidistribution scheme is a
minimization process applied in a one-dimensional form, and the grid points are
distributed so that the weight function is equally distributed over the field. A
number of applications of the use of one-dimensional equidistribution are cited in
the survey on adaptive grids given by Thompson (1984). The grid speed scheme
developed by Hindman and Spencer (1983) also incorporates the idea of
equidistribution. The grid speeds are established by differentiating the steady grid
equation, and solving the resulting equation. To advance the grid to the next time

level the grid speeds are integrated. Several other approaches are discussed by
Thompson (1984).

Once adaptivity criteria have been formulated, it is necessary to move points
around the domain so that the flow solution has a minimum error. Three basic
strategies may be employed to do so: (i) redistribution of a fixed number of points,

(ii) local refinement of a fixed set of points, (iii) local increase in algorithm order.

Solutions to PDEs obtained using numerical methods in conjunction with adaptive
grids show significant improvements in either accuracy or resolution. Oscillations
associated with cell Reynolds number and with shocks in fluid mechanics
computations have been shown to be eliminated with adaptive grids. The adaptive
grid is most effective when it is dynamically coupled with the solution, so that the
solution and grid are solved together in a single continuous problem. The
development and application of adaptive grids have been surveyed by Eiseman and
Eriebacher (1987).

4.3.4 Moving Boundary Grids

Moving Boundary procedures have recently been developed by a number of
research groups and are included in the most advanced commercially available
CFD codes. Moving boundaries are a chief feature of the flow in the scroll machine

where the fluid flow is driven by the motion of the wall.
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Details of the application of moving boundaries procedures to the Navier-Stokes

equations are given by Demirdzic and Peric (1990), and Hawkins and Wilkes
(1991).

4.3.5 Computational Grids For Complex Geometry Domains

There are three basic types of computational grid in current use:
(1) Single-block, fully structured grids,

(1i) Multi-block grids,

(iii) Unstructured grids.

Single-block fully structured grids, discussed above, are traditionally used in Finite
Difference Methods (FDMs). As shown in figure 4.4 they transform the physiéal
space into a rectangular (or hexahedronal in 3-D) computational space. In complex
geometry domains, to have accurate solutions of the flow, special techniques are
required for gridding, such as multi-block and unstructured grids.

Y1 I 3 * % Y2 'S
2
Y,
\ X
(a) —
X,
Xl X2 A
Y]n Y
2
X
(b) ¢

Xy

Figure 4.4 Samples of a single-block grid. (a) Physical domain. (b) Computational
domain
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4.3.5.1 Multi-Block Grids

The multi-block approach is a very popular method of applying structured grids to
complex geometrical regions. The physical domain is segmented into sub-regions
which constitute contiguous blocks. Each block has to be transformed into a
hexahedron, so that several local curvilinear systems are constructed and connected
together. However, the global distortion of the grid is relatively less accentuated.
Grid points at block interfaces have to be treated so that points at the common edge

of any two adjacent blocks are continuous and so that slope continuity may be
enforced.

Multi-block grids are very powerful in that they allow the use of a wide range of
mesh topology for a given configuration and different coordinate systems are
allowed in each block. They are restricted to the grid generation technique -
algebraic or partial differential equations. Although the concept of a multi-block
mesh is very attractive from a mesh generation point of view, additional
complexities are introduced in the solution procedures, that involve a slow-down of
the calculation time.

Examples of three-dimensional multi-block grids applied to complex geometry are
given in the literature by Weatherill and Forsey (1984), and are noted in the survey
given by Thompson and Warsi (1983). Multi-block grids have been implemented
in the latest Releases (3.12, 3.2, etc.) of CFX-FLOW3D.

4.3.5.2 Unstructured Grids

Unstructured meshes, traditionally used in FEM, are generally composed of
triangles and/or arbitrary quadrilaterals in 2-D, and tetrahedra and /or hexahedra in
3-D. Therefore the number of cells surrounding a typical node of the mesh is not
constant. Techniques for the generation of unstructured meshes are discussed in
detail by Peraire et. Al. (1990). It was found that to have an adaptive mesh,

triangulation is necessary to allow easy transition between small and large
elements.

The unstructured nature of the mesh requires a local coordinate system for each
element. The resultant mesh, therefore, is poorly ordered and less amenable to the
use of vectorization algorithms. Also larger computer time storage is required in
comparison with structured grids. However, unstructured meshes are more efficient

in complex geometry domains, and offer the possibility of incorporating adaptivity.
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In order to minimize computer time requirements, renumbering strategies for
unstructured grids have been proposed.

4.4 Development Of Grid Generation Code

In this subsection we analyze the development of the grid generation code, which is
used for the requirements of this project . The area for which we need to create the
grid, is the working chamber of the machine (see figure2.4). Since this area
depends on the boundaries of the working volume, and since these boundaries are
changing with time, it can be concluded that we need a technique to move the mesh
to its new position with respect to the movement of the boundaries. What we have
done is to re-calculate the vertices. At this point we have to make it clear that we
are not doing re-meshing, we are using some analytical mathematical equations

that we develop to re-calculate the coordinates of the vertices. The topology is
maintained the same.

At the beginning we tried to use commercial grid generation packages (Patran,
Femgv, Sophia etc.). One of the limitations we found with these packages is their
inability to handle complex moving geometries. If the geometry is fixed in space

then these packages will produce a good mesh. If however, movement is involved
then problems arise.

4.4.1 Two Block Grid Generation Code

After we took the decision to develop our own grid generation code the first step
was to describe mathematically the working volumes. As can be seen from figure
2.4, the working volumes are mainly described by two curves each. Equations 4.1
and 4.2 (touching conditions) define these curves. The next step was to decide
about the number of blocks. At the first attempt we used a two block grid, the first
block was used for the one working chamber and the second one for the other
chamber. The first thought was that we would select a certain number of points
along each curve and then interpolate between the points to find intermediate
vertices. The problem was how to subdivide each curve. One idea was to use
uniform distribution. If we used this option then we would not have any idea how
the points on the one curve were related to the points on the other. Therefore we
thought that since the curves are similar to each other (both are involutes of a
circle), maximum orthogonality would be obtained if we found where the curves

have the same gradient (parallel) and fit straight lines between them. With this
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method we only needed to subdivide the one curve. The idea was that we would
select a point on one curve, then calculate the gradient of the curve at that point and
then use a numerical technique to find which point on the other curve has a
gradient as close as possible to the first one. Note also that there might be more
than one point that would satisfy this condition (case of same gradients), therefore
a second restriction was imposed. This was that the second point must give the
minimum distance between the two curves. Once we knew these two points then
we could fit a straight line to connect them, or perform a linear interpolation to
calculate intermediate points. The number of the elements would depend on the
number of intermediate points and on the number of points selected on the first
curve. This logic was supposed to be true for all the different processes of the
machine (suction, compression, discharge). A major problem was the point where
the two working chambers approached each other (in space). When these two come
in contact their vertices should coincide, otherwise errors will occur in the solver.
This problem was overcomed by calculating the vertices only on the one site and
forcing the vertices of the other block to take the same values.

After spending a considerable amount of time, the program was ready. The grid
movement was successful, the user would need to specify the number of
subdivisions on the curve, the number of intermediate points, the number of
subdivisions on the Z axis, the time, and the rotational speed which is needed for
the calculation of the crank angle with respect to time. The grid results were very
disappointing the biggest problem was the skewnes of the grid especially on the
discharge process. At the end of the discharge process overlapping occurs. This

overlapping results in the calculation of negative volumes. The results of this first
attempt are shown in figures 4.5 to 4.15
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Figure 4.7 Crank angle 400°
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Figure 4.9 Crank angle 600°
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Figure 4.11 Crank angle 800°
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Figure 4.14 Crank angle 950° Figure 4.15 Crank angle 1000°

4.4.2 Four Block Grid Generation Code

Having identified the problems from our first attempt we decided to make some
changes. The first was that we would use four blocks instead of two. Initially the
two blocks would be more or less equal, but as the domains move inwards the
block on the inside begin to expand where as the other one continues its shrinking
mode. This coincides with the beginning of discharge as shown in figure 4.24.
Then, some elements will be compressed and others will expand. This would give
the flexibility needed to control the vertices within the discharge chambers and
therefore avoid overlapping (which results in negative volumes). The second and
biggest change was the implementation of transfinite interpolation. This would
control the case where we do not know the intermediate points and we want the
intermediate curvature to be as close as possible to the boundaries i.e. the discharge
chamber.

4.4.2.1 Implementation of Transfinite Interpolation

The problem of generating a curvilinear coordinate system can be formulated as a
problem of generating values for the Cartesian coordinates in the interior region
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from specified values on the boundaries. This, can be done directly by interpolation
from the boundaries, and such coordinate generation procedures are referred to as
algebraic generation systems. As was mentioned in section 4.3.1, these systems are
divided into two major categories, Unidirectional and multidirectional
interpolation. Transfinite interpolation falls in the second category.

In two directions we may write a linear Lagrange interpolation function
individually in each curvilinear direction:

Z%( ) r(m)

Zwm( ) (&)

This interpolation is now called ‘Transfinite’ since it matches the function on the
entire boundary defined by £=0 and E=I in the first equation, or by n=0 and n=J in

the second. The final form of the transfinite interpolation is shown below:

r(¢.n)= i¢(f) f ( ] )

(4.3)

The transfinite interpolation form above, interpolates the entire set of intersecting
arbitrary curves. The interpolation function defined above with N=M=2, using the
Langrange interpolation polynomials as the blending functions, is termed the
transfinite bilinear interpolant and is the one used in this project. With N=M=3,
this form is the transfinite biquadratic interpolant. Other immediate candidates for

the blending functions are the Hermite interpolation polynomials and the splines.

The results are shown on figures 4.16 to 4.26 As it can be seen there is some
improvement but not to an acceptable level. Initially we thought of subdividing
both curves and using a faster distribution on the one curve so that the pairs of
points will face each other as closely as possible. This was to be done by
implementing a geometric or other series that would control the distribution.
Eventually this proposal was abandoned, mainly because this would not guarantee

the required orthogonality and it would also need numerical opimisation.
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Figure 4.26 Crank angle 1000°

4.4.3 Mid-Planes Based Grid Generation Code

After careful consideration of the problem it was decided to rewrite the code based
on a completely new procedure. The new idea was to find a curve that would be
located somewhere in the center of the two boundary curves. This curve would be
something like a mid-plane, and instead of subdividing the one or both the
boundary edges we would march along this mid-plane (see figures 4.27, 4.28). First
we selected a point on the mid plane. Then we drew a straight line that passed from
this point and intersected the one curve of the working volume perpendicularly.

Then a second line would be drawn, in this case the line passing from the same

point on the mid-plane and cutting the other curve of the domain perpendicularly as

shown in figure 4.29. By this method we ensured that the elements close to the
curves would have maximum orthogonality. Therefore now the objective was
firstly to find this mid-plane and secondly to find the points on the curves that

would satisfy this condition. After spending some time, two different numerical
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techniques were found for the mid-plane and the points on the curves respectively.
Eventually, these techniques were not used mainly because they led to excessive
computational time. The next step was then to find analytical functions that would
satisfy the requirements specified above. After spending a considerable amount of

time, some mathematical equations were developed for the mid-plane, and for the
points needed for the lines. These are:

=YV (XY
[XMP_FO_OI)=rCOS¢+((p+ 5 )smgo (—2 )cos@

YMP_FO_OI sin(p—(¢+”;7 cow_(%?’)sing
(4.4)
T—7)\ . T-Y
XMP_0O_FI ) cosg0+(go+ > )smqp+( 5 )cose
YMP_0OO_FI)

sinqo—((o+ ﬂ;y)cos¢+(%y)sin9

where MP_FO_OI is the mid plane between the fixed outer and orbiting inner

curves, and MP_OQ_FI is the mid plane between the orbiting outer and fixed inner
curves

Therefore now that we had three points we could either connect them with two
lines or, assume that these points are lying in the circumference of a circle, find the
center of the circle and then fit a circular arc to connect the points. In this case the
interpolation would be performed along the arc as shown in figure 4.30. In the
program the user has the option either to use straight lines or circular arcs. The
latter appears to produce better grids in terms of smoothness.
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Figure 4.27 Scroll geometry and mid-planes. Crank angle 170°.

Figure 4.28 Working volumes and mid-planes. Crank angle 170°.
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Figure 4.29 Working volumes, mid-planes and samples of lines.
starting from points on mid-planes and finishing at the boundary
curves forming angles of 90°. Crank angle 170°.

@,

Figure 4.30 Working volumes, mid-planes and samples of circular
arcs passing from mid-planes and finishing at the boundary curves
forming angles of 90°. Crank angle 170°.
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Unlike the previous two versions of the program, this method is not the same for
all the processes. The general idea is the same but the program is divided into four
parts. The first part covers all the suction process of the compressor and a large part
of the compression process. It stops at the point where the edges of the spirals start
sliding along the circular arcs (see appendix A). The second part covers the rest of
the compression process. The third part is for the discharge process and finally the
last part is concerned with the inclusion of the discharge pipe in the grid. However
before we proceeded to analyze each part of the code, we had to analyze the
implementation of a non uniform element distribution. This option together with
the transfinite interpolation and the mid-planes are the ‘heart’ of this final and
eventually successful attempt to create a robust, transient, body fitted, structured
grid generation package, with maximum orthogonality and aspect ratio within
acceptable limits specifically developed for scroll machinery.

4.4.3.1 Implementation of Non Uniform Distribution Functions

With the above approach (mid-planes) the biggest problem i.e. departing from
orthogonality was overcome. The next step was to find a way to control the
element distribution. Eventually two different mathematical models were

implemented. These are, hyperbolic function distribution and circular function
distribution (Thompson 1985).

In general, interpolation between r; at £=0 and r; at £€=I can be written as
r(é’) = ¢(§/I)r2 + [1— go(f/l)rl] (4.5)

where ¢ can be any function such that ¢ (0)=0 and ¢ (1)=1. The linear
polynomial case is obtained here with @(&/I)= £/I. The function ¢ in this form

may contain parameters which can be determined so as to match the slope at the
boundary, or to match interior points and slopes.

The interpolation function, ¢, in this form is often referred to as a ‘stretching’

function, and the most widely used function is the exponential:

_exp(aé/I)-1
¢(§/I) T exp ()-1

(4.6)

where « is a parameter that can be determined to match the slope at a boundary.
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Thus. Since from equation 4.5

1 ,
r§=i(r2—rl)(p (4.7)
we can determine & from the equation
r:) = (4.8)
( g)l I exp(a)-1

with (r;) specified.

The truncation error is strongly affected by point distribution, and studies of
distribution functions have been made in that regard. The exponential, while
reasonable, is not the best choice when the variation spacing is large, and
polynomials are not suitable in this case. The better choices are the hyperbolic
tangent and the hyperbolic sine. The hyperbolic sine gives a more uniform
distribution in the immediate vicinity of the minimum spacing, and thus has less
error in this region, but the hyperbolic tangent has the better overall distribution.
(M. Vinokur, 1983, J.F. Thompson, 1983). These are implemented as follows
(following M. Vinokur, 1983), with the spacing specified at either both ends, or a
point in the interior, or a point distribution on a curve.

Let the arc length, s, vary from O to 1 as & varies from 0 to I: s(0)=0, s(I)=1. Then
let the spacing be specified at £&=0 and &= :

s¢(0)=4s,, s(I)=4s, (4.9)

The hyperbolic tangent distribution is then constructed as follows. First,

A= \/_“jssz As;, B=.,As 4s, (4.10)
1

Then the following nonlinear equation is solved for o'

sinhd 1
=— 4.11
5 B (4.11)

The arc length distribution then is given by
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s(¢)= A+(1u—(§A))u(§) (4.12)

where

tanhLé‘(é’/I - %)]
tanh (% 5)

u(é)=1<1+

(4.13)

If this is applied to a straight line on which r varies from ry to r;, we have for the
point locations:

r(&)=ry+(r, —xy)s, (4.14)
The points are then located by taking integer values of £:

&=0,1,2,....,1

Clearly, the arc length distribution, s(é‘) , is here the function of ¢ of equation 4.5.

Note that B is essentially the ratio of the specified spacing to the linear spacing,
1/I. If B is greater than unity, i.e. if the specified spacing exceeds the linear

spacing, the hyperbolic functions all revert to circular functions in all the relations
of this section.

With the spacing As specified at only £=0, the construction proceeds as follows.
First B is calculated from

B=14, (4.15)

and eq. 4.11 is solved for &. The arc length distribution then is given by

s(§)=1+ tanll%ﬂi((i/;)— ) (4.16)

With the spacing specified only at &=I the procedure is the same, except that
relation 4.13 is replaced by

_ tanh(16&/1)
s(é)=1+ tanh (3 0) (4.17)

If the spacing As is specified at only an interior point s = ¢, B is again calculated

91



Chapter 4 Geomelry And Grid Generation

from 4.15, and then Jis determined as the solution of

2 2
{+ B _ coshé:—1+1/0' (4.18)
cod sinh &
The value of £ at which s = ¢ is obtained by solving the nonlinear equation,

X = 1 tanh™ sinh 6
) 1/o +coshd —1

(4.19)

The arc length distribution then is given by

()= 0_{1 + sinh[é(?,‘ ~ x)/I]} 420)

sinh{ &x/Y)

This last distribution is based on the hyperbolic sine. From this, a distribution
based on the hyperbolic sine with the spacing specified at one end can be derived.
Here B is evaluated from 4.15, and then dis determined as the solution of,

sinhd 1
= 4.21
5 B (4.21)

The arc length distribution then is given by

(&)= sinh (6 &/1)

4.22
sinh & ( /

if the spacing is specified at £&=0. With the specification at £&=I, the distribution is

sinh[ 8(1- &/1
s(¢)= LsiEm 5&5/ A

(4.23)

In the code, the above method is implemented in such a way that the following
three options are available:

I) Both initial and final divisions are specified.

II) Only initial division is specified.

II) Only final division is specified.

However, the program is optimized and there is no need for the user to choose

between these options. The only thing that the user has to define is whether the
distribution is uniform or non uniform.
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It has to be noted at this point that the functionality and the behavior of all the
mathematical equations used in this program were first checked using Matlab.
Matlab is a mathematical package that offers good graphics. The main reason for
using Matlab was the advantage of viewing the behavior of the curves first, and

then deciding whether or not to implement them into the code.

4.4.3.2 Suction - Part of Compression

Since the two working volumes are identical we will analyze only the one. In this
new approach the grid is made up of four blocks with two blocks in each working
chamber. From the figures that follow it can be seen that each working volume
appears to have only one block. In fact there is a second block but it is so small it
can not be seen at this stage. The importance of this ‘hidden’ block will become
apparent later on. (i.e. for the rest of the compression process). This part of the
code is not so complicated as the other parts. First we calculated the grid on the
‘hidden’ block using transfinite interpolation and then we calculated the grid on the
other block using the mid-planes technique. At this point it should be stated that
another ‘sub-block’ was introduced within block 3 as shown in figure 4.31.
Actually this is not a block by itself, but forms a part of block 3 and is used to put
additional smoothness in the connection between the two blocks.

BLOCK 1

BLOCK 4

BLOCK 2

BLOCK 3

Figure 4.31 Blocks structure during compression process. Crank angle 82(°.
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No matter how small are the elements of the ‘hidden’ block, the use of non-
uniform distribution functions discussed above ensures that the increase of the size
of the elements on the vicinity will be as smooth as possible. In fact at the edge of
contact between the two blocks (block 3 and 4) the elements on each side either

have exactly the same size or there is a maximum difference of 1.2 between them.
The grid for this process is shown in figures 4.37to 4.50

4.4.3.3 Remainder of Compression

This part of the grid is more complicated than the first one. In this case the so
called ‘hidden’ block begins to expand in a non uniform way. For convenience this
‘hidden’ block will be called block 4 for the rest of this chapter. The expansion
should be as smooth as possible in order to avoid oscillations on the solution. In
this case the edges the hidden block 4 are shown in figure 4.32

Edge 1 B4

Edge 4 B4
\ / =3

Edge 2 B4

Edge 3 B4

Perpendicular
from Mid plane

to Orbiting Outm

Part of Block 3

Perpendicular
from Mid plane

to Fixed Inner\

Remainder of Block 3

Mid plane

A/

Figure 4.32 Blocks structure during compression process. Crank angle 82",

The size of edge 4B4 remains the same until the discharge process. Even though
the size remains the same, because it is the clearance between the two curves, the

relative position will change according to the crank angle. The sizes of the edges,
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1B4, 2B4 and 3B4 were found experimentally. It has to be noted here that this was
the most time consuming procedure in the development of the code. This is mainly

because without an analytical solution, everything was optimized experimentally.

Once the four edges were clearly identified and their mathematical definition
known we continued with the non uniform subdivision of the edges and then used
tranfinite interpolation to calculate vertices in the interior of block 4. The next step
now was to construct the mesh for part of block 3. In this case the edges were
found experimentally and this was also very time consuming. Then the edges were
non uniformly subdivided and finally, transfinite interpolation was used to
calculate points on the interior. For the remainder of block 3, the non uniform
distribution was employed again, and the interior vertices were calculated using the

mid plane technique. The grid for this section is shown in figures 4.51 and 4.52.

4.4.3.4 Discharge Process

In this case, edge 4B4 comes in contact with the corresponding edge of block2. In
order to avoid any problems, we have to make sure that the vertices in each side
match. The way we did this was to calculate the vertices only on the edge 4B4 and
then to force the other edge to have these values. This process is more or less the
same as the previous one. There are however two main differences. These are: (a)
the edge 4B4 is expanding and (b) part of block 3 disappears very slowly and very
smoothly. It mast be reemphasised that the size, type, etc. of the edges of block 4
and those of the part of block 3, were found and optimized using the extremely
time consuming technique of trial and error. This was the biggest problem we
faced. The grid for the case of block 4 and part of block 3, if there is any, are
calculated using the transfinite interpolation, and non uniform distribution, where
as the grid of the remaining of block 3 was created using the combination of mid
plane technique and non uniform distribution. The results for this section are
shown in figures 4.53 to 4.55.

4.4.3.5 Inclusion of the Inlet Pipe

The development of this code was the biggest challenge of the project. The next
step i.e. the inclusion of a pipe into the grid was also a great challenge. The pipe is
located at block 4 and is adjacent to the edge 1B4. The problem here is not how to
constrain a pipe into the grid. The main problem in this case is that the pipe is fixed
in space. Everything (elements) around the pipe can move but the grid of the pipe
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has to remain stationary. This pipe is of great importance, because using this pipe
we will specify the boundary conditions needed for the analysis.

In order to do this, Block 4 was divided into four parts. The one part is the pipe,
and the other three are the parts around the pipe. Once the user set the flag for the
pipe ON then the program is waiting for the diameter of the pipe. Everything is
automatic. The user has to specify only the diameter, height and the number of K
subdivisions. If the pipe diameter is too big, for the size of the machine then the
program returns a warning, requesting a smaller diameter. Once the diameter is
within acceptable limits then the code calculates the position of the pipe, and then
the number of elements of the pipe. The number of cells for the pipe is not
determined by the user. If the grid of the pipe is too coarse then there is an indirect
way to add more elements in there. To do this the user can increase the number of
the elements of block 4, and this will automatically increase the number of
elements in the pipe. The four parts of block 4 are shown below (figures 4.33 to
4.36). The difficult part of this section was once again the specification of the
edges. The combination of transfinite interpolation with non uniform distribution
was the grid generation tool for this case. The final results for this section are
shown in figures 4.56 to 4.64.

Figure 4.33 Grid of Parts 1 and part 3 of Block4 Crank angle 925° Diameter of
pipe 0.02 m. (Transfinite interpolation)
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Figure 4.34 Grid of Part 2 of Block4 Crank angle 925°, Diameter of pipe 0.02 m.

(Transfinite interpolation)

Figure 4.35 Grid of Part 4 of Block4 Crank angle 925°, Diameter of pipe 0.02 m.

(Transfinite interpolation)

Figure 4.36 Grid of Block4 Crank angle 925°, Diameter of pipe 0.02 m.
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4.4.3.6 Use of the Code

Before we proceed with the final description of how to use the code, we have to say
something about how the grid is constructed in three dimensions. As is known, the
height of the scroll compressor-expander is constant, therefore the grid constructed
in two dimensions (x,y) can be simply extruded in the Z-axis. Please note that the
constant height of the machine does not permit us to solve the problem by a two
dimensional approach. The reason is because the flow “in” (case of expander) or

“out” (case of compressor) is coming from the Z-axis (pipe).

To run the program there are two main options. The first one is to call it from CFX
as a sub-routine (the code is implemented into CFX4), and the second one is to run
it independently. Let us first analyze the case where the program is running
independently. In this case there is an input file in which the user can specify all the
parameters needed for the generation of the grid. The first thing the user has to
specify is the size of the machine. This is done by giving the base circle radius, the
thickness of the walls, the height of the walls, the clearance and the length of the
spirals. Then the crank angle must be given. The crank angle is the parameter that
will indicate whether the working volumes are in the Suction, Compression, or
Discharge stage. The next step is to specify the number of elements in each block.
Note that blocks which share the same edge should have the same number of

elements along that edge. This is done by specifying the number of subdivisions
along each axis (I,J,K).

Once the process of subdivision is completed, the type of interpolation for the
interior points has to be specified. There are two options as shown in figs 4.37 to
4.50. These are either the use of linear interpolation along a straight line or
interpolation along a circular arc. Next is the decision about the type of
distribution. Options are: Uniform distribution or Non uniform distribution. Finally
comes the option of the pipe. This option is not available for any crank angle. This
is obvious because we cannot have a pipe in the grid during the suction, or
compression processes. If, however, the user specifies a pipe by mistake at those
conditions, its requirement is ignored. At the end of the run an output file called
‘GROUT" is created. The grid calculated and stored into file ‘GROUT” is only for
that specific crank angle the user defined at the input file. To view the results we

have our own post processor Fortran program, using GINO Libraries.

For the case where the program is called from CFX there is only one major change.
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That is the crank angle is related to real time and speed. In this case the user has to
specify the rotational speed of the machine, the time step (needed for the
simulation) and only the initial crank angle, all the other parameters are the same as
for the case where we run the program independently. For example if we have ten
time steps, the program will be called ten times. Each time the program is called a
new crank angle is calculated (because of the increase in time) from the relation
between speed and time. As a result of this a new grid for that specific time step is

created, and given to the solver. This process continues until the last time step.
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Figure 4.39 Grid 150*20*1. Crank angle 270, Non Uniform Distribution, Circular arcs

1

Figure 4.40 Grid 150*20*1. Crank angle 270°, Uniform Distribution, Straight lines
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Figure 4.41 Grid 150*20*1. Crank angle 330°, Non Uniform Distribution, Circular arcs

Figure 4.42 Grid 150*20*1. Crank angle 330°, Uniform Distribution, Straight lines
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Figure 4.43 Grid 150*%20*1. Crank angle 450°, Non Uniform Distribution, Circular arcs

Figure 4.44 Grid 150%¥20*1. Crank angle 450°, Uniform Distribution, Straight lines
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Figure 4.45 Grid 150*20*1. Crank angle 540°, Non Uniform Distribution, Circular arcs

Figure 4.46 Grid 150*%20*1. Crank angle 540°, Uniform Distribution, Straight lines
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Figure 4.47 Grid 150*20*1. Crank angle 630°, Non Uniform Distribution, Circular arcs

| [0IR)

Figure 4.48 Grid 150*20*1. Crank angle 630°, Uniform Distribution, Straight lines
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T

Figure 4.49 Grid 150%20%*1. Crank angle 720°, Non Uniform Distribution, Circular arcs

11

Figure 4.50 Grid 150%20*1. Crank angle 720°, Uniform Distribution, Straight lines
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Figure 4.51 Grid 150*20*1. Crank angle 800°, Non Uniform Distribution, Circular arcs

Figure 4.52 Grid 150*20*1. Crank angle 850°, Non uniform Distribution, Circular Arcs

107



ion

eralio
And Grid Gen

etry

Geo

Chapter 4

¥
9%

%
9%
2

05
4

, ".'."4".
nu:» R
:52:""3‘ 5
:::":" <

%%

%

7

{7
42

X
N

7
%

~,

5

94
%

%

'~

L7

i
llll

II'I"
27

7%
&

2
5

7
%

224,
7eg
"';II"

7
%74
<

17
2
& &

X

O
o \
X o:—,
O D
Nﬂo/% i\

, ;
NI 7
R

A

XD

%

a0
&S:.......n.

os,
b7

lll‘

224y,

L
{77 "

s
% :'I',’,»
oo'lnl'
g
'Ill'l
ll'l'
7

(7
{J

Yoy,

W
\\\ésssoﬁﬁ
\\\\\\\s\s____;,
swss._.__:
we“&a...._:—

(L
ll"

#33..-"-

| lar arcs
istribution,
Distri
. rm
900°, Non Unifo

le 900",

k ang
Cran
20*1.
id 150*
Grid
453

Figure

arcs
ircular
Circ

1)

istribution
iform Distri
Uniform
0°, Non
ank angle 95
Cr
20*1.
id 150*
Grid
4.54
Figure

108



Geometry And Grid Generation

Chapter 4

Non Uniform Distribution, Circular arcs

3

Figure 4.55 Grid 150*20*1. Crank angle 1000°
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Figure 4.56 Grid 150*%20*1. Crank angle 930°, Non Uniform Distribution, Circular arcs,
inlet pipe diameter 0.02m
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[

Figure 4.57 Grid 150*20*1. Crank angle 960°, Non Uniform Distribution, Circular arcs,
Inlet pipe diameter 0.02m
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Figure 4.58 Grid 150*20*1. Crank angle 1000°, Non Uniform Distribution, Circular arcs,
Inlet pipe diameter 0.02m
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Figure 4.61 Grid 150%30*1. (Refined mesh) Crank angle 990°, Non Uniform Distribution,

Circular arcs, Inlet pipe diameter 0.02m
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Figure 4.62 Grid 150*%30*1. (Refined mesh) Crank angle 930° Non Uniform Distribution,

Circular arcs, Inlet pipe diameter 0.01 (smaller pipe diameter)
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Figure 4.63 Grid 150*%30*1. (Refined mesh) Crank angle 960°, Non Uniform Distribution,
Circular arcs, Inlet pipe diameter 0.01 (smaller pipe diameter)
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Figure 4.64 Grid 150*30*1. (Refined mesh) Crank angle 990°, Non Uniform Distribution,
Circular arcs, Inlet pipe diameter 0.01 (smaller pipe diameter)
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Crank angle 930°, Non Uniform Distribution, Circular arcs, Inlet pipe diameter 0.02m
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Chapter 5

Three Dimensional
Flow Modeling

5.1 Introduction

In this chapter we give the mathematical basis for a comprehensive general purpose
model of fluid flow and heat transfer from the basic principles of conservation of
mass, momentum and energy. This leads to the governing equations of fluid flow,
the so called Navier - Stokes equations. The governing equations are complex non
linear partial differential equations, which can be solved using numerical methods.
Discretization methods, advection schemes, time differencing schemes and
pressure / velocity coupling algorithms are discussed. Commercially available CFD
software packages are reviewed and CFX - FLOW?3D is described in detail.

Flows inside scroll compressors - expanders are turbulent, time dependent,
compressible and, for the case of the expander, two phase. Furthermore these flows
are driven by the wall motion and, therefore, are characterized by moving

boundaries. In the last section of this chapter the results of the three dimensional
modeling are shown.

5.2 Theory

All of CFD, in one form or another, is based on the fundamental governing
equations of fluid dynamics, the continuity, momentum, and energy equations.
These equations speak physics. They are the mathematical statements of three

fundamental physical principles upon which all of fluid dynamics is based: namely
the conservation of mass, momentum and energy.

o Mass is conserved.
o Newton’s second law, F=ma.

¢ Energy is conserved.
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5.2.1 Governing Equations

The equations that result from applying the Conservation of Mass law to a fluid
flow is called the continuity equation. The Conservation of Momentum law is
nothing more than Newton’s second law (F= ma). When this law is applied to a
fluid flow, it yields a vector equation known as the momentum equation. The
Conservation of Energy law is identical to the First Law of Thermodynamics, and
the resulting fluid dynamic equation is named the energy equation. In addition to
the equations developed from these universal laws, it is necessary to establish
relationships between fluid properties in order to close the system of equations. An
example of such relationships is the equation of state, which relates the

thermodynamic variables pressure p, density p, and temperature T. The derivation
of all the above equations is shown in Appendix B.

5.2.1.1 The Continuity Equation

Physical principle: mass is conserved

9P v (V) = 5.1
at+V(pV)—0 (5.1)

Equation (5.1) is a partial differential equation form of the continuity equation. It
was derived on the basis of an infinitesimally small element fixed in space. The
fact that the element was fixed in space leads to the specific differential form given
by equation (5.1), which is called the conservation form. The forms of the
governing flow equations that are directly obtained from a flow model which is
fixed in space are, by definition, called the conservation form.

5.2.1.2 The Momentum Equation

Physical principle: F= ma (Newton’s second law)

Equations (5.2a) to (5.2c) are the x, y, and z components respectively, of the
momentum equation (in conservation form). They are called the Navier - Stokes
equations in honor of two men, the Frenchman M.Navier and the Englishman G.

Stokes, who independently obtained the equations in the first half of the nineteenth
century.
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5.2.1.3 The Energy Equation

Physical principle: Energy is conserved

Equation (5.3) below is the conservation form of the energy equation written in
terms of total energy e +V? / 2.

ST b 22502
+a(kar)_8(up) o(vp) owp)  Iuz.) Ou.) olur,)

9z dz &’x_ay_c9z+9x+é’y " oz (53)
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Yo oy e o T oy otV

5.2.2 Mathematical Behavior Of Partial Differential Equations

The partial differential equations for continuity, momentum, and energy in fluid
flow have a certain mathematical behaviour. This behaviour might be different
from one case to another, depending, for example, on the local Mach number of
the flow. The same equations may have different mathematical behavior depending
on whether the flow is locally subsonic or supersonic. The behavior may also be
different depending on whether the flow is steady or unsteady. Any differences in
mathematical behavior of these equations reflect different physical behavior as
well. There are two separate techniques for determining the classification of partial

differential equations: Gramer’s rule, and the eigenvalue method. Both these
methods lead to the same results.
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Quasi-linear second order partial differential equations in two independent
variables can be classified into three types: hyperbolic, parabolic, and elliptic. This
distinction is based on the nature of the characteristics, curves along which

information about the solution is carried. Every equation of this type has two sets
of characteristics.

In the hyperbolic, the characteristics are real and distinct. This means that
information propagates at finite speeds in two sets of directions. In general the
information propagates in a particular direction so that one datum needs to be given
at an initial point on each characteristic; the two sets of characteristics therefore
demand two initial conditions. If there are lateral boundaries, usually only one
condition is required at each point because one characteristic is carrying

information out of the domain and one is carrying information in. There are
however exceptions to this rule.

In parabolic equations the characteristics degenerate to a single real set.

Consequently, only one initial condition is required. At lateral boundaries, one
condition is needed at each point.

Finally, in the elliptic case, the characteristics are imaginary or complex so there
are no special directions of information propagation. Indeed, information travels
essentially equally well in all directions. Generally, one boundary condition is
requircd at each point on the boundary and the domain of solution is usually closed

although part of the domain may extend to infinity. Unsteady problems are never
elliptic.

These differences in the nature of the equations reflect in the methods used to solve

them. It is an important general rule that numerical methods should respect the
properties of the equations they are solving.

The Navier -Stokes equations are a system of non-linear second order equations in
four independent variables. Consequently the classification scheme does not apply
directly to them. Nonetheless Navier -Stokes equations do posses many of the
properties outline above and many of the ideas used in solving second order

equations in two independent variables are applicable to them but care must be
exercised.
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5.2.2.1 Hyperbolic Flows

To begin, consider the case of unsteady inviscid compressible flow. A
compressible fluid can support sound and shock waves and it is not surprising that
these equations have an essentially hyperbolic character. Most of the methods used

to solve these equations are based on the idea that the equations are hyperbolic and,
given sufficient care, they work quite well.

For steady compressible flows, the character depends on the speed of the flow. If

the flow is supersonic, the equations are hyperbolic while the equations for
subsonic flow are essentially elliptic.

It should be noted however, that the equations for a viscous compressible flow are
still more complicated. Their character is a mixture of elements of all of the types
mentioned above; they do not fit well into the classification scheme and numerical
methods for them are difficult to construct.

In terms of CFD, the computation of flow fields that are governed by hyperbolic
equations is set up as “marching” solutions. The algorithm is designed to start with
the given initial conditions, say in the y axis, and sequentially calculate the flow
field, step by step, marching in the x direction.

5.2.2.2 Parabolic Flows

Information travels only downstream in these equations and they may be solved
using methods that are appropriate for parabolic equations. Parabolic equations,
like hyperbolic equations, lend themselves to marching solutions.

5.2.2.3 Elliptic Flows

When a flow has a region of recirculation i.e. flow in a sense opposite to the
principal direction of flow, information may travel upstream as well as
downstream. As a result, one cannot apply conditions only at the upstream end of
the flow. The problem then acquires an elliptic character. This situation occurs in
subsonic (including incompressible) flows and makes solution of the equations a
very difficult task. The major mathematical characteristic of elliptic equations is
that a disturbance is felt everywhere throughout the domain, therefore the solution
must be carried out simultaneously at all the points of the domain.

It should be noted that unsteady incompressible flows actually have a combination
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of elliptic and parabolic character. The former comes from the fact that information
travels in both directions in space while the latter results from the fact that the

information can only flow forward in time. Problems of these type are called
incompletely parabolic.

5.2.3 Numerical Solutions To Partial Differential Equations

We have seen in the sections above that the equations governing the motion of
fluids are partial differential equations. The transformation of these equations to
what is known as an algebraic equation it is called discretization. In essence
discretization is the process by which a closed-form mathematical expression, such
as a function or a differential or integral equation involving functions, all of which
are viewed as having an infinite continuum of values throughout some domain, is

approximated by analogous (but different) expressions which prescribe values at a
finite number of discrete points or volumes in the domain.

Analytical solutions of partial differential equations involve closed - form
expressions which give the variation of the dependent variables continuously
throughout the domain. In contrast, numerical solutions can give answers at only
discrete points in the domain, called grid points. The discretization methods fall

into three main categories: (a) Finite Difference method, (b) Finite Element method
and (c) Finite Volume Method.

5.2.3.1 Finite Difference Method

This is the oldest method for numerical solution of the partial differential equations
believed to have been introduced by Euler in the 18" century. It is also the easiest
method to use for simple geometries.

The starting point is the conservation equation in differential form. The solution
domain is covered by a structured grid. At each grid point, the differential equation
is approximated by replacing the partial derivatives by approximations in terms of
the nodal values of the functions. The result is one algebraic equation per grid

node, in which the variable value at that and at a certain number of neighbor nodes
appears as a number of unknowns.

Taylor series expansion or polynomial fitting is used to obtain approximations to
the first and second derivatives of the variables with respect to the coordinates.

When necessary, these methods are also used to obtain variable values at locations
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other than grid nodes (interpolation).

On structured grids, the finite difference method is very simple and effective. It is

especially easy to obtain higher - order schemes on regular grids. The restriction of
simple geometries is a significant disadvantage.

5.2.3.2 Finite Element Method

The domain is broken into a set of discrete volumes of finite elements that are
generally unstructured. The distinguishing feature of finite element methods is that
the equations are multiplied by a weight function before they are integrated over
the entire domain. In the simplest FE methods, the solution is approximated by a
linear shape function within each element in a way that guarantees continuity of the
solution across element boundaries. Such a function can be constructed from its

values at the corners of the elements. The weight function is usually of the same
form.

This approximation is then substituted into the weighted integral of the
conservation law and the equations to be solved are derived by requiring the
derivative of the integral with respect to each nodal value to be zero; this
corresponds to selecting the best solution within the set of allowed functions (the

one with a minimum residual). The result is a set of non-linear algebraic equations.

An important advantage of finite element methods is the ability to deal with
arbitrary geometries; there is an extensive literature devoted to the construction of
grids for finite element methods. The grids are easily refined; each element is
simply subdivided. Finite element methods are relatively easy to analyze
mathematically and can be shown to have optimal properties for certain type of
equations. The principal drawback, which is shared by any method that uses
unstructured grids, is that the matrices of the linearized equations are not as well

structured as those for regular grids making it more difficult to find efficient
solution methods.

A hybrid method called the control-volume-based finite element method should
also be mentioned. In it, shape functions are used to describe the variation of the
variables over an element. Control volumes are formed around each node by
joining the centroids of the elements. The conservation forms in integral form are

applied to these control volumes in the same way as in the finite volume method.
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The fluxes through control volume boundaries and the source terms (associated
with the creation or destruction of ¢) are calculated element-wise.

5.2.3.3 Finite Volume Method

The third, and probably most popular, numerical discretization method used in
CFD is the finite volume method. This method is similar in some ways to the finite
difference method, but some implementations of it also draw on features taken
from the finite element method. The finite volume method was developed

specifically to solve the equations of heat transfer and fluid flow and is described in
detail by Patankar (1980).

The finite volume method uses the integral form of the conservation equations as
its starting point. The solution domain is subdivided into a finite number of
contiguous control volumes (CV), and the conservation equations are applied to
each CV. At the center of each CV lies a computational node at which the variable
values are to be calculated. Interpolation is used to express variable values at the
CV surface in terms of the nodal (CV center) values. Surface and volume integrals
are approximated using suitable quadrature formulae. As a result, one obtains an

algebraic equation for each CV in which a number of neighbor nodal values
appear.

The finite volume method can accommodate any type of grid, so it is suitable for
complex geometries (a structural orthogonal grid is recommended, whenever
possible). The disadvantage of finite volume methods compared to finite difference
schemes is that higher than second order methods are more difficult to develop in

3D. This is due to the fact that the finite volume approach requires two levels of
approximation: interpolation and integration.

5.2.3.4 Comparison Of The Discretization Techniques

There are, several differences between the three methods and these include the
following:

* the finite difference method and the finite volume method both produce

numerical equations at a given point based on the values at neighboring
points, whereas the finite element method produces equations for each
element independently of all other elements. It is only when the finite element

equations are collected together and assembled into the global matrices that
the interaction between elements is taken into account.
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e the finite element method takes care of derivative boundary conditions when
the element equations are formed, and then the fixed values of variables must
be applied to the global matrices. This contrasts with the other two methods
which can easily apply the fixed-value boundary conditions by inserting the

values into the solution, but must modify the equations to take account of any
derivative boundary conditions.

There are, however, several common features. These features are that each method:

¢  produces equations for the values of the variable at a finite number of points
in the domain under consideration.

¢  requires that we know the boundary conditions of the problem.

¢ can produce explicit or implicit forms

Finite difference methods are based on the substitution of difference equations for
the partial derivatives in partial differential equations. These difference equations
link the values of variables at a set of points to the derivatives and so a grid of
points is used throughout the spatial domain. The finite difference method requires,

that the grid points is topologically regular. This means that the grid must look
cuboid in a topological sense.

Finite elements produce the numerical equations for each element from data at
known points on the element and nowhere else. Consequently, there is no
restriction on how the elements are connected as long as the faces of neighboring
elements are aligned correctly. This means that the faces between elements should
have the same nodes for each of the adjoining elements. This flexibility of element

placement allows a group of elements to model very complex geometry.

Algorithms that have been developed using the finite volume method have tended
to use a regular grid to take advantage of the efficiency of computation, just like
the grids used with finite difference methods. Recently, however, to enable
calculations to be carried out in complex geometries, algorithms have been
developed with the finite volume method that can utilize irregular finite element-
like meshes. Both finite element and irregular mesh finite volume programs pay a

computational overhead for this geometrical flexibility. This flexibility slows down
the programs considerably.
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5.2.4 Pressure / Velocity Coupling Procedures

The process of discretization of the governing differential equations lead to a set of
non -linear, coupled algebraic equations, which are solved using iterative methods.
One of the most popular early techniques for solving the 2-D incompressible
Navier-Stokes equations is the Vorticity-Stream-Function method (Gosman et al.,
1969). The main attraction of this approach is the fact that pressure does not appear
in the formulation; however difficulties in specifying the vorticity at boundary

conditions at sharp corners may cause problems in obtaining a converged solution.

A change of variables is made replacing the velocity components with the vorticity
{ and the stream function y. Using these new dependent variables, the two
momentum equations can be combined to lead to the parabolic vorticity transport
equation and an elliptic PDE in the form of a Poisson equation. This allows the
separation of the mixed elliptic-parabolic PDE into one parabolic and one elliptic,
that can be solved with any standard iterative method such as SOR (Succesive
Over-Relaxation). In order to determine the pressure, an additional equation,
referred to as a Poisson equation for pressure is solved.

The extension of the vorticity-stream function approach to three-dimensional
problems is complicated by the fact that a stream function does not exist for a truly
three-dimensional flow. However, using a velocity-potential vector, it is possible to
have a vector Poisson equation and a vector vorticity transport equation, which
must be separated into three parabolic and three elliptic PDEs. As a result, it does
not appear that the vorticity-stream function approach offers any advantage over
the primitive-variable approach when solving a 3-D problem (Roache, 1972). The

latter uses the incompressible Navier-Stokes equations in the primitive-variable
form, and then non-dimensionalizes them.

The artificial compressibility method of Chorin (1967) is one of the early
techniques proposed for solving the incompressible Navier-Stokes equations in the
primitive-variable form. An artificial compressibility is introduced which vanishes
when the steady-state solution is reached and makes the differential equations a

mixed set of hyperbolic equations which can be solved using a standard time-
dependent approach.

The most common primitive-variable approach, however, involves the use of a
Poisson equation in place of the continuity equation in order to separate the

pressure effects into a single equation. This technique was first used by Harlow and

124



Chapter & Three Dimensional Flow Modeling

Welch (1965) in conjunction with their Marker-and-Cell (Mac) method, for solving
the incompressible Navier-Stokes equations for transient flows. Approximate
initial values are given to the pressure gradients to find velocities from the
momentum equation and the pressure from the Poisson equation. This procedure is
repeated until the solution converges. The Alternating-Direction-Implicit (ADI)

scheme is applied to the momentum equations (Ghia et al., 1981) and a SOR
method is used to solve the Poisson pressure equation.

5.2.4.1 Simple Algorithms

All the above methods converge slowly, suffered from stability problems and were
very difficult to use in 3-D flows. In the early 1970s a pressure-correction
technique referred to as SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) procedure was developed by Patankar and Spalding (1972). The
SIMPLE procedure marked a significant improvement and is currently used, in one
of its many forms, in all general purpose CFD codes.

This procedure is based on a cyclic series of guess-and-correct operations to solve
the governing equations and is, with its variants SIMPLER and SIMPLEC, the
most widely used in solving for the pressure field. It was first proposed for
parabolic flows, and then was soon adapted to general 3-D elliptic problems. The
velocity components are first calculated from the momentum equations using a
guessed pressure field. The pressure and the velocities are then corrected so as to

satisfy continuity. This process continues until the solution converges. The actual
pressure p at the generic iteration step is written as

p=p,+tp

where p, is the estimated (or intermediate) value of pressure and p’ is the pressure

correction. Similarly in 2-D
u=u,+uw v=y,+v
where u, and v, are estimated values, and &’ and v’ are the velocity corrections.

Using these equations and approximate forms of the momentum equations, we

obtain a pressure correction which is a Poisson equation in the pressure correction
P’ and the estimated velocity vector. Once the first guess of the pressure is made

and the velocities are then estimated by the momentum equations, the pressure-
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correction is solved to find p’, then p and finally u, and v using the approximate

form of the momentum equations. These new values are then used as estimated
values and the process is repeated until the solution converges.

Because the pressure correction equation tends to overestimate the value of p’ in

certain cases, the rate of convergence was found to be unsatisfactory. Under-
relaxation techniques were used to improve the convergence properties. A new
technique was then proposed by Patankar (1981), called SIMPLER (SIMPLE
Revised), where initially the velocity field is guessed. Velocity corrections are
computed in the same manner as in SIMPLE, but a complete Poisson equation is
used to compute the pressure. With this procedure the need of under-relaxation is
greatly reduced and a convergence solution is obtained in a fewer iterations,
although more computational effort is involved per iteration. The original
implementation of this scheme required the use of staggered grids in order to
prevent a numerical instability known as ‘checkerboarding’, which occurred on a

single grid because the velocities were insensitive to small oscillations in the
pressure solution, and vice versa.

The SIMPLEST method (Spalding, 1980) is based on an explicit treatment of
convective terms and implicit treatment of diffusive terms in the momentum
equations. The SIMPLEC method, proposed by Van Doormal and Raithby (1984),
uses consistent under-relaxation for the momentum and pressure corrections. This

method has been shown to allow faster convergence in pressure gradient-dominant
and drag forces-dominant problems.

5.2.4.2 Piso Algorithms

An alternative pressure-correction scheme was proposed by Issa (1985) as a
Pressure-Implicit with Splitting of Operators (PISO) technique. In order to remove
completely the need to iterate between pressure and velocity equations, a second
pressure-correction equation is solved in each iteration, much like SIMPLER
yielding pressure and velocity fields that are second-order accurate in time. This

allows its use as a non-iterative method (one cycle per time step), but it requires an
accurate solution of the linearized equations.

Although this method appear to be preferentially indicated for problems where
conservation of mass and momentum are particularly important, it does require

pressure and velocity equations to be solved to tight convergence tolerances, and in
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practice the scheme is often implemented in an iteration loop similar to that used
for SIMPLE. It was proved to be faster than SIMPLE for transient problems in
which the flow field varies markedly at each step, but not for ‘smooth’ time-

dependent flows (Ciofalo and Collins 1988). At last, in the PISOC method similar
modifications to SIMPLEC are applied.

A review of pressure-velocity coupling algorithms is given by Latimer and Polland
(1985). The SIMPLE-like and PISO-like methods have all been implemented in the
previous versions of CFX-FLOW3D (single-block versions). Only SIMPLE and
SIMPLEC methods are available in the more recent multi-block versions of CFX-
FLOW3D. In fact, these are the only ones that have been proved to be robust for
more general purpose applications.

5.2.4.3 Pressure/Velocity Coupling Techniques for FEMs

As in FDM, early calculations using FEM circumvented the pressure/velocity
coupling problem by using the vorticity-stream function formulation. Techniques
in use to date for handling the coupling between velocity and pressure are the
Penalty Method, the Langrange Multiplier Method or a combination of these, and
the PALM Method (Smith, 1985). In other cases either the momentum and

continuity equations are solved directly or a SIMPLE-like iterative procedure is
devised.

The Penalty Method, first presented by Zienkiewizc (1977), uses a penalty
parameter which, multiplied by the pressure, is introduced in the right-hand side of
the continuity equation, and should be zero for the continuity condition. This
parameter is very small so that the continuity equation is nearly satisfied. The
pressure, given as the ratio of the divergence of the velocity vector and the
vanishing penalty parameter, is substituted into the momentum equation, thereby
eliminating pressure. A general discussion of the penalty method is given by Reddy
(1982), while Baker (1984) has described the use of the penalty method in three-
dimensional parabolic flows. In the Lagrange Multiplier Method, the pressure is
considered as a linear function or piecewise constant over quadratic or linear

velocity elements respectively (Gresho et al., 1980). That is, the approximation for
pressure has to be of lower degree than that used for the velocity.

Solution existence can be only guaranteed for those velocity/pressure element
nodal arrangements that satisfy the Babuska-Brezzi condition (Babuska and Aziz,
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1982; Brezzi, 1974). That is, on a triangular element it is required to have velocity
on more than each vertex (for example also on the medians), and pressure at more
than at the centroid (for example, at three internal point centroids).

5.2.4.4 Rhie-Chow Interpolation Method

In order to prevent a ‘checkerboard’ pressure field that may develop when velocity
components and pressure are located at the same grid point and the FDM are
applied, a common approach has been the use of ‘staggered grids’. In this case
pressures and scalars are defined at the centroids of the control volumes, while the
velocities are defined at the centroids of the faces to which are normal. However,

this approach may become quite cumbersome in the presence of non-orthogonal,
body-fitted grids.

The Rhie-Chow algorithm (Rhie, 1981; Rhie and Chow, 1983) allowed the
required components on the cell faces to be computed from the values of velocity
and pressure at the cell centroids in non-staggered grids without including
checkerboarding. It works on 3-d body fitted grids, and allows a natural application
of SIMPLE-like algorithms. The Rhie-Chow algorithm has been incorporated into
CFX-FLOW3D since its release 2 version; and it is also implemented into most
last-generation computer codes.

An improvement to this algorithm has been carried out within the last versions of
CFX-FLOW3D to allow applications to be treated where large pressure gradients

occur which balance strongly varying body forces. Details of this formulation are in
the user manuals (Anonymous, 1994a; 1994b).

5.2.5 Advective-Term Methods

In recent years, a significant amount of research effort has been directed toward
discretization of the combined convection (transport due to fluid flow) and
diffusion (transport due to variations of ¢ from point to point) fluxes. Inaccurate
modeling of these terms can seriously degrade overall accuracy and stability of the
solution. In many cases, it is almost impossible to refine the grid sufficiently so that
the numerical errors will reduce to acceptable levels. Thus, it is essential to have a
convection-diffusion formulation that leads to a stable and accurate solution with
grids of modest fineness. Whereas many methods have been formulated, there

exists no clear consensus about a preferred method. The more accurate schemes
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tend to be less robust and slower.

In order to help subsequent discussion, some of the more common models will be
described. We shall consider a simple situation of steady one-dimensional flow
where only convection and diffusion terms are present. If ¢ is the variable advected

at a constant velocity u, then, integrating the relevant advection term over the
control volume shown in figure 5.1gives

As values of ¢ are only known at the center of each control volume, a linear profile

can be taken to estimate ¢ and ¢,. The result is the Central Difference Scheme A
(CDS):

6.=2(0=0,)  and 4, =3(0-0)

2
The factor Y2 arises from the assumption of the interfaces being midway. This
scheme is formally second-order accurate, but can lead to spurious spatial
oscillation (‘wiggles’) of the solution (Roache, 1972) or physically non-realistic
solutions unless the cell Peclet number (Pe = pqu/F , Where Ax 1is the cell
width, and I is the diffusion coefficient) is less than 2. There has been some
misunderstanding in the literature as to the nature of these oscillations; however, it
is now accepted that they are related to an accuracy problem rather than to a
stability problem (Vreugdenhil, 1989). It is also relevant that, when CDS is used
and the cell Peclet number is high, the linearized governing equations lose diagonal
dominance. This makes the CDS algorithm lose its ‘robustness’, and very small

under-relaxation factors, or very small time steps, are needed to obtain
convergence.

WW w P
Dww bw 3 (3

Figure 5.1Typical control Volume
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An unconditionally stable but rather ‘crude’ approximation is to assume that the
value at the face is the same as the nodal value upstream of the face. This technique
is the basis of the Upwind-Difference Scheme (UDS). It was first put forward by
Courant et al. (1952) and subsequently by Gentry et al. (1966). This scheme

introduces a false ‘numerical diffusion’ and produces a result that is actually the
solution to a different problem.

The exponential scheme which uses the exact solution profile would give a highly
desirable behaviour, but at very high computational cost and without being able to
be applicable to more general situations. An easy-to-compute scheme that has the
qualitative behavior of the exponential scheme is the Hybrid Difference Scheme
(HDS). It was developed by Spalding (1972), and applies a central difference
scheme for the Peclet number range —2 < Pe <2 and an upwind difference
outside this range by ignoring diffusion. This advection model is used as a default
in many FDM programs. It is again first-order accurate and cannot eliminate false
diffusion errors, but it is slightly better than upwind differencing because second-

order central difference will be the result across streams and in regions of low flow.

Since it is the grid Peclet number that decides the behavior of the numerical
schemes, it is, in principle, possible to refine the grid (i.e., to use smaller Ax ) until
Pe is small enough ( < 2 ) for the central differencing scheme to yield a reasonable

solution. In most practical problems, however, this strategy requires excessively
fine grids, which are usually not feasible on economic grounds.

A large number of differencing schemes have been proposed to prevent numerical

diffusion while preserving robustness and avoiding ‘wiggles’. They include the
following approaches:

(a) Higher-order upwind schemes, based on the use of more than one grid point
value in the finite difference expression of the advective fluxes, such as the
second-order upwind, third-order upwind (QUICK), or the related ‘power law’
schemes (Patankar, 1980) (PLDS), ‘Hermitian Polynomial’ schemes (Glass and
Rodi, 1982), and ‘spline’ methods (Rubin and Graves, 1975).

(b) ‘Skew’ schemes, such as the ‘skewed upwind’ (SUS) and the ‘skewed upwind
weighted” (SUWDS) schemes (Raithby, 1976), the ‘mass flow weighted’
(Hassan et al., 1983), the ‘vector upstream’ (Lillington. 1981), ‘bounded skew
upwind’ (BSUDS) (Syed and Chiappetta, 1985), and ‘flux bending’ schemes
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(Gosman and Peric, 1985): all take some account of the angle at which the fluid
crosses the coordinate lines.

(c) Methods based on a locally exact solution of the governing equations, such as
the ‘finite analytic’ method (Chen et al., 1981), and the ‘locally analytic’
scheme (LOADS) (Wong and Raithby, 1979). These formulations do give

stable and accurate results but are rather complex and expensive for regular
use.

(d) Modified-central differencing schemes, such as CONDIF (Runchal, 1987), and
NONDIF (Hedberg,1989).

Among these we give some details of advection schemes available in CFX- .
FLOW3D. The Higher-order Upwind scheme (HUM) represents a more accurate
upwind scheme, which uses an additional nodal value further from the face.
Assuming equal spatial increments, @, is given by:
3 1
=—ow——0ww
D 2¢ 2¢

A formally more accurate scheme than HUV is the quadratic upwinding scheme
known as QUICK (Leonard,1979). This is an upwinded scheme which is third-
order accurate for the advection and second-order accurate for the diffusion terms.

This scheme uses two upstream points and one downstream point, which makes it
slightly unstable:

3

3 pi3aw_ 1
¢w—8¢P+4¢W 8¢WW

The higher order upwinded schemes can suffer non-physical overshoots in their
solutions. For example, turbulent kinetic energy can become negative. The CCCT

scheme is a modification of the QUICK scheme which is bounded, eliminating
these overshoots. The scheme has:

3 3 1
o, -(g—aj¢p+(z+2aj¢w—§¢ww

where a is a parameter that depends on the curvature of the variable @. Full details
for the calculation of a are given by Alderton and Wilkes (1988).
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CONDIF is a modification of central differencing in which the coefficients are
written in such a way as to be diagonally dominant, and upwind differencing is
used at any points at which the solution may have a non-physical overshoot. Again
full details are given by Alderton and Wilkes (1988).

A survey of comparative studies on advection schemes is given by Patankar (1988).
While some reviews are in favour of the QUICK scheme, others report over- and
under-shoots, oscillations and convergence problems, and conclude in favour of
HUW or even UDS. Also, higher-order schemes imply a significant increase in
computational complexity. Burns and Wilkes (1987) handled this problem using
the ‘deferred correction approach’, that is, they included the extra terms on the

right hand side of the equation in the source term (associated with the creation or
destruction of ¢).

Convection-diffusion formulation in Finite Element methods have followed a
similar pattern, and various comparable upwinding schemes have been proposed.
Because of non-linearity of the advection terms, Newton-Raphson or Picard
iteration methods are commonly used. A control-volume formulation was
introduced by Baliga and Patankar (1980), who used a shape function based on the
direction of the local velocity vector. In the Galerkin formulation of the finite-

element method, a streamline upwind procedure was employed by Brooks and
Hughes (1982).

5.2.6 Time Stepping procedures

In steady-state problems, the generic transport equation for the variable ¢ can be
written as:

In time-dependent problems this equation becomes:

J
8—f+F(¢)=S¢

The time derivative of the flow variable ¢ can be discretized with a degree of
implicitness ¥ (0 < ¥y <1)

é(¢n+1 —¢")+ZF(¢"+I)+(1—,},’)F(¢")=S
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which can be written in the same form as the steady-state equation (5.31):
F (¢Il+l ) — S¢

Thus the same basic algorithms can be used, though some extra storage is required
for the values of the variables at step n. For a degree of implicitness y =1.0 we
have, for example, the fully implicit backward time differencing scheme; for y
=0.5 there is the time-centered scheme of Crank-Nicolson and for y =0.0 the
scheme is fully explicit. The fully implicit and the Crank-Nicolson schemes are

unconditionally stable in the mathematical sense, while the explicit method is
subjected to the Courant stability criterion, e.g., the Courant number Cr<1,

(where Cr=c/(A x/A t), with ¢ as celerity of propagation in the analytical

solution and A x the width of the smallest cell).

In Finite Element Methods, Crank-Nicolson or backward Euler time stepping may
be used. However, more general time-splitting techniques are becoming popular,

some of which have recently been reviewed by Glowinski and Pironneau (1992).

5.2.7 Solution Techniques For The Linearized Equations

The discretization/linearization techniques described above lead, at the generic
inner iteration (SIMPLE iteration), to very large systems of linear equations

representing either scalar transport equation or the pressure correction equation,
having the general form:

Ax=b

In the pressure correction case, the coefficient matrix is symmetric. In all cases, if
the ‘deferred correction technique’, described above, is used the matrix A contains
only seven non-zero diagonals (in 3-D problems) and is efficiently stored as a

N X7 array, N being the overall number of control volumes in the grid.

To solve such a large system only iterative methods, such Gauss-Seidel and
Successive Over-Relaxation (SOR) methods, are applicable. These consist in

guessing and solving the equations respectively until the iterative procedure
converges.

Whereas the Gauss-Seidel (point-by-point, line-by-line or ADI) methods have been
commonly used for the solution of linear algebraic equations, these methods
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converge very slowly, especially when a large number of grid points are involved.
For large three dimensional problems, it has been found that a more reliable
technique is the Strongly Implicit Procedure (SIP) proposed by Stone (1968). This
technique has proved to be the best in the solution of the pressure correction
equation having a high degree of accuracy. It applies a ‘factorization strategy’,
which consists in replacing the original sparse matrix A by a modified matrix A+T,
such that it can be decomposed into upper and lower triangular matrices. The
matrix T has to be selected so that the ADI procedure can be applied.

Recently, new techniques have been proposed, some of which are extensions of the
SIP method. Lin (1985) has proposed the use of three free parameters to accelerate
the convergence of Stone’s method. In the methods formulated by Schneider and
Zedan (1981) and Peric (1987), the five diagonal matrix in Stone’s method is
replaced by a nine-diagonal matrix. As a result, these modified methods (Modified
Strongly-Implicit, MSI) are applicable to the discretization formulations which lead

to nine-diagonal matrices. They have also been shown to be more efficient when
applied to file-diagonal systems.

5.2.8 Commercially Available Codes

Computational Fluid Dynamics has been used for numerical prediction of fluid
flows and heat transfer since the 1960s. With the development of computer
hardware, computational techniques have been vigorously proposed, tested and
refined to the point that these are recognized as cost-effective and convenient
means of obtaining detailed data for complex physical situations. Many powerful
CFD programs are available based on the three above mentioned (section 5.2.3)
numerical methods with varying degrees of modeling capabilities. Among these,
commercially available codes are: CFX-FLOW3D, STAR-CD, PHOENICS,
FLUENT, ASTEC, FIRE, FEAT, FIDAP, P/FLOTRAN, NEKTON.

Grid generation and post-processing packages are often included. Pre and post
processing are also available from specialized companies and referred to as
visualization software, such as CAD, PATRAN, FEMVIEW, UNIRAS and AVS.
The power and flexibility of the CFD packages available today are such that there

is now little need to develop purpose-build programs for specific problems.

Vector-processing and parallel processing capabilities of new supercomputers have

made some impact both on computer programming and on the development of
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numerical algorithms that have been specifically designed to achieve a high degree
of vectorization and speed up computational time. A recent survey of a number of
CFD codes has been presented by Wolfe (1991) and by Collins and Ciofalo (1991).

(a) Finite Volume Codes. TEACH (Gosman and Pun, 1974) can be considered the
‘ancestor’ of many CFD codes based on FVMs. It was developed in the early
1970s at Imperial College, and could handle problems of 2-D flows; it
employed a k-£ turbulent flow model and the SIMPLE algorithm. Several last
generation codes, such as PHOENICS, CFX-FLOW3D, STAR-CD and
ASTEC, can be considered as ‘offsprings’ of TEACH. These codes solve 3-D
flows in laminar and turbulent regimes, with steady and time dependent
conditions, in complex geometries treated by body-fitted grids. PHOENICS and
CFX-FLOW3D are based on structured grids, while STAR-CD and ASTEC
can use unstructured grids. Details of CFX-FLOW3D, which was used
throughout this research, are given in the next section.

(b) Finite Element Codes. FEAT, developed at the Berkeley Nuclear Laboratories,
is a ’classic’ finite element code for CFD and heat transfer problems. Also
FIDAP is widely used. In addition to these, most general purpose FE packages
such as MSC/NASTRAN, ADINA/ANSYS, NISA-II and ABAQUS, include
CFD modules although they are less advanced than specialized CFD codes. A
review of FE methods for CFD problems is given by Lohner (1987).

5.2.8.1 CFX-FLOW3D: CODE OVERVIEW
CFX-FLOW3D, also known as HARWELL-FLOW3D up to a few years ago, is a

general purpose thermofluid-dynamic computer code born, as other computer
codes of the same family, in the early seventies and developed from the research
work at Imperial College. The original version of FLOW3D was limited to simple
staggered and rectilinear grid, Cartesian or cylindrical coordinates, (Wilkes et al.
1985, Jones et al. 1985, 1986). HARWELL-FLOW3D was marketed with the
release 2 of the code (Burns et al., 1986, 1987). A body fitted coordinate system
was implemented in a structured non-staggered grid, and the Rhie-Chow algorithm
(Rhie and Chow, 1983) was used to prevent ‘chequerboarding’. The
pressure/velocity coupling algorithm was a SIMPLE-family algorithm. Linear
equations solvers were used (Kightley and Jones, 1985), and higher order advection
treatment schemes (including HUW and QUIVK) (Thompson and Wilkes 1982).

Adaptive gridding, combustion models, coupling with radiation codes, some two-
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phase flow capabilities, and new advection treatment schemes were introduced,
like CCCT and CONDIF.

Description Of The Code

The suite of CFX-FLOW3D programs consists of a number of modules: (a) Pre-
Processing Modules, or Geometry and Grid Generators; (b) Interactive Frontend;
(¢) Solution Module of CFX-FLOW3D; (d) Post-Processing, or Graphics Modules.

The geometry and Grid Generators may be used to define the finite difference grid.
The grid coordinates are dumped to disk in a form readable by the frontend.
Through the use of a flag in the Frontend, the program is informed that the grid
information is to be read from the disk. Use of these modules is optional. The grid
can also be defined within the Frontend. The geometry and Grid Generators include

the interactive grid generator CFX-BUILD. Body-Fitted Grids are generated using
transfinite interpolation.

The Frontend takes the input specification of the problem and converts it from a
form convenient for the user into a form designed for efficient execution. Detailed
error checking is performed. Facilities are available to provide a database which
calculates the physical properties of some common fluids. The problem is specified
in a single data file using the Command Language, that is a set of English-like
commands, subcommands, and associated keywords. In the Interactive Frontend,
this data file is constructed automatically via a series of displays on the screen.

User-defined Fortran routines may be included for features that are too complex to
be described using the Command Language.

The solution module solves the discretized representation of the problem. It
receives the information in a form that permits maximum efficiency to be obtained
on different types of computers including vector processors. The solution Module

has only a few output facilities- for example, for printing and dumping the solution
to disk files.

The Graphics Modules produce the main graphics output, interrogating the disk
files written by the solution module. Interfaces to other post-processing packages
have been constructed, and there are a number of post-processing options available

for various workstations. Use of these modules is optional, and described in the
ENVIROMENT User Guide.
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In the present work no use was made of the pre-processing facilities such as the
interactive grid generator (CFX-BUILD former SOPHIA), since this so far does not
allow for transient grids automatically. In fact, it would have been necessary to
construct the grid for each time step. Use of the Fortran user subroutine USRGRD
was found to be more flexible to define a time dependent grid. Problem

specification was made using the Command Language file.
The main features of the code are summarized in table 5.1

Computational Domain

The generic computational domain in 2D is shown in figure 5.2

Porous
region
| Symmetry plane
Inlet l Thin surface _

outlets
—
1\

\ Walls \ 77

Solid

\4 / region 7

Figure 5.2 Generic CFX-FLOW3D 2-D computational domain and structures
which can be defined within it.

Multi-block grids are constructed by patching together a number of simple,
rectangular grids to form a grid that is not restricted to be topologically rectangular.
Topological features within the domain of each block are described using patches
(Boundary condition surfaces and interblock boundaries). The generic block grid
include NI, NJ, NK volumes along the ‘intrinsic’ directions I, J, K respectively.
The grid is defined by specifying the coordinates of the grid vertices in physical

space, arbitrarily oriented.

The generic control volume, is shown in figure 5.3. The corners of the volume are
numbered, and ‘intrinsic’ directions are indicated following the ‘compass rose’
convention. In order to invoke boundary conditions the control volumes lying on

the perimeter of a grid block, considered outside the solution domain, are added
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(automatically) to constitute dummy control volumes. The interior control volumes
are called active control volumes. Two dimensional problems are treated as three-
dimensional with two symmetry or periodicity planes. If cylindrical coordinates are
used, a special treatment is implemented to deal with the singularity created by the

fact that the axis is included in the computational domain.

(IJ+1,K+1 . (I+1,J+1,K+1)

I+1,J+1,K)
(LJ+1,K)

AR IRl (I+1,,K+1)
" (XP(LJ.K),YP(LJ,K),ZP(L].K)

LIK) (1+1,J.K)

Figure 5.3 Generic control volume. Indices of corners are shown

A summary of CFX-FLOW?3D commands and keywords is reported in the manual.
The schematic flow chart for the code is shown in figure 5.4. the ‘inner’ iterations
of the linear solvers, are nested in the loop of the ‘outer’ iterations, which in turn
are nested in the time stepping loop. The ‘outer’ iteration process is stopped either
completely or for the current time step of a transient problem, when the chosen
convergence criteria are satisfied. The criteria are for example: maximum number
of outer iterations, the tolerance on a residual, the CPU limit. In the tolerance on a
residual criterion, iterations are stopped when the overall residual mass source &4

(the sum of the absolute mass source residual in all control volumes) falls below a
predicted value SORMAX.
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Problem description

!

Initialization

!

Ne= N, +1 Time stepping

N iteration = Nitcration +1

!

linearization

!

Inner iterations
Niin = Njip +1

!

Solution of
linearized equations

Outer iterations

Figure 5.4 Schematic flow chart of CFX-FLOW3D.
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Table 5.1
Main features and capabilities of CFX-FLOW?3D, Release 4.2
1. Physical Models and Geometry

Physical Space Coordinates: Cartesian / Cylindrical
Type of Flow: Laminar / Turbulent
Steady / Unsteady

2-Dimensional / Three Dimensional

Incompressible / Weakly Compressible, Fully Compressible
Isothermal / Non Isothermal

Forced / Natural Convection

Buoyant: Boussineq approximation of fully compressible
Multiphase flow: multi-fluid model / homogeneous model

Boundary Conditions: Solid Walls
Symmetry or Periodicity Surfaces
Inlet / Outlet Faces
Pressure Boundary
Mass Flow Boundary
Turbulence Models: k-g for high Reynolds number /

Low Reynolds number model

Higher order turbulence models:

Algebraic Reynolds Stress model (ASM)/
Differential Reynolds Stress model (RSM)/
Differential Reynolds Flux model

Combustion Models: Two gaseous model s:

eddy break-up model / mixed-is-burnt model
Particle Transport Models: Langrangian

Grid: Rectangular / body-fitted
Multi-block
Rotating coordinate system
Adaptive Grids

Other Options: Solids / Thin Walls / Porous Regions
Heat Conduction in Solids
Radiative Heat Transfer (via RAD3D code)
Chemical Kinetics for single-phase chemical reactions
Additional Scalar Transport Equations for fluid mixture

2. Numerical Methods

Finite Volume Discretization: multi-block unstructured, non staggered grid
Time - Differencing: Fully Implicit Backward Euler Differencing *
Crank Nicolson (central) differencing
Pressure / Velocity Coupling: SIMPLE / SIMPLEC ®
Advection Algorithm Schemes: Central /Upwind / Hybrid / HUW
QUICK / CONDIF / ICCG
Linear Equation Solver: Line Relaxation /

Preconditioned Conjugate Gradient (ICCG)
Full field Stone’s Method /

Block Stone’s Method

Algebraic Multi-Grid

* This option should not be used with transient gridding
b PISO and PISOC are available on the new Release
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5.3 Results Of The 3D Modeling

In this study the three dimensional flow modeling was performed by the use of a
finite volume CFD code known as CFX-FLOW3D. In Chapter four the design and
development of a grid generation package, that can handle the complexity of the
grid, for a scroll compressor - expander was analyzed. The next step was to
implement this transient grid generation package with CFX-FLOW?3D. The final
stage before running the code was to write the Command Language that described
the physics of the problem. The Command Language is shown in Appendix C.

In solving fluid flow problems we need to be aware that the underlying physics are
complex, and the user must have skills in a number of areas. Prior to setting up and
running a CFD simulation there is a stage of identification and formulation of the
flow problem in terms of the physical and chemical phenomena that need to be
considered. Typical decisions that might be needed are whether to model a problem
in two or three dimensions, to exclude the effects of ambient temperature or
pressure variations on the density of an air flow, to choose to solve the turbulent
flow equations etc. To make the right choices requires good modeling skills,
because in all but the simplest problems we need to make assumptions to reduce

the complexity to a manageable level whilst preserving the salient features of the
problem in hand.

Flows inside scroll compressors - expanders are turbulent, time dependent,
compressible and for the case of the expander two phase. Furthermore these flows
are driven by the wall motion

When the solver runs it produces a large amount of data that has to be analyzed.
The analysis can be divided into two major categories, (a) CFD analysis, i.e. check
to see if the solution is reliable, and (b) Thermodynamic analysis i.e. use CFD as a
tool to improve understanding of the behavior of the thermodynamic system under
consideration. The following two sub-sections 5.3.1 and 5.3.2 discus the results

obtained from the CFD simulation with reference to the above two categories.

5.3.1 CFD Analysis

Three mathematical concepts are useful in determining the success or otherwise of
CFD algorithms: convergence, consistency and stability. Convergence is the
property of a numerical method to produce a solution which approaches the exact

solution as the grid spacing, control volume size or element size is reduced to zero.
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Consistent numerical schemes produce systems of algebraic equations which can
be demonstrated to be equivalent to the original governing equations as the grid
spacing tends to zero. Stability is associated with damping of errors as the
numerical method proceeds. If a technique is not stable even round off errors in the
initial data can cause wild oscillations or divergence.

Engineers need CFD codes that produce physically realistic results with good

accuracy in simulations with finite (sometimes quite coarse) grids.

Performing the actual CFD computation itself requires operator skills of a different
kind. Specification of the domain geometry and grid design are the main tasks at
the input stage and subsequently the user needs to obtain a successful simulation
result. The two aspects that characterize such a result are convergence of the
iterative process and grid independence. The solution algorithm is iterative in
nature and in a converged solution the so-called residuals-measures of the overall
conservation of the flow properties are very small. Progress towards a converged
solution can be greatly assisted by careful selection of the settings of various
relaxation factors and acceleration devices. There are no straightforward guidelines

for making these choices since they are problem dependent.

Optimization of the solution speed requires considerable experience with the code
itself, which can only be acquired by extensive use. There is no formal way of
estimating the errors introduced by inadequate grid design for a general flow. Good
initial grid design relies largely on an insight into the expected properties of the
flow. A background in the fluid dynamics of the particular problem certainly helps
and experience with gridding of similar problems is also invaluable. The only way
to estimate errors due to the coarseness of a grid is to perform a grid dependence
study, which is a procedure of successive refinement of an initially coarse grid until
certain key results do not change. Then the simulation is grid independent. A

systematic search for grid-independent results forms an essential part of all high
quality CFD studies.

Figure 5.5 shows how the residuals change with iterations. Figures 5.6 to 5.10
show how residuals, pressure, and velocities (p, u, v, w) change with the number
of elements in the domain (grid dependency study). From figure 5.6 it can be seen
that the residuals do not change significantly for a number of elements higher than
60000. In figure 5.7 the pressure follows a similar trend to the residuals but in this

case the solution is stable for a number of elements higher than 40000. For the case
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of u velocity which is shown in figure 5.8 stability appears to be insured for a
number of elements higher than 70000. As far as v, and w velocities are concern

they appear to be stable earlier, 30000 elements forv and 60000 for w.

As it can be seen from the figures the solution changes when the number of
elements is less than 70000 and it appears to be stable for number of elements
above that. Figure 5.11 show another important parameter that might affect the
solution, namely the length of the time step. It is obvious that the smaller the time
step the easier for the code to achieve convergence. However there is no need to
use extremely small time steps because then more computational time will be
needed. As can be seen from figure 5.11 the solution does not change for time steps
less than 5.55E-05 seconds. This is the time step we use for the 3D simulation, it
corresponds to a change of half a degree on the crank angle when the rotational
speed is 1500 RPM. For higher or lower rotational speeds the time step is adjusted

so as to reflect only half a degree change on the crank angle.
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Figure 5.5 Residuals - Iterations. Speed 3000 RPM.
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Figure 5.6 Residuals - Number of Elements. Speed 3000 RPM.
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Figure 5.7 Pressure - Number of Elements. Speed 3000 RPM.
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Figure 5.8 U velocity - Number of Elements. Speed 3000 RPM.
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Figure 5.9 V velocity - Number of Elements. Speed 3000 RPM.
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Figure 5.10 W velocity - Number of Elements. Speed 3000 RPM.
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5.3.2 Thermodynamic Analysis

After the CFD analysis is completed the results can be used to improve
understanding of the behavior of the suction process of the scroll expander, and
discharge process of the scroll compressor. As was shown in section 5.3.1 the
system is said to be grid independent for 70000 elements or more. The results

shown in the figures of this section are obtained from a grid of 70000 elements.

In this section we use different types of graphic techniques to present the results.
These are contour plots, vector plots, and streamlines. The xy plots are not used in
this section mainly because they represent the variation of one dependent variable
versus another independent variable. A disadvantage of xy plots is that they usually
do not illustrate the global nature of a set of CFD results on one view. On the other
hand, contour plots, vector plots, streamlines and particle tracking do provide such

a global view.

5.3.2.1 Expander Characteristics

Figures 5.12 to 5.71 give an excellent understanding of the behavior of the suction
process of the scroll expander. The results cover rotational speeds from 1000 RPM
to 6000 RPM, the entry conditions are defined in section 3.4.2. What it is shown in
these figures is the result of the compressible turbulent and transient flow
modeling. It has to be noted here that in order to come to this stage the simulation
was performed in steps. The first step was an incompressible laminar transient
simulation, followed by an incompressible turbulent transient simulation, the
model used for the turbulence parameters was the high Reynolds k €. The next step
was to calculate changes of density. In this case density changes were calculated
from the equation of state but they were only affected by pressure because the
temperature was fixed. This simulation was called weakly compressible turbulent
transient flow. The final step (which is presented here) allows density calculation
to depend on the changes of both pressure and temperature. In all the above models
the simulations were performed for the rotational speed range of 1000 RPM to
6000 RPM (every 1000 RPM). It has to be mentioned at this point that the results
presented here are only the 1/10 of the total results obtained.

As far as the results are concerned it is very difficult, perhaps impossible, to
compare them with the results obtained from the quasi 1-D modeling (chapter 3).
In that case the expander show good overall working performance. However the

3-D modeling which is more advanced and much more accurate indicates that this
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is not 100% true. A careful examination of the figures that show the pressure
contours will show that there are quite significant pressure differences within the
flow domain. At higher rotational speeds these pressure differences are higher. The
velocity vector graphs show that there are areas of re-circulation both in z and y-
planes. If we look at the stream lines figures we will see that the flow pattern is not
so good. At the beginning, the flow is coming in from the inlet pipe with a constant
velocity, it hits the bottom wall of the expander and as a result there is a build up
of pressure at that point. Then the flow goes in all directions hitting the side walls

while the velocity begins to decrease. After the flow hits the side walls, the velocity
decreases further and there also is re-circulation.

From this simulation it is obvious that the scroll expander will have major
problems that will affect its operating behaviour (specially during the suction
process). The reason for this is mainly the significant pressure drop that takes place
during the filling process. At higher speeds the pressure drop within the working
volume is of the order of 2 bar. From this modeling, and with the use of the
visualisation packages, we manage to get the feeling of how the fluid will behave
in such a machine. To give a better understanding of what we learn let us examine
the case of an expansion that takes place in a turbine or in a screw expander, and
then compare it with the scroll-expander. The reason for doing this is to identify
the major problem of the scroll expander. What happens in those cases is that the
flow ‘in’ is coming in a completely different way, angle of attack, and the machine
will also behave in a completely different way. The flow hits the blades of the
expander and as a result of this there is a movement of the blades. In our case the
fluid is coming from the top but the expected movement of the spirals is horizontal,
(90° degrees difference). Unlike the case of the screw expander the flow ‘in’ in a
scroll expander hits first the bottom of the machine (stagnation point occurs there),
which results in the build up of pressure there, and then the residual flow moves
the wall spirals. This is also the main reason for the fluid to swirl. Please note that
all these facts are taking place during the suction process of the scroll expander. It

looks like things will improve during the expansion process, but the results are not
clear in that case.
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5.3.2.2 Compressor Characteristics

As for the case of the expander, the simulation of the discharge process of the
scroll compressor was also performed in steps, the same ones as for the case of the
expander. However the results in this case, which are shown in figures 5.72 to
5.143 indicate that the scroll compressor is an excellent positive displacement
machine. We have approximately uniform pressures within the domain. The
velocity vectors shows that there is a small area of re-circulation closed to the
outlet pipe, but this is something reasonable for this type of machine. The stream

line figures show that some swirling is taking place, mainly in the outlet pipe.

Close to the walls the velocity is relatively low and uniform. As the walls move
inwards the fluid velocity near the pipe increases and takes its peak value inside the
discharge pipe. The velocities within the pipe are not uniform and are higher on the
side of the moving spiral. Almost under the pipe we can see that there is some area
of re-circulation. This area increases as the flow approaches the inlet of the
discharge pipe. Now as far as the pressures are concerned it can be seen that
everywhere in the domain except from the area below the discharge pipe the
pressure is at its highest value and is also uniform. As the flow approaches the
discharge pipe from all sides small pressure drops begin, these pressure drops
continue smoothly until about the middle of the discharge pipe where they stabilize
for the rest of the outlet pipe.

The midplane (Z-plane=-0.1) velocity vectors characterize the nature of the flow
within the entire volume. The flow vectors indicate the nature of the flow
depending upon the location. Three dimensional flow tends to move vertically
upwards as it approaches the central section of the volume which is directly below
the discharge port. The flow characteristics exhibited here possess a strong axial
component combined with an in-plane (horizontal) vortex component occurring in
all axial levels. The results show that this basic vortex flow pattern persists in the
area below the discharge port throughout the entire axial extent of the flow volume.

The calculations indicate that the flow passing through the discharge port is not
uniform.
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Figure 5.12 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.2, step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.13 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0,018, step=100, 50 degrees (8.333m sec) after suction commences

750



Chapter 5 Three Dimensional Flow Modeling

. 9.5282E+05
9.5136E+05

9.4990E+05
I 9.4844E+05

a
\/

9.4698RE+05
9.4551E+05
9.4405FE+-05

Figure 5.14 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.1, step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.15 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.1, step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.16 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.0025, step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.17 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.0025, step=100, 50 degrees (8.333m sec) after suction commences
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Fim 5.18 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Arbitrary plane, step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.19 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Arbitrary plane, step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.20 Scroll-Expander. Rotational speed 1000 RPM, Stream lines
step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.21 Scroll-Expander. Rotational speed 1000 RPM, Stream lines,
step=100, 50 degrees (8.333m sec) after suction commences
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Figure 5.22 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.2, step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.23 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.018, step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.24 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.1, step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.25 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.1, step=200, 100 degrees (16.66m sec) afier suction commences
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Figure 5.26 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.0025, step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.27 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.0025, step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.28 Scroll-Expander. Rotational speed 1000 RPM, Pressure contours,
Arbitrary plane, step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.29 Scroll-Expander. Rotational speed 1000 RPM, Speed vectors,
Arbitrary plane, step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.30 Scroll-Expander. Rotational speed 1000 RPM, Stream lines
step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.31 Scroll-Expander. Rotational speed 1000 RPM, Stream lines,
step=200, 100 degrees (16.66m sec) after suction commences
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Figure 5.32 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.2, step=100, 50 degrees (2.777m sec) after suction commences
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Figure 5.33 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.018, step=100, 50 degrees (2.777m sec) after suction commences
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Figure 5.34 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.1, step=100, 50 degrees (2.777m sec) after suction commences
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Figure 5.35 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.1, step=100, 50 degrees (2.777m sec) afier suction commences
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Figure 5.36 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.0025, step=100, 50 degrees (2.777m sec) after suction commences
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Figure 5.37 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.0025, step=100, 50 degrees (2.777m sec) after suction commences
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Figure 5.38 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Arbitrary plane, step=100, 50 degrees (2.777m sec) afier suction commences

- 4.2091E+01
3.5075E+01
2.8060C+01

2. 1045E+01
1.4030C+01

TO0151R+00
0.0000E+00

i
—

Figure 5.39 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Arbitrary plane, step=100, 50 degrees (2.777m sec) afier suction commences
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Figure 5.40 Scroll-Expander. Rotational speed 3000 RPM, Stream lines
step=100, 50 degrees (2.777m sec) after suction commences
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Figure 5.41 Scroll-Expander. Rotational speed 3000 RPM, Stream lines,
step=100, 50 degrees (2.777m sec) after suction commences
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Figure 5.42 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.2, step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.43 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.018, step=200, 100 degrees (5.54m sec) afier suction commences
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Figure 5.44 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.1, step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.45 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.1, step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.46 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.0025, step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.47 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.0025, step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.48 Scroll-Expander. Rotational speed 3000 RPM, Pressure contours,
Arbitrary plane, step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.49 Scroll-Expander. Rotational speed 3000 RPM, Speed vectors,
Arbitrary plane, step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.50 Scroll-Expander. Rotational speed 3000 RPM, Stream lines
step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.51 Scroll-Expander. Rotational speed 3000 RPM, Stream lines,
step=200, 100 degrees (5.54m sec) after suction commences
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Figure 5.52 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.2, step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.53 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.018, step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.54 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.1, step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.55 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.1, step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.56 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.0025, step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.57 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.0025, step=100, 50 degrees (1.389m sec) afier suction commences
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Figure 5.58 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Arbitrary plane, step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.59 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Arbitrary plane, step=100, 50 degrees (1.389m sec) afler suction commences
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Figure 5.60 Scroll-Expander. Rotational speed 6000 RPM, Stream lines
step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.61 Scroll-Expander. Rotational speed 6000 RPM, Stream lines,
step=100, 50 degrees (1.389m sec) after suction commences
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Figure 5.62 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.2, step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.63 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.018, step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.64 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.1, step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.65 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.1, step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.66 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.0025, step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.67 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.0025, step=200, 100 degrees (2.778m sec) after suction commences

1777



Chapter 5 Three Dimensional Flow Modeling

- 1.0849L+06
1.0325CE+06

9.8000E+05
9.2753E+05
8.7505L+05

B.2258LE+05
7.7011LE+05

Figure 5.68 Scroll-Expander. Rotational speed 6000 RPM, Pressure contours,
Arbitrary plane, step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.69 Scroll-Expander. Rotational speed 6000 RPM, Speed vectors,
Arbitrary plane, step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.70 Scroll-Expander. Rotational speed 6000 RPM, Stream lines
step=200, 100 degrees (2.778m sec) after suction commences
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Three Dimensional Flow Modeling

Figure 5.71 Scroll-Expander. Rotational speed 6000 RPM, Stream lines,
step=200, 100 degrees (2.778m sec) after suction commences
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Figure 5.72 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.2, step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.73 Scroll-Compressor. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.018, step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.74 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.1, step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.75 Scroll-Compressor. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.1, step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.76 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.0025, step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5 77 Scroll-Compressor. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.0025, step=100, 50 degrees (3.333m sec) after discharge commences
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Figure 5.78 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Arbitrary plane, step=100, 50 degrees (8.333m sec) after discharge commences
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Figqre 5.79 Scroll-Compressor. Rotational speed 1000 RPM, Speed vectors,
Arbitrary plane, step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.80 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines
step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.81 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines,
step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.82 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines
step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.83 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines,
step=100, 50 degrees (8.333m sec) after discharge commences
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Figure 5.84 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.2, step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.85 Scroll-Compressor, Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.018, step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.86 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.1, step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.87 Scroll-Compressor. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.1, step=200, 100 degrees (16.66m sec) afier discharge commences
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Figure 5.88 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Z-plane =-0.0025, step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.89 Scroll-Compressor. Rotational speed 1000 RPM, Speed vectors,
Z-plane =-0.0025, step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.90 Scroll-Compressor. Rotational speed 1000 RPM, Pressure contours,
Arbitrary plane, step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.91 Scroll-Compressor. Rotational speed 1000 RPM, Speed vectors,
Arbitrary plane, step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.92 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines
step=200, 100 degrees (16.66m sec) after discharge commences

Figure 5.93 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines,
step=200, 100 degrees (16.66m sec) afier discharge commences
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Figure 5.94 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines
step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.95 Scroll-Compressor. Rotational speed 1000 RPM, Stream lines,
step=200, 100 degrees (16.66m sec) after discharge commences
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Figure 5.96 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.2, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.97 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.018, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5,98 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.1, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.99 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.1, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.100 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.0025, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.101 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.0025, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.102 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Arbitrary plane, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.103 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Arbitrary plane, step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.104 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines
step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.105 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines,
step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.106 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines
step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.107 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines,
step=100, 50 degrees (2.777m sec) after discharge commences
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Figure 5.108 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.2, step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.109 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.018, step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.110 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.1, step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.111 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.1, step=200, 100 degrees (5.54m sec) after discharge commences

799



Chapter 5 Three Dimensional Flow Modeling

B 9.7588L+-05
9.6792LE+-05
9.5996L+05
9.5200LE+05
9.4405L+05 “
9.3609L+05
9.2813L+-05

A

Figure 5.112 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Z-plane =-0.0025, step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.113 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Z-plane =-0.0025, step=200, 100 degrees (5.54m sec) after discharge commences

200



Chapter 5

Three Dimensional Flow Modeling

. 9.7588E+05
9.6792RE+05
9.5996E+05
9.5200E+05
9.4405E+05

9.3609E+05
9.2813E+05

Figure 5.114 Scroll-Compressor. Rotational speed 3000 RPM, Pressure contours,
Arbitrary plane, step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.115 Scroll-Compressor. Rotational speed 3000 RPM, Speed vectors,
Arbitrary plane, step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.116 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines
step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.117 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines,
step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.118 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines
step=200, 100 degrees (5.54m sec) after discharge commences

39.3890
! 32.8242
. 26.2594
19.6945

13.1297

6.5648

0.0000

Figure 5.119 Scroll-Compressor. Rotational speed 3000 RPM, Stream lines,
step=200, 100 degrees (5.54m sec) after discharge commences
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Figure 5.120 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.2, step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.121 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.018, step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.122 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.1, step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.123 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.1, step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.124 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.0025, step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.125 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.0025, step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.126 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Arbitrary plane, step=100, 50 degrees (1.389m sec) after discharge commences
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Fim 5.127 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Aﬂ’ltlmy plane, step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.128 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines
step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.129 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines,
step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.130 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines
step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.131 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines,
step=100, 50 degrees (1.389m sec) after discharge commences
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Figure 5.132 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.2, step=200, 100 degrees (2.778m sec) after discharge commences

. 7.6360E+01
6.3633E+01
5.0907E+01
3.8180E+01
2.5453E+01
1.2727E+01
0.0000E+00

ey oy ety I Je B 2

AT el B RTLIST Al A 85 Al ¢

Il 4 5 BT ok g ()

L g i N A B (IS

Ho St TS ok e o R P NV VN NN NSN /A 9 S Sl P

T LSO s

Fd it R ot €11t s (] D |

| B[y e 5 R ) R

i e 4 1 DO L RS Sy

18 T B R T WA o) WPk vk NG N N N e e It Ty Sia st s f

y 2R R T ol Fh T T OO e Rl S S i Sl R O e e S O e

T VR W WA\ B S N N AN NN A el e il

AR 50 B B ¥ AV BN R R G S S N U O N S G e i il i s

I A N e e N S N S R R R U S R G i

AN, AN A ENSC S A A T e
NeNEN NN RN A S R P e
\\\ N NN NN SN N NSNS NS YS S SN S S NN

AN

SN TN N S AV N ST AT S

S NN ANIN NN AN NN S SO0
A A A ST

=NNNNNNNNS

Figure 5.133 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.018, step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.134 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.1, step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.135 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.1, step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.136 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Z-plane =-0.0025, step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.137 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Z-plane =-0.0025, step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.138 Scroll-Compressor. Rotational speed 6000 RPM, Pressure contours,
Arbitrary plane, step=200, 100 degrees (2.778m sec) after discharge commences
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Figlge 5.139 Scroll-Compressor. Rotational speed 6000 RPM, Speed vectors,
Arbitrary plane, step=200, 100 degrees (2.778m sec) afier discharge commences
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Figure 5.140 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines
step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.141 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines,
step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.142 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines
step=200, 100 degrees (2.778m sec) after discharge commences
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Figure 5.143 Scroll-Compressor. Rotational speed 6000 RPM, Stream lines,
step=200, 100 degrees (2.778m sec) after discharge commences
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Chapter 6

Conclusions and
Future Work

This chapter presents some conclusions which can be drawn from the work done
and also a few suggestions for possible future work.

6.1 Conclusions

- In this study, an analytical model for the geometry of scroll machines, and a grid
generation program with automatic moving mesh capabilities has been developed
and used together with a finite volume code to model the flow of a scroll
compressor - expander. The geometry was also attached to a package of
subroutines developed to analyse compressor and expander thermodynamic
characteristics based on a Quasi 1-D modeling approach. The proposed grid
generation program developed is capable of resolving the complexity of the
rotating working volumes of these machines.

The main findings can be summarised as follows:

1. The importance of the relationship between built-in volume ratio and pressure
ratio and the use of the correct pressure ratio is clearly defined. The significant
point is that the built-in volume ratio is a constant for any given scroll
compressor or expander design whereas the pressure ratio, which is a function
of the gas being compressed or expanded is not. Speed also affects the
relationship between pressure and volume ratios.

2. A scroll expander driving a scroll compressor in a sealed unit could be used as
a throttle valve replacement in large vapour compression chiller systems. Such

a device would be stable in operation and increase the Coefficient of
Performance.

3. The development of a grid to analyze motion in space and time, and the use of

non uniform distribution functions such as the Hyperbolic tangent distribution
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together with the transfinite interpolation has produced excellent results. The
non uniform distribution gives the flexibility to user to put fewer elements in
areas which are not so important or to concentrate elements in crucial areas so
as to allow the solver to capture the activity of the fluid with a higher accuracy.
Aspect ratio, orthogonality, cell distortion, and smooth distribution, are some
of the difficult issues involved in the transient structured body fitted grid
generation package developed. All these issues increase the speed of
convergence.

4, Flows inside scroll compressors and expanders are turbulent, time dependent,
and compressible. The flow inside the scroll expander is two phase as well.
Furthermore these flows are driven by the wall motion. An interesting feature
of the predicted flow patterns of the scroll expander, is the significant pressure
drop which takes place within the flow domain during the filling process and
the existence of re-circulation areas. It is clear that at these areas a stagnation
point occurs. However the important conclusion from this case is the fact that
these re-circulation areas are directly related to the geometry of the machine,
the movement of the boundaries, and the direction of the flow.

5. The significant finding for the case of the scroll compressor is that we have
approximately uniform pressures within the flow domain. There are also some
areas of re-circulation but unlike the case of the expander are related to the
discharge pipe. The calculations indicate that the flow passing through the
discharge port is not uniform. Another important finding is the swirling that
takes place, mainly in the outlet pipe. This swirling appears to be an extension
of the re-circulation which is underneath the discharge pipe.

6. From the results presented in Chapter 5, we can conclude that both qualitative
and quantitative results were obtained from the numerical predictions. These
results have indicated that modern CFD codes, such as CFX4, are probably
capable of simulating flows in scroll compressors and expanders. These codes
can be used in such a way that they can provide a powerful and reliable
comprehensive analysis tool for the design of such machines. However the
computational cost of this simulations is something that needs to be taken into
consideration.
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6.2 Future work

The following areas, arising from the present work, are considered suitable for
further investigation:

1.

The grid generation code has not been optimised to execute the minimum
number of operations. Therefore, further attempts will be necessary in order to
make this code more efficient for practical purposes. In this optimisation,

one should concentrate on the calculations of the non uniform distribution
functions.

It may be of interest to adjust the code in such a way that can be used in an
adaptive grid strategy in conjunction with the solver. When an adaptive grid is
used, the grids are clustered where sharp gradients are present such as in the
case of a shock. By concentrating the grids only at the locations where sharp
gradients are taking place, one can avoid the use of unnecessary grids at

locations where there is no need and therefore save on storage and
computational time.

A further recommendation would be to put the discharge pipe in different
angles. As it was said earlier some swirling is taking place inside the discharge
pipe for the case of the compressor. If we examine the flow patterns underneath
the pipe and the stream lines inside the pipe we will see that the swirling is due
to the direction of the flow underneath the pipe, therefore the use of the
discharge pipe in different angles might decrease the presence of this swirling.
Another pipe related recommendation would be the modeling of the flow
through the discharge pipe when an adjusting pressure valve is fitted on it. This

will give us an indication of how the flow underneath will be affected from the
pressure valve.

Now, after significant progress in both software and hardware technology, it is
possible to carry out coupled simulations such as fluid-structure interactions.
One way to do this is to solve the governing equations within one code, another
approach would be the use of two different codes one to do the fluids and the
other to do the structure calculations. The second approach will require a
coupling interface as well. The design and development of a scroll compressor
- expander require a detailed examination of structural behaviour and fluid
dynamics. In this study only the fluid side of the problem was investigated.
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Therefore another recommendation would be a fully coupled analysis of fluid
structure interaction.

5. Finally, in this thesis 3-D numerical studies have modeled only the fluid
dynamics of the suction process of a scroll expander and the discharge process
of a scroll compressor. This was due to the prohibitive computational cost.
However, the expansion and discharge process of the scroll expander, and the
suction and compression process of the scroll compressor are still to be
modeled. As it is well known, the biggest and most difficult part of a 3-D
Numerical Simulation is the grid generation. In this case the grid generation as
well as the setup of the program have been developed, and the remaining task is
the provision of powerful computing facilities. Modeling all the processes of
the scroll compressor - expander in ‘one run’ is another recommendation that

can be done in the future.
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Appendix A

Scroll

Compressor-Expander
Geometry

A.1 Introduction

In this Appendix the geometry of the scroll compressor-expander is anafyzed. The

derived equations are general parametric equations which amongst others can be
used for

The design and construction of scroll compressor-expander devices.
The generation of boundary-fitted, orthogonal,

block-structured,
transient grids used in CFD analysis.

The determination of the working volumes of scroll devices as
functions of the crank angle 6 and the parameters o and N
determining the lengths of the devices’ spirals.

A.2 Geometry of the Scroll Device
A.2.1 Basic Geometry

In this section the equations defining the inner and outer surfaces of the fixed and
orbiting spirals of the compressor are derived. Figure (A-1) depicts the Cartesian

system XY which is used in the treatment of the problem. The centre of a
generating circle with radius r, is located at the point

The meaning of the term “generating” will become apparent later in this section.

The line segment BP, shown in figure (A-1), is constructed so that it is tangent to

the generating circle at the points B, hence perpendicular to the radius SB. Its
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length BP is equal to the length GB of the arc GB, as measured anti-clockwise,
that is

BP1 SB, BP=GB-=rg, =20, 2r>¢€20, ¢£=constant, (A.1)

where by definition, ¢ is the angle GSB subtended by the chord GB and

£=ASG isa given constant angle in the semi-open range [0, 27 ). Clearly, the
coordinates of the point B are given by

rcos(p+¢e)+ S
B= .(go )+, s, 20, 2r>e£20, ¢£=constant. (A.2)
rsin(¢p +¢£)+S,

The curve C, also shown in figure (A-1), is defined as the geometric locus of the
points P satisfying the relations (A.I1). From this definition and the geometry

shown in the figure, it is obvious that the parametric equations of the points 2 and
hence the curve C, are

v
c
L
.
’-)(
0
B F
P
? g
E g
3 D AT =X

Figure (A-1). General geometry of the involute.

221



Appendix A Scroll Compressor-Expander Geometry

c. x) SD+ DE N rcos(¢ + £)+BPsin(¢p + €) + S,
' \EF-PF

y B rsin(¢ + £)— BPcos(¢ + €) + S,
(A.3)
rcos(p+ &)+ rosin(p+¢e)+ S
. {9+ &)t rosin(p+e)+ 5, , =20, 2r>¢20, €=constant.
rsin(@+¢e)—rpcos(p+€)+ S,

The starting point G of this curve is obtained form the above equations for ¢ =0.

This is the only common point between the curve and the generating circle and its

coordinates are
G=|%c rcos(e)+ S, 5 >0
= N =| rsin(ey + s, y 2m>€20. (A4)

The gradient m of the curve C at any of its points 7, can easily be obtained from
equation (A.3). Differentiation of this equation once with respect to ¢, yields

ax
+
C: ‘(ii(" =r C?S((o 8), 920, 2r>€20, &=constant, (A.5)
ay sin(gp + €)
do

and hence the gradient m is given by

m=tan(p + &), =20, 2r>e20, £=constant. (A.6)

This is equal to the gradient of the radius SB, a fact obvious from figure (A-1).

Consequently, the tangent L to the curve C at the point P is parallel to the radius
SB, and according to relations (A.1)

The tangent L to the curve C atapoint P and the tangent BP to the

generating circle are perpendicular, while L is parallel to the radius SB, (A.7)
thatis SB1 BP, L1 BP, SB|| L,

where the coordinates of the points B and P are given by the relations (A.2) and
(A.3) respectively.

A second Cartesian system X*Y* is defined so that its origin is located at the point

cos(d
S=—d(. ( )j, d = constant, feR,
sin(&)
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and its axes are parallel to the axes of the XY coordinate system as shown in
figure (A-1). The symbol R denotes the set of the real numbers.

The curves C,= Cr,, C,=C, C;=C,p and C, = C,, defining the inner and
outer surfaces of the fixed and orbiting spirals of the compressor are shown in
figure (A-2). The meaning of the subscripts is : FO = Fixed Outer, F/= Fixed Inner,
00 = Orbiting Outer, and O/ = Orbiting Inner. The analytical expressions for these
curves are obtained from equations (A.1), (A.2) and (A.3) applied for different
values of the parameter £ and different locations of the point S. The values of &
and S corresponding to each of these curve are given below

0
C1=CFO . S: ( ], 820,
0
0
C,=C; : S= (OJ e=y, O<y=constant<rm/2,
(A.8)
cos( + 6)
Ci=Coo : S=d| , E=T,
sin(7 + @)
cos(w + )
C~=C, : S=d sin(z+ ) ) E=rm+y, O<y=constant<7/2,
where by definition, ¥ is a constant angle, called thickness angle, and
O0<r<d=constant, 6O0eR. (A.9)

Combining these equations with the relations (A.3), we obtain the equations
describing the curves C,=Cr,, C,=Cy,, C;=Cp, and C,=C,,. Thus,

C~C., : X _ . cos(@) + @sin(¢) ,
¥ sin(¢) — ¢ cos(¢)

C,=C., - (xZ] _ r(cos((p +¥)+ @sin(p + }/))
Y, sin(@ +y)—@cos(p+y))’
(A.10)

( .
C=Cop : r(cos(¢)+ @sin(@)) + d cos(e)) ’

\ r(sin(p) — ¢ cos(¢)) + d sin(6)

CC. - (x, r(cos(p + ¥)+ @sin(¢ + ¥)) + d cos(g)
r(sin(¢ +7) - gcos(¢ + ¥))+dsin(g) )
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CrCro
C=C,
Y
A
B.
R
Y B,
R
| Y
Y172 —
D XY
)
o
G, .
Y S =X
H SO
H 3
B,
C: Cu
CsCu
Figure (A-2). Generating circles and involutes.
where @ =20, O<y=constant<z/2, 6OeNR, 0<r<d=constant,

The starting points of these curves, according to equations (A.4) and (4.8) are

r cos(y)
C/Crp: G, = (0) , C,=Cy: G, = r(sin(y)) ,
(A.11)
I B r +d cos(8) o~ _ rcos(y)+d cos(0)
C=Coo: Gy = ( d sin(9) ) +=Co: Gy = [rsin(y)+dsin(e))'

224



Appendix A Scroll Compressor-Expander Geometry

From the relations (A.8), (A.9) and (A.10) we can easily deduce the following
facts, important for the treatment of the present problem. The curves C, =Cg, and
C, =C, are associated with a generating circle whose centre coincides with the
origin of the XY Cartesian system, while the curves C; =C,, and C, =C,, are
associated with a second generating circle whose centre is located at the origin of
the X*Y* Cartesian system. The parameter ¢ appearing in the definitions (A.10)
of the curves, is always measured anti-clockwise. However, for the curve C, =Cg,
it is measured from the positive X semi-axis, for the curve C, =C, it is measured
from the line OG,, for the curve C; =C,, it is measured from the negative X*
semi-axis and for of the curve C, =C,, it is measured from the line SG,. Finally,
the angle @ is measured anti-clockwise from the negative X semi-axis. All these
facts are shown in the figure (A-2).

The gradients m; (i=1,2,3,4) of the curves C; (i=1,2,3,4 ) for any given value of the
parameter ¢ , are obtained from equation (A.6) upon introduction of the values of

the parameter € given in equations (A.8), thus

C~Crp: m,=tang, 20,

C=Cy: my=tan(p+y), @20, 0<y=constant<7z/2,

(A.12)
Cs=Cpp: my=tang, =20,

Ci=Cy: m,=tan(p+y), @20, 0<y=constant<r/2.

We now proceed with the determination of the distances between the pairs of the
curves C=Crp, C,=Cy, and C,;=C,,, C,=C,,. As it will be shown below, these

distances are equal throughout the lengths of the spirals. They are thus independent
of the value of the parameter ¢ .

By construction, the points #,, P,, P, and P,, shown in figure (A-3),
correspond to the same, arbitrary value of the parameter ¢, say @ . The segments
BPR. (i=1,2,3,4), drawn from these points, are tangents to the generating circles at
the points B; (i=1,2,3,4 ). The points Q, and Q; are the intersections of the curves
C,and C; with the produced segments B,”, and B,°,. Finally, the lines /;
(i=1,2,3,4 ), also shown in the figure, are the tangents to the curves G; (i=1,2,3,4)
at the points @, P,, Q;, and P, respectively.
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CsCro
L. L,
CE=CFK
Y
\
B. P
Y B, Q,
L, L, A e R
\AY~ o
0 G =X
0
o
G, e
Y S -
RIL/GN N
Q, s
R T,
CzCu
CsCa

Figure (A-3). Generating circles, involutes and their tangents.

Clearly, the values of the parameter ¢ corresponding to the points Q,, P,, Q,,

and P,, are given by

P, and P, : ¢=w, w=0,
(A.13)
Q, and Q; : p=w+y, w=0, 0<y=constant<7z/2.

Substitution of these values into equations (A.10) yields the coordinates of the
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above mentioned points. Hence

+
—
S
+

\<

Xa1 COS(CO +Y )
01 . =r .
Yai sm(a) + 7) - (a) + }/) coS

b, [*e cos(@ +¥) + wsin(@ + 7)
27\ yp, sin(@+7y)-weos(w+y) )’
(A.14)

0. . (xm] . r(cos(@ +¥)+ (o + 7)sin(e + 7)) +d cos(6) o=ty
7 as)  \r(sin(w+7y)-(@+y)cos(w+7))+dsin() | ’
P4 | COS(CO +
B sin(a) +

- ()

where @2 0.

¥)+ osin(o+ 7)) +d cos(G)}, o-0.

}/) - cos(a) + 7)) +d sin(@)

Furthermore, combining equations (A.13) with equations (A.12), it is easy to prove
that the lines £; (i=1,2,34), OB, and SB, are parallel, with gradients given by

m,=m,=m;, =m, =tan(w+7%),

On the other hand, the line segments B,Q, and B,Q; are perpendicular to the radii
OB, and SB, and hence they are also perpendicular to the lines £; (i=1,2,3,4).

From the above discussion it is evident that B,Q; and B,Q; are perpendicular to
the curves C; (i=1,2,3,4), at the points Q,, P,, Q,, and P,. Consequently, ~P,Q,
is the distance between the curves C,=Cr, and C,=Cg, while FP,Q; is the
distance between the curves C;=C,, and C,=C,,. These distances, easily derived
from equations (A.14), are independent of the parameter ¢ . They are equal and

depend only on the common radius r of the generating circles and the thickness
angle ¥, that is,

Distance between C, and C,= P, O,=\/(xp2 - xm)2 + (yPz - yo1)2 =ry,
(A.I5)

Distance between C; and C,= P, Q;= \/(Tcp‘, - xm)2 + (yp4 - ym)2 =ry,

where 0<y=constant< /2, 0<r<d =constant.

227



Appendix A Scroll Compressor-Expander Geometry

It is worth noting that the distance between the curves is equal to the lengths of the
arcs G,G, or G,G,, to which the thickness angle ¥ subtends. Furthermore, the

curves C=Cprp, C,=Cy, C3=C,, and C,=C,, are perpendicular to the generating
circles at their starting points.

A.2.2 Contact Conditions

It is now assumed that the curves C,=C;, and C,=C,, have been constructed in
such a way that they never intersect each other, but there exist points at which they
are tangent. The same assumptions are also made for the pair of the curves C,=C;,
and C;=C,, . Two such touching points are illustrated in figure (A-4). Clearly, at

these points the touching curves (either C, and C, or C, and C,) have the same
coordinates and the same gradients. However, the value of the parameter @ at

these points would be different for each curve. Denoting the values of ¢,
corresponding to the curves G (i=1,2,34 ), by ¢, (i=1,2,3,4 ) respectively and
introducing equations (A.10) and (A.12), the above assumptions for the pair of
curves C; and C, are fully described by the following relations

reos(@,)+ro sin(@) =-rcos(p, +y)—re,sin(g, + y) —d cos(6),

rsin(@,) —ro, cos(¢,) =-—rsin(p, +y)+re, cos(p, +¥)—dsin(8), (A.16)
tan(g,) = tan(¢, +7) ,

while the corresponding equations for the pair of the curves C, and C, are

reos(g, +y)+ro,sin(@, +y) =-rcos(¢;)—reo,sin(@,) — d cos(9),

rsin(@, + ) —r@, cos(@, +y) =-rsin(¢;)+rge, cos(¢,)—dsin(9), (A.17)
tan(@, + y) =tan(g;,).

The above algebraic systems obey the conditions

0,20 (i=1,234), 0<y=constant<7z/2, OeR,

(A.18)
0<r<d=constant.

The last of equations (A.16) and (A.17) have the following general solutions
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Figure (A-4). Involutes and their innermost touching points.
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¢, =2k+V+¢,—~7,
Q. =2km+@ -7,

o, =—QRE+D7m+¢ -y,
O, =—2krn+o, -7,

and

0, =QRk+Dr+¢@,—vy,
¢, =2k +q@,—7,

0, ==Q2k+)z+o,— 7y,

(02=—2k71'+(03—}/,

ke\W , ¢ 0,20,
ke\W , O 9,20,
ke\W O, 0,20,
ke\W O, 9,20,
ke\w , Oy 9320,
keww , 0y 0320,
keww, @ 920,
ke\wW , 0, 9320,

where the symbol \W denotes the set of the whole numbers.

(A.19)

(A.20)

Introducing the solutions (A.19) into equations (A.16) and the solutions (A.20) into

equations (A.17), squaring and adding the resulting expressions, we obtain the

following relations

d=r(2k+1)z-7],

d=r[Qk+Dz+y],

d= r\/4+ [2k7+20,-7] |

d =r\/4+[2k7r+ 20, — }/]2 ,

d= r\/4+ [20, -y - 2kx],

d=r{a+[20,—y-2kx] ,

O, =QRk+Dr+¢, -7,
0, =QRk+1Dr+¢,—7,
=0, —y—-QRk+Drx,

0, =0, —y—Q2k+Dr,

@, =2kr+¢, -7,

¢2=2k”+¢3_7’

Q=@ —V—2k7,

P, =@y —Y—2k7,
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where @20 (i=1,234), O<y<xm/2, 0O<r<d, keW.

The restriction imposed upon d from the last of the relations (A.18) implies that
the last four of the above solutions are unacceptable since they depend on either ¢,

or ¢, and hence such a d is not constant. In order to select one of the first two

solutions, we impose the following “exfra” condition : the distance d must have
the minimum possible value satisfying the relations (A.16), (A.17) and (A.21).
Under this condition, the first of the above equations for k=0 yields

d=r(r-7),

Q=+t =Y, @Q=n+tQ;-Y, (A.22)
0,20 (i=1234), O<y=constant<7w/2, O0<r<d=constant.

We must of course justify the imposition of the “exfra” condition mentioned
above. Any other constant value of d given by equations (A.21), except the
minimum, produces spirals that not only touch but intersect each other as well. For
example the second of equations (A.21), for k =0 furnishes

d=r(r+7y),
=~y —7, P,=03—Y—7,
@20 (i=1,234), O<y=constant<sz/2, O0<r<d=constant.

This value of d differs from the minimum given by equation (A.22) by 2ry which

according to expressions (A.15), is twice the thickness of the spirals. This increase

of d corresponds to a movement of the orbiting spiral away from the origin O by
2ry . Consequently, for d =r(m+ y) the spirals touch and intersect each other

simultaneously as shown in the figure of next page.

Having found the expression for the distance between the centres of the two

generating circles, we proceed with the determination of the relation between the
parameters ¢ and @ at the touching points. Substituting equations (4.22) into

equations (A.16) and (A.17), and after some algebraic calculations, we obtain
tan(g,) =—cot(6), tan(¢,)=-—cot(d),
P=T+Q =Y, O, =T+@,—Y, ¢,20 (i=1,234), d=r(r-y), (A.23)

0<y=constant<7z/2, OeNR.
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CsCh

C:Co

- X
C=C,,
C1=CTD

Figure (A-5). The involutes touching internally.
These trigonometric equations have the following general solutions

T T Y4

¢ = 2k7z+—2-+9 or 9=2kﬂ'+-2-+ ¢, or 6= (2k+1)7z+3+ [
(A.24)

(03=2k7r+%+0 or 8=2k7z'+%+(p3 or 9=(2k+1)7r+§+¢3.
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In order to select one of the above solutions, we impose the restrictions implied
from the relations (A.23) and figure (A-4), that is

0<¢, <@, 0<@,<@,, (A.25)

and hence at the touching points the following relations hold

3 :2k7z+%+9, @y =2k7r+§+0,

Q=T+O—YV, Q=T+@,—7, ¢ 20 (i=1,234), d=r(z-7y), (A.26)
O<y=constant<7/2, ke\W, 06eR.

Clearly, the relations between the angles ¢,, ¢, and @ refer to the touching

conditions of the curves C,=C,, and C,=C, , while the relations between the
angles @,, @, and @ refer to the touching conditions of the curves C,=C;, and

Ci=Cpo-
Two other solutions satisfy equations (A.23) and the restrictions (A.25), namely

0, =@+ 240, Py =+ DTHT40, 9, =T+9 =7, p=T+g, -7,

These however correspond to the internal touching points as shown in figure (A-5),
and are unacceptable.

A.2.3 Starting Points - Inner Circular Arcs

Under the conditions (A.22) and (A.26) not only the external curves touch with the
internal curves in pairs (C, =Cr,, C; =C, and C,=C, C,=C,,), but for a
specific value of @ the external curves C,=C, and C,=C,, touch externally as
well. This situation is illustrated in the figure (A-6). Clearly at the point of

touching these curves have the same coordinates and equal gradients. Denoting the
value of the parameter ¢ at this point by ¢,5 for the curve C,=C,, and by ¢ for

the curve C5=Cpp, and introducing the relations (A.10) and (A.12), the touching
conditions are fully described by the following relations

rcos(@g )+ rosin(@s) =—-r coS((P35) — I Psg sin(@s5) —d cos(6),
rsin(@is) —rPis cos Pis) = —rsin(@Pss) + P35 cos(Pss) — dsin(g) (A.27)

tan((ols ) = tan(¢35 ) .
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v
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C, Cu
Figure (A-6). The trimming point of the external involutes.
These are, of course, subject to the conditions (A.18) and (4.22). That is
d=r(t-%), @ 0520, 0<r<d=constant,
(A.28)

0eR, O<y=constant<rw/2.

Given that l(/’1s - g03s| < 27 , the general solution of the last of (4.27) has the form

Prs=Pss T, Qs =Pis+ T, Q5= @s5. (A.29)
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Substituting any of the first two of these solutions into equations (4.27), squaring

and adding the resulting expressions and after some rearrangements, we get

d=r7T, Qs=0+7T, @s=@s+7.

These relations do not agree with the first of the expressions (4.22) and they are
therefore unacceptable. On the other hand, combining the last of the solutions

(A.29) with equations (A.27) and (A.28), following steps similar to the steps
described above and rejecting negative values for @4 and @,¢, we find that the

curves C,=Cr, and C;=C,, touch externally when

4\
Diss P3s = (;) -1, Ois = Pss»

d=r(r-y), ¢g @520, O0<r<d=constant, (4.30)

6eR, O0<y=constant<rz/2.
The first of these relations implies the condition
d>2r,

which is evident from the geometry shown in figures (A-2), (A-3) and (A-4). Note
that for d =r(z—y), the above inequality furnishes (7 — 2) = y . Given that

m/2>m—2, the condition 0<y =constant<x/2 appearing in most of the

above equations, must be substituted by
O<y=constant<zw-2. (A.31)

Evidently, for values of the parameter ¢ less than the critical angle

2
?. (i) —1=[(x-7)/2F -1, 0<y=constant<7z-2, (A.32)

2r

there exist values of the crank angle & for which the spirals intersect each other.
We are therefore forced to introduce one more condition while defining the curves
G (i=1,2,34), namely

> 77y
929, =\| —5=| -1, O<y=constant<7-2. (A.33)
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This condition, being a general one, holds true at the contact points of the curves G
(i=1,2,3,4 ) as well. Thus, in the case of the curves C,=C., and C;=C,,, though
equations (A.26) imply that the values ¢, and ¢, of the parameter ¢ at the points
of touching can lie anywhere in the semi-open interval [0, ©°) as the crank angle

@ varies in the range (—©°, +©9), the above inequality restricts the range of o,
and @, to values greater than or equal to @, thus

-y

2
Py P32 Qs = Psg = P, = ( ) )—1, O<y=constant<7-2. (A.34)

Similarly, for the curves C,=C, and C,=C,,, according to equations (A.26) and
(A.34), the values ¢, and ¢, of the parameter ¢ at the points of touching satisfy
the relation

2
7[—
Prs P42 Pos = Pus = (P +T—7) = (Ty) -1+7-7,

(A.35)
O<y=constant<7r-2.

The above two restrictions must hold regardless of the value of the crank angle 4 .

It must be stressed here that for values of ¢, or ¢, less than @,5 or ¢, the
curves C,=Cr and C,=C,, do not have any contact points, since a drop in the
value @, or @, below @, = @,5 = (@, + 7 —¥) implies a drop in the values of ¢,
or ¢, below @ . This of course, according to restriction (A.34), is unacceptable.
However, for values of the parameter ¢ in the closed interval [, (¢, + 7 - ¥)],
we require that -as the moving spiral rotates in a circular orbit round the fixed
spiral- the curves C,=Cg and C,=C,, are continuously in touch with the starting
points G; and G, of the curves C;=C,, and C,=Cg, respectively. This is of great
importance in the design of the scroll compressor if leakage of the flow from the

discharge chamber to the last pair of compression chambers is to be avoided.

The above requirement can be satisfied if and only if the sections of the curves
C,=Cg and C,=C,,, defined for values of ¢ in the range ¢, < @< (¢, +7~7),
are replaced by the paths followed by the starting points of the curves C,=C;, and
Cs=Coo as the scroll device is in motion. It will be proved below that these paths

are circular arcs. The relevant geometry is shown in figures (A-7a) and (A-7b).
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C ORB

Figure (A-7a). Replacement of internal involutes by circular arcs.
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Figure (A-7b). Contact of spiral tips with inner circular arcs.
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The condition (A.33) alters the starting points of the curves, which are not any

more given by equations (A.11). Instead, equations (A.10) upon introduction of the
critical angle @, , yield the starting points or tips G, and G; of the curves C,=Cr,

and C;=C,, respectively, that is
cos(¢,. )+ ¢, sin(g,,. )
C =C . = )
’ o 61 r(Sin( ¢cr ) - ¢cr COS((Dcr)

(A.36)
—r(cos(¢.. )+ @, sin(g,. ) + d cos(7 + 9)
Cg=000 : 63 = [ .

- r(sin(¢,. ) — @, €0s(¢,,)) +d sin(x + 0)

The starting points G, and G, of the curves C,=C, and C,=C,, will be discussed
later on in this sub-section.

The introduction of the values @, = @4 = (¢, +7~7) into equations (A.10)
furnishes the coordinates of the points 7, and 7, shown in figures (A-7). At these
points the tips G, and G; touch the curves C,=C; and C,=C, nearest to the

generating circles for the first time respectively, thus

. cos(@,, ) + (¢ + 7~ ¥)sin(@,,)
C=Cq: Tr= —r[sin((oc,)— (@, + 7w —¥)cos(p., )) ’
(A.37)
r(cos(Pep ) + (@ + 7T — 7)sIn(@,, ) + d cos(7r + 6)
CimCq i Ty= .

r@sin(@,.)— (@, + 7 —y)cos(@,.))+d sin(r + 6)

The independent variable describing the motion of the spirals of the machine is the
crank angle @ as it varies in the open interval (=2, +©°), Thus, according to
the second of equations (A.36), the motion of the tip G;, is a circle (hereafter
called Corg ) with radius d and center located at the point (Qggz Whose
coordinates are

[anORB] _ _r(cos(¢cr ) + ¢cr Sin(¢cr )) (A 38)

Yo,0rs sin( Per )- Der cos((ocr )

By construction this circle passes through the points G, and 7, and at the point 7,
its slope is equal to the slope of the curve C,=C,. Indeed, subtracting the first of
equations (A.36) and (A.37) from equation (A.38), squaring and adding the
resulting expressions, rejecting negative solutions and after some algebraic
manipulations, we obtain the distances G;Quzs and 7,Q,x;,
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GQors = 2’(1"' ¢2°f)1/2’ T2Qors = r(”“ 7) :

These expressions, according to equation (A.22) and (A.32) are equal to the radius
d of the circle Cygg, that is

GQors = T:Q0rs = d ,

and hence, this circle passes through the points G, and 7.

In order to determine the slope of the circle at the point 7,, we require the value
8,.., of the crank angle & corresponding to this point. By definition, at 7 the tip

G, touches the curve C,=C;, for the first time and therefore @, = @, =@, and
@, = @5 = (@, +7—7). Substituting these values into equation (A.26) and

introducing equation (A.32), we get

2
9nm2=(0c,—12[-= (LZ_Z) —1—%, 0<y=constant<7z—-2. (A.39)

It is worth noting that according to this relation, 6, lies in the interval

T r-d-7m _ o (A.40)

The slope of the circle Cprs at any point of its circumference, as derived from the

second of equations (A.36), is given by

-1

——— where 8eR.
tan(z + 6)

Combining the above expression with the relation (A.39), we obtain the slope of
the circle Cprs at the point 7,

-1 /1
lope of C, tl,= ————=-cot| —+¢_, |=tang, .
slop ors at [, tan(z + 6s) (2 @ ) 4

On the other hand, for the curve C,=Cg at the point 7, we have
¢ =@, = (¢, + 7 —7%), and according to equations (A.12) the slope of the curve

at this point is given by

slope of C, at 7, = tan(¢,, + 7) =tan(g, ).
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This is equal to the slope of the circle Cprs and guarantees geometric continuity of
first order for the circle and the spiral at 7.

Another useful parameter in the present analysis is the value 6,,, of the crank
angle @, attained when the tips of the curves C,=C., and C;=C,, are just in

touch. This situation is illustrated in figure (A-6). From this figure and the above
discussion, it is evident that G, and G; are in touch when ¢, = @, = ¢ and hence

Oim1 =T+ Q. — VY,

where ¥ is the angle MOB easily determined from figure (A-6). Thus

V= arctan(r(f" ) = arctan(¢,, ).

Combining the above two equations and making use of the definition (A.33), we
obtain

2 2
elimlz ¢cr_ arctan ¢cr+ T=7nt \/[(7[—;7_)] - 1 - aYCtanl:‘/[(ﬂ 2 7)j| - 1 :l : (A-41)

The upper and lower bounds of &y, are easily deduced from this equation. Thus,

(Fen B

0<7t—‘arCtan < |im1<7[+-T<37E/2. (A.42)

It is now possible to replace the section of the curve C,=Cp, defined for values of
¢ in the range @, < @ < (@, + £ —7), by the minor arc 7,G, of the circle Cprg,
defined for values of @ in the closed interval [6,,,, €., +27] as shown in
figures (A-7a) and (A-7b). This replacement guarantees the required continuous
touching of the tip G; of the moving spiral with the inner surface of the fixed
spiral. It also guarantees geometric continuity of the first order (smooth blending)
at the point 7, between the circle Cpgg and the curve C, as defined by equations
(A.10) for ¢ 2 (¢, + 7 —7). Finally, the arc 7,G, meets the curve C, at its
starting point G, rather smoothly, a prerequisite for the manufacturing of the scroll

device. This way G, coincides with the starting point G, of the inner surface of
the fixed spiral.
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Before proceeding with the replacement of the innermost part of the curve C,=C,,,
it is necessary to obtain the equations of the curves C; (i=1,2,3,4 ), when referred to

the rotating X*Y* Cartesian coordinate system. This is achieved by subtracting the

“instantaneous” coordinates
S, p cos(9)
S, " sin(@) )’

of the origin S of the XY™ system from equations (A.10), which thus take form

coc . [%)_[rcosip)+ gsin(p)) +d cos(6)
R ) rGsin(@) - g cos(p)) + d singd) )’

C=C. - x, ) (r(cos((o +7)+ @sin(@ + 7)) + d cos(6)
2 yz" - r(sin(¢ + y)— @cos(¢p +¥)) +dsin(g) )’

(A.43)
Co=C. - x, _ [cos(p)+ (osin(go))
AN sin() - g cos(9) )’
Co=C - (x; _ (cos(¢ +7)+ @sin(p + y))
0 s sin(p +7)—pcos(p+7))

Evidently, the definitions of the curves G (i=1,2,3,4 ) are independent of the
system of reference and hence the meaning of the parameters ¢ and 6 is not

altered in the new system of coordinates. The same is true for the thickness angle
Y and the particular values ¢, (i=1,2,3,4), ¢4 (i=1,234), ¢., 6;,, and 6,

im2 °

Introduction of the critical value ¢, into the first and third of the equations (A.43)

furnishes the expressions for the tips G, and G; in the X*Y* system of reference.
Thus

C=Cro : G, =(

r(cos(@,. )+ @ sin(¢,.)) + d cos(6)
r(sin(¢,.) — ., cos(¢,)) + dsin(g) |

(A.44)

COS((PC.- ) + @, Sin( cr)
Cs=Cpo : Gsz—r[ : )

sin(@,.) — @, cos(@,,)

Similarly, substitution of the values @5 = @45 =(@, +7T~y) into equations

(A.43), yields the coordinates of the points 7, and 7, in the X*Y* coordinate
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system, that is

—r(cos(¢)+ (@, + 7~ y)sin(p, ) +d cos(9)]

e m (— rsin(@.) = (9, + 7~ 7)cos(9,,)) + d sin(6)

(A.45)
—_ . — cos((oﬂ‘)-‘- (¢cr +7T— y)Sin(ch )]
Ci=Cpo : T4 = r(Sin((Pc, V= (0, + 7 7)c0s(p,,) .

From the first of equations (A.44), it is at once obvious that as the crank angle 6
varies the relative motion of the tip G; is a circle (hereafter called Cgy ) with

radius d and centre located at point Qg

(xQ,FIX] — r(cos(¢cr ) + ¢cr Sin(¢cr )) )

sin(@, ) — @, cos(¢,,) (A.46)

Yo, mx
It will be shown below that this circle passes through the points G; and 7, and at
the point 7, its slope is equal to the slope of the curve C, =C,,. Subtracting the
second of equations (A.44) and (A.45) from equation (A.46), squaring and adding
the resulting expressions, rejecting negative values and after some algebraic
manipulations, we obtain the distances G;Qg and 7,Q,

G3Qex =2r(1 + (chr)m =d, T.Qex =r(7z'- 7) =d.

These are equal to the radius d of the circle Cgy and hence, this circle passes
through the points G, and 7.

The slope of the circle Cgy at any point of its circumference, as derived from the
first of equations (A.44), is given by

tan(@)

, where 8eR.

On the other hand, by definition, at 7, the tip G, touches the curve C,=C,, for
the first time and hence @ =¢s=¢, and @, =@=(p,+7-¥).

Consequently, the corresponding value of the crank angle 6, according to
equations (A.26) for k = 0 is given by

0=9,-==6

2 = Ylim2 -
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Combining the above two relations we get the slope of the circle Cp) at the point
T,, that is

-1 4 T
slopeof C., at T, =————— = —cot —— |=cot| —— = tan X
p FIX tan(é’limz) (¢cr 2) (2 ¢cr] (q)cr)

For the curve C,=C, at the point 7, we have ¢ =@, =(¢,+7T—7), and

according to equations (A.12), the slope of the curve at this point is given by
slope of C,=C,, at 7, = tan(g,s +¥) = tan(¢,, + ) = tan(g,, ).

The above two equations guarantee that the slope of the curve C, at the point 7 is

equal to the slope of the circle Cgy and secures smooth blending between the
circle and the curve C,=C,, at this point.

As in the case of the curve C,, the section of the curve C,=C,, defined for values
of ¢ inthe range ¢_ < ¢ < (¢ . + 7 —¥), is replace by the minor arc 7,G, of the
circcle Cpy defined for values of @ in the closed interval [6,,,,, Oy, +27] as
shown in figures (A-7a) and (A-7b). With this replacement we secure the required
continuous touching of the tip G, of the fixed spiral with the inner surface of the
moving spiral. We also secure geometric continuity of the first order (smooth
blending) at the point 7, between the arc 7,G; and the curve C,=C,, as defined
by equations (A.10) for ¢ > (¢, + 7w —7). Additionally, the minor arc 7,G,
meets the curve C,=C,, at its starting point G, rather smoothly, a prerequisite for
the manufacturing of the spirals of the device. This way G, coincides with the

starting point G, of the inner surface of the moving spiral.

After the replacement of the innermost sections of the curves C,=C; and C,=C,,

by the arcs 7,G, and 7,G; the tips G, and G; are in continuous touch with these
arcs for values of the crank angle 6 in the closed interval [§,,,, 6., +27].

In the limiting case when 6 = 6,,,, the two tips are in touch as depicted in figure
(A-10). At the other limiting case when 6 = 6,,, + 27, tips G, and G, are in
touch with the curves C,=C,, and C,=C;, at the points 7, and 7, respectively as

shown in figure (A-7b). Intermediate positions of the tips for values of the crank
angle € in the range 6,,,, < @ < 6y, + 27, are shown in figures (A-11).
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A.2.4 Length of Device’s Spirals

This section completes the geometry and the design of the scroll compressor used

in the numerical investigations of the fluid flows presented elsewhere in this thesis.

The rotation of the orbiting spiral of the compressor is described by the crank angle
6. Hence, the geometry of every chamber completes a full cycle of changes
returning to its original configuration, as 6 continuously increases (or decreases)
by 27 . The innermost touching points of the curves G; (i=1,2,3,4) as given from
equations (A.26) when k =0, are

Dio = %-i- 6, =13, @,= ”+§+ -y, i=24, (A.47)

where by definition, the single-subscript notation of the angles ¢, is related to their

double-subscript notation as follows

;= ¢i| , =1,2,34, ke\W.

=k

(A.48)

The relations (A.47), upon introduction of the inequalities (A.34) and (A.35),
become

0= ¢i,0 __g-z (ocr _%’ i=1’3’

(A.49)
=0 —7L'—£+y>(p T =04
i,0 2 = Yer 2 I o
These inequalities can be reduced further using the expression (A.39), that is
626,.,. (A.50)

The maximum value of 6, as suggested by the form of equations (A.26) and the
above inequality, may not exceed the value of (6;,,, +27) and therefore

Oy S 0 < Oy + 270 . (A.51)

For the sake of clarity the end, outermost points of the curves G (i=1,2,3,4 ) are
denoted by S; (i=1,2,34 ), while the maximum values of the parameter ¢,
defining these points are denoted by @, (i=1,2,3,4) respectively. The locations of

the points S; (i=1,2,3,4) are shown in the figure below.
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Figure (A-8). The angles w, and the location of the points S..

Obviously, the angles @; (i=1,2,3,4) can be selected arbitrarily and independently
of each other and hence the spirals of the machine can have unrelated and arbitrary
lengths. However, in practice for self explanatory reasons, the spirals are always

constructed to have equal lengths. In the present study, the choice of the maximum
angles w,; (i=1,2,34) is based on a specific well defined range of volume ratios.

Volume ratios and the reasons for selecting this particular range are discussed
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extensively elsewhere in this thesis. The precise values of the angles @, (i=1,2,3,4)

are determined by another important factor, namely the position of the end points
S (i=1,2,34).

The pairs of the curves G, G, (i=1,3 ) describe the geometry of the external and

internal surfaces of the compressor’s spirals. It is therefore necessary to select such
values for @, (i=1,2,3,4 ) that the distances S,S, and S,S, are minimum and

equal to the constant thickness of the spirals. According to equations (A.15), this is
achieved when

S55,=8,8,=ry. (A.52)

Equations (A.34) and (A.35) and the definition of the angles w; (i=1,2,3,4 ) imply
the following relation

P S0 ;S@, 0<j<k, i=13, j,ke\W, (A.53)

where @, are the values of the parameters ¢ at the various touching points of the

curves C; (i=1,2,34 ). The above condition, upon introduction of equations
(A.32) and (A.39), take the form

/4
Wy, Wy 2 E"' Oim2 = P > 0. (A.54)

According to relations (A.26) and (A.51) this condition furnish at least one pair of
touching points between the spirals as described by equations (A.10).

In the most general case the angles @, (i=1,3 ) must be allowed to cover all

possible values equal to or greater than the above minimum value, hence

W,y Wy = 2Nw+ao +(%+ 9Iim2)’ (A.55)

where by definition N 1is an arbitrary whole number and the angle & obeys the
condition

0<a<2r. (A.56)

For the sake of convenience, we introduce the parameter £ defined by

B=a+6,,,. (A.57)
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The range of B is deduced from the range of the parameter «. Given that
0<a<2m, B lies in the semi-open interval

Oimz < B < (Oymz +27). (A.58)

Combining the definition (A.57) with equation (4.55 ), we obtain

T
[V PYON =2N7L‘+E+,B, ﬁe[elimZ! 9|im2+27[)’ N e\Ww. (A.59)

Assuming that the curves C, and C, are long enough, there exists a value 6, of

the crank angle @ for which the suction process begins. At this instance the end
points S; and S; come in touch with the curves C, and C, respectively, and
hence equations (A.26) and (A.59) furnish

W= Pyns D3 = P3N

* (A.60)

Pan = Q4 n :(2N+1)7r+%+ﬁ-y:(2k+1),5+§+95_7,’

kesW, NewWw, 0<y<zn-2, 6,.,5<p8, 6,<(6,,,+2n).

The functionality of the compressor under study is based on the existence of the
touching points between its spirals. Hence, the most appropriate choices for the

end, outermost points S, and S, of the curves C, and C, are the points
corresponding to the angles ¢,y and @,y given by equations (A4.60). In this case

0, =w,= 2N +1)7z+12”-+ﬁ—y= (2k+1)7r+§+ 6, -7,
(A.61)
kesW, NeW, O0<y<zm-2, 6,,<p8, 6,<(6,,,+2r).
If the angles @, (i=1,2,3,4) were to be accepted as given by equations (4.59) and
(A.61) it would be impossible to construct the spirals of the compressor due to the
considerable difference in the length of their external (C,, C;) and internal

(C,, C,) surfaces. This difficulty can easily be avoided. The lengths of the curves
C, and C, are extended by adding 7 to the angles @, and @, given by equations

(A.60). Then equations (A.60) and (A.61) yield
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o, = w,=@2N +1)7r+%+,3=(2k+1)7r+%+95,

=0, =@N+ D+ 7+ foy=Qh+DT+40,-F,  (A62)

keWW, NeW, 0<y<zm-2, 6,58, 0,<(6,,+27).

The end, outermost points S; (i=1,2,3,4 ) of the curves C; (i=1,2,3,4) are obtained
from equations (A.10) upon introduction of the relations (A.62). After some
algebraic manipulations the formulae giving the coordinates of the end points are

( sin() — @ cos(f) ]
87 =r . ’
— cos(f) — @sin(f)

s, = (sin(ﬁ)—(@—y)cos(ﬂ)}
, =r . ’
— cos(B) — (D — y)sin(f)

(A.63)
s - r(sin(f)— @ cos(f))+d cos b
7\ r(~cos(B)- @sin(B) +dsinb )
S —_ r(sin(f) — (@ - y)cos(f))+d cos @
¢ r(-cos(B)— (@ - 7)sin(B)) +d sin6 |
O0<r<d/2, O0<y<m-2
where by definition
=N +D)z+7m/2+f. (A.64)
It is worth noting that according to equations (A.62)
0,=0;,=® and w,=0,=P-7y. (A.65)

The distances S/ S, and S;S, obtained from the relations (A.63) satisfy the
requirement (A.52).

The relation connecting the angles 6, and S is deduced from equations (A.62) as

described bellow. The inequalities (A.51) and (A.58) guarantee that both angles 6,
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and [ are defined in the same semi-open interval [6yn2s 6., +27). On the other

hand the relation (A.40) implies that the lower and upper bounds of this interval are

-n/2 and [(#* —4)"*+3r]/2. These bounds lie well inside the closed interval
[27, 271, and hence

-2 <-7l2 < B, 6, < (\/752—4+3n')/2 < 2r. (A.66)

As a result of this condition, equations (A.62) can be valid if and only if k=N,
N e\W , thus

0,=f, 6in<6, f<(6,,+27), (A.67)

or according to definition (A.57)

6,=a+6,,,. (A.68)

If k and N where to be taken different, then either S or 6, would have been
absolutely greater than 27z violating the condition (A.66).

It is important to note that the relation k= N was proved to be true only when
6= 6,, and in this case N is the maximum value of k entering equations (A.26).
For any other value of € the maximum value of k, hereafter called K is

max ’

determined from the restriction (A.53). This restriction, when combined with the
relations (4.26) and (A.62), furnishes

AN-K_ I)r=2(6-86,),

Oimz < 0,5 0< (O +27), K., Ne\W. (A69)

Given that N and K are whole numbers, the above inequality and the relations

(A.40), (A.51), (A.57) and (A.58) yields the following conditional solutions for
K__ interms of N ,depending on the value of the crank angle 6

K. =N, 626286, K,,NeWw,

(A.70)
K, =N-1, (Bimz +27) > 6 > 6, K_.,Ne\W.
From the definition of K, it is obvious that at any instance of the scroll device’s
operation, there exist 2(K ., T1) pairs of touching points between the curves
G (i=1,2,3,4 ). These are obtained from equations (A.26) for k=0,1,2,...K . . It
must be emphasised that these points do not include the touching points due to the

replacement of the innermost sections of the curves C,=C, and C,=C, by
circular arcs as discussed in the previous section.
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The value of N is of paramount importance in the design of the scroll compressor-
expander. It determines the length of the spirals , the number of the pairs of the
touching points, and the number of the working chambers. It also controls together
with the angle o the maximum volume of the suction chamber and hence the
volume of the trapped fluid. In practice the selection of N is based on volume and
pressure ratio considerations as discussed elsewhere and is left to be decided by the
designer of the device. The minimum possible value of N is determined by the
requirement that the device has long enough spirals to be able to function as a
compressor. For N =1, even when =0, that is f=86,,,, the device has a pair of

touching points given by equations (A.26) and it works properly as a compressor.
This situation is depicted in figures (A-9) below

Cl CFO
C. Cn

B %
m&

= . ),% ——— P X

Ss

3

Cs= Coo

Figure (A-9). Scroll device with N=1 and =0 gzt 0=6=04=0,,
s — Ylim2*
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It will be shown below that even for N = 0 the device has long enough spirals to

function perfectly well as a compressor if the angle o exceeds a certain minimum
value ¢, . This is due to the replacement of the curves C,and C, by circular arcs

for values of ¢ in the interval [¢,, @, + 7 —7] and to the resulting continuous
touching of the tips G,and G, with these arcs for values of the crank angle € in
the closed interval [6,,,5 Oim2 +27]. Obviously, the device can function as a
compressor if and only if there are two pairs of touching points between the
surfaces of its spirals. The limiting case occurs when the two tips G, and G; are
just in touch and the lengths of the spirals are such that there exists one extra pair
of touching points between the curves C. (i=1,2,3,4) as shown in figures (A-10). In
this case, by definition 6= 6,,,, while the angles @, and @, correspond to the

outer touching points. Thus, according to equations (A.26), (A.57), (A.62) and the
definition of 6, we have

0 =0, = bim> B =Pin = Oin + Oimzs N =0,

(A.71)
W, = W4 =Py :¢4,0:7[+ﬂ/2+ﬁmin_y=7[+7z/2+eliml—},'
The second of these equations becomes
Brain = Otm1 - (4.72)

Combining this equation with the relations (A.39), (A.41) and (A.57), we obtain

ﬂmin = aliml = ch — arctan ¢cr +7 ’
(A.73)

Ain = eliml - 6Iim2 = 1275 — arctan Doy -

Note that according to relations (A.40), (A.42), (A.68) and (A.73), for N =0 the

first of the equations (A.70) must be applied and therefore in this particular case
K..=N=0.

A direct consequence of the replacement of the innermost sections of the curves
C,=C;, and C,=C,, by circular arcs, is the increase of the pairs of touching points
between the device’s spirals for values of the crank angle 6 lying in the open
interval (6, » Oz + 277) . Obviously, this alters the number of chambers formed
by the spirals. Both the total number of touching points (hereafter denoted by T'p )
and the total number of chambers (hereafter denoted by Cp) depend on the value

of the crank angle @ and the design parameters N and o. The kind of dependency
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of the actual values of T, and Cz on €, N and « is obtained with the help of

equations (A.39), (A.41), (A.67) , (A.68) and (A.73), and it is given in tabular
form below. Using the above mentioned equations, it can be proved that the
relation between the angles «_;, and « dictates the relation between the angles 6,

and 6, and vice versa. Thus, the following reciprocal relations hold

a>0y, © 0,>60,, < (G, +271)>6,>06 him2
a= O, & 0,=0m (O, +27)> 0, = iy > Oy

min © 0,<6; (B, +27)> 6y > 6, > 6,y

> 6

im1

These inequalities and the geometry of the scroll device guarantee the validity of
the following :

Table (A-1)
If and then
a> amin elimz S 9 < eliml Kmax = N

Tp=2K,, +1)=2N +2
Cp=Tp+1=2N+3
0 = 6ymy < b5 Koox =N
Tp =2K,, +1)+1=2N +3
By < O < 6 Koy =N
Tp =2(Kmax+1)+2:2N+4
Cp :TP+1=2N+5
05<9<(2”+9nm2) K =N ~1
Tp =2(K,,, +1)+2=2N +2
CB :TP+1=2N+3
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If and then

o= . Bimz <0< 6, =6 K...=N

Tp = 2K, +1)=2N +2

max

Cp=Tp+1=2N+3

6=6,, =6 K, =N
Tp=2K,, +1)+1=2N+3
Cg=Tp+1=2N+4

0, =0, <0<2r+6,,) K., =N-1

Tp=2(K,, +1)+2=2N+2

max

Cp=Tp+1=2N+3

If and then

o< amin elimz <6< 95 Kmax =N
Tp =2K,,+1)=2N +2

Cp=Tp+1=2N+3

08<6<91im1 Kox=N-1

Tp =2K, +1)=2N

Cp=Tp+1=2N+1
lim1 K..=N-1
Tp=2(K_ ., +1)+1=2N +1
Cp=Tp+1=2N+2
Oim <O0<Q2m+86,,,) K,..=N-1
Tp=2K,, +1)+2=2N+2

Cp=Tp+1=2N+3
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C1=CF0

Figure (A-10).  Scroll device with N=0 and a=c,,, =6, — bin. at
ezes =ﬂmin =0I

im1 *

The above discussion concludes the necessary details required for the full
understanding of the geometry and the touching conditions of the spirals of the
scroll compressor-expander.
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A.3 Working Chambers and Working Volumes
A.3.1 An Overview

This section gives a detailed account of the geometry of the working chambers of
the scroll device -often called pockets- and concludes with the determination of the

working volumes as functions of the crank angle 6 and the other design
parameters such as N, &, ¥, etc.

For the sake of clarity and convenience the following definitions are introduced:

. pressure inside the discharge chamber at the start of disharge cycle
pressure ratio of the compressor =

pressure inside the suction chamber at the end of the suction cycle

volume of the suction chamber at the end of the suction cycle
volume ratio of the compressor =

volume of the discharge chamber at the start of disharge cycle

As mentioned previously, the angles @, (i=1,2,3,4) can be selected arbitrarily and

hence the spirals of the machine can have unrelated and arbitrary lengths.
However, in practice the spirals are always constructed to have equal lengths which
can be determined from the required pressure ratio. When designing scroll
compressors-expanders, more often than not, volume ratios are preferred to
pressure ratios. This is due to the fact that pressure ratios are sensitive to factors

not related to the geometry of the machine, such as the physical properties of the
working fluid.

For any value of the crank angle & the scroll device has rotational symmetry of
180° about the mid point of the segment connecting the centres of the two
generating circles. This symmetry is apparent in figures (A-11) which show a plan
view of a scroll compressor for various values of 6. Furthermore, the geometry of
the device changes with period 27 as the orbiting spiral rotates around the centre
O of the fixed generating circle. The independent variable describing this
periodicity is the crank angle 8. The physical process that describes the motion of
the fluid through the device, though essentially periodic, repeats itself only after a
number of complete revolutions, say M, M e€\W . Clearly, the number M

depends on the values of the parameter N and the angle «, introduced by the
relations (A.55) and (A.56).
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Figure (A-11a).  Scroll device with N=1 and o=300"-6, , at
0=6,-60°.
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Figure (A-11b).  Scroll device with N=1 and a=300"-6,_ , at
=0 -120°.
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Figure (A-11c). Scroll device with N=1 and a=300"-6, , at
6=0,-180°.
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Figure (A-11d).  Scroll device with N=1 and =300'-6, , at
6=0, 240",
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Figure (A-11e). Scroll device with N=1 and a=300°-6, , at
6= 6, - 300°.
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Figure (A-11f).
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Scroll device with N=1 and o =300° - Bim2 4t
0=0, - 360°.
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Clearly, the number M depends on the values of the parameter N and the angle
o, introduced by the relations (A.55) and (A.56).

The geometry described in section A.2 allows the scroll device to operate either as
an expander or as a compressor. The selection of the plus or minus sign in the
above equation depends on the device’s mode of operation. A clockwise rotation
means that the device operates as a compressor and equation (A.74) should be
taken with the minus sign. An anti-clockwise rotation means that the device
operates as an expander and equation (A.74) should be taken with the plus sign.

The two modes of operation can easily be realised from the figures presented in
this chapter such as figures (A-11).

In practice it is important to be able to deduce the crank angle 6 from the rotation
angle @. For this purpose two pieces of pseudo-code are given below
corresponding to the compressor and expander mode of the scroll device.

Compressor mode Expander mode

=0 0=0

while (6<6,,,) while (62 6,,,+27)
{o=0+2m} {0=9—27r}

A3.2 Suction Chamber and its Working volume

When the scroll device operates as a compressor, the suction cycle begins at,
O =0, t2nr and finishes after a full revolution of the moving spiral when

O=6,1+2n-27, ne\W. The suction is associated with a pair of working

chambers, sometimes called suction pockets. The volumes of these chambers
increase smoothly from zero at the start of the cycle to a maximum at the end of it.
The suction chambers are symmetrical and have the same geometry, shape,
volumes, etc. Therefore, without loss of generality, only one of these chambers
need to be studied, namely the chamber which is enclosed by the inner surface
defined by the fixed spiral C, and the outer surface defined by the orbiting spiral
C;, This chamber is clearly marked in figures (A-11). The reason for the selection
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of this chamber is simple, its outer wall, associated with the curve C,, is fixed in

space when referred to the XY coordinate system.

The suction chamber under study is completely sealed and its geometry fully
defined by the curves C, and C; only when @ =6, +2nnr, ne\W . For any
other value of @ this chamber is open at one end. In this case, in order to define
the volume of the trapped fluid, the chamber is notionally sealed with a straight
line connecting the end point S, with a point ~ located on the curve Cj;, as shown
in figures (A-11) and in detail in figure (A-12). The point F is selected in such a
way that coincides with the point S, when @ = 6, £2n7x, ne\W and the suction
chamber is fully closed. At this position the points S,;, S, and F are collinear. We
decide to maintain this condition of collinearity for any value of the angle @. Thus
F is the point at which the straight line Z,, defined by the points S; and S,
intersects the curve C; nearest to the point S,. From this definition it is evident
that the location of the point /~ on Cj is not constant but varies slightly with the
value of the rotation angle ©.

The volume of the fluid trapped into the suction chamber when a suction cycle
ends and a compression cycle is about to begin, is independent of the shape and the

position of the sealing line L, as far as the points S, and F coincide at this instant
when, of course, @ =6, +2n7m, ne\W . In fact, just before the sealing of the

suction pocket the points S;, S, and F are nearly collinear and hence the straight
line L,= S,S, is the only natural selection. Moreover, this selection facilitates the
calculation of the suction volume since the line £, is fixed in space and
independent of the value of the rotation angle ©.

Figure (A-12) and equations (A.26) and (A.62) imply that the values of the
parameter ¢ corresponding to the points S, and A when @ =6, +2n7, ne\W,

are @, and @, respectively, where

W, =(2N+1)n+§+ 6, -V, @ 5(61)3—71')=ZN7L'+12[-+9§,

(A.75)
NewW, 0<y<m-2, 6,6, <O, +27).

The value @ of the angle ¢, defining the position of the point £ on the curve C;
when @ # 6, £ 2nm, ne\W , differs only slightly from the value of @y - It can

therefore be written as

Pr = Qpeq + 00, (A.76)
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Sz C3=Co|
C4=Coo
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Figure (A-12). Details of suction chamber of a scroll compressor with N =1

and ¢=300"-6,, at 0=0,-140°.

where the correction angle ¢y is within few degrees from zero and is a function of

the rotation angle ©.

The analytical expression relating ¢, with @ is obtained from the definition of

the point £, as the point of intersection between the line L, and the curve C,. By
construction, the line L, passes through the points S, and S, whose coordinates
are given by the first two of equations (A.63). It is therefore fairly easy to prove
that the equation defining the line L, has the form

L;: xsinffi—ycosfi=r, x,yeR, 6,,<B<(6,,,+2n). (A.77)
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The coordinates of the point

x

Yr
located on the involute Cj; and the line Z,, satisfy simultaneously the equation
(A.77) and the third of equations (A.10). Thus,

xpsinf—ypcosff=r,

¥ __ r(cos ¢ + @ sin@g)+d cos @ (4.78)
Ve r(sin @ — @y cos@p)+dsin@ |’
These relations obey the conditions
@:giznﬂ', nE\W, 91im2sﬂ<(glim2+2”)' (A.79)

Combining equations (A.78), (A.75) and (A.76), and after tedious and laborious

algebraic manipulations, we obtain the relation between the correction and the
rotation angles ¢, and @ in the form

F(6¢.)=0,

where
F(8p;)=rcos(dpg )+ r(2Nz + 7/ 2+ B+ 8¢ )sin g, +[d sin(© - ) - r], (A.80)

O=60+2nw, ne\W, 6,,<B<(bm+27).

The roots of this equation cannot be determined analytically. Numerical techniques
must therefore be employed in order to solved it with respect to d¢,.. Various fixed

point methods (secant, bisection, fixed point iteration) have been tried. However,

the Newton-Ralphson iterative algorithm was found to be the fastest and most

- accurate. This method is based on the formula

OPg i1 = OPg; _( F(6p,) , Le\W,

dF (09;)/ddg, (A.81)

)J(f’r:‘s("u

and if a prediction Jdgg; for the correction angle J¢, is available, a better
prediction @ ;., can be computed.

Differentiation of equation (A.80) once with respect to d¢, and introduction of the

resulting expression, together with the function F (540,,) , into the above relation
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furnishes the formula

rcos(0pp,)+r(2Nz + Zs B+ 00 ) sin(Spg ;) +d sin(@ - f)—r
- ’ 2
5¢F,i+1— 5(pF,i—

rQNz+Z+ B+ 6@ ;) cos(Spy ;)
2 (A.82)
©=0t2nn, i,n, NeW, 6._,<pB, 0<(8,.,+27).

The correction angle 0@ is small compared to @, and its absolute value is very

close to zero. Consequently, an obvious selection for the starting value of the
iteration is @y , = 0. After d¢g is computed to the required accuracy, equations

(A.62), (A.75), (A.76), (A.78) and (A.82) allow the numerical calculation of the
coordinates of the point F.

The line L,, as defined above, is not only passing through the points S, S, and F,
it is also tangent to the fixed generating circle at a point hereafter denoted by Q,.
The coordinates of this point which is fixed in space, are given by

x cos(w, )
Q=|"%|= ( ! j
! [-"01] r sin(w, )

or, upon introduction of the first of equations (A.62)

Q= (xm) _ r( sin 3 ] s Bimz S B <Oy +271). (A.83)
Yor —cos f§

It can easily be proved by direct substitution that the point Q, is located on the line
L; and the circumference of the fixed generating circle. Furthermore, the gradients
of the radius OQ; and the line L,, obtained from equations (A. 83) and (A. 77), are
equal to tan and —cotf respectively. Consequently, OQ, and L, are

perpendicular. Hence, L, is tangent to the fixed generating circle at Q, as shown
in figure (A-12).

The equations of two more straight lines, namely £, and L,, are required for the
determination of the volume of the suction chamber. Figure (A-12) shows the

positions of the lines L; (i=1,2,3) relative to the generating circles and the curves
C (i=1,2,34).

By definition, the line L, passes through F and it is tangent to the orbiting

generating circle at a point hereafter denoted by Q,. Of course, from an external
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point two tangents can be drawn to a circle. The ubiquity is resolved by selecting

the line L, so that it coincide with the line L, when the suction chamber is
completely sealed at @ = 8, £2n7m, n €e\W . The coordinates of the touching point

Q; are obtained from the definition of the involutes and the statement (A.7). Since
the location of F on the curve Cj is determined by the angle ¢,, it easily can be

shown that
Xq3 | (reos(¢p +7)—dcos® _ (recosgg+dcosO
Vo3 rsin(¢z + r)—dsin® | rsing, +dsin@ )’

O=0x2nmw, ne\W, 6,.,<0<(6,,+2r1),

Qs

(A.84)

Note that the angle ¢ is adjusted by 7. With this adjustment the angle defining
the point @; on the circumference of the orbiting generating circle is measured
anti-clockwise from the positive X' semi-axis, as against ¢, which is measured

anti-clockwise from the negative X* semi-axis.

The equation describing the line L, is deduced from the coordinates of the points

and Q;, given by equations (A.78) and (A.84) respectively. After some calculations
it can be shown that

L, : ysingg + xcosg, =—(r+dcos(¢y — 9)),

(A.85)

O=0x2nw, ne\W, 6,,50<(6,,+27).

im2

The line L; is defined by any two pairs of points at which the curves C, and C,
come in contact. It should be emphasised here that all here points are collinear. The
values of the parameter ¢ corresponding to the two outermost pairs of these

touching points, are obtained from the relations (A.26) and (A.51) and the
definition of K__ . Thus,

max

Prxmax = 2K _ T+ 7m/2+8,
D3 Kmax = (2Kmax +D)r+7m/2+6- Y,
max— =2Kmax"'1 )
?3,K max-1 ( w+rw/2+0 (A.86)
Prxmax1 = QKo —D+7/2+60~73,

9Iim2'<‘9<(01im2+27[)s 0<y<m-2.
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Introducing these equations and equation (A.22) into the second and third of the
relations (A.10), and after long algebraic manipulations on the resulting
coordinates, we obtain the following equation for the line £,

L; : xsin®-ycos@=r,
(A.87)

O=0+2nm, ne\W, 6,.,<0<(6,,,+27).

im 2

This line is tangent to the fixed and orbiting generating circles at two points
hereafter denoted by @, and Q, respectively. Their geometry is shown in figure
(A-12). The coordinates of these points are given by

x c0S(Pzkmax T 7)
Q= “)=r in(¢ +7))
sz S 2,K max

Lxm] (rc05(¢3,l(max +”)_dCOS@], (A.88)
04 = =

yQ4 rSin(qos,Kmax —I-ﬂ')—dSll'l ©

O=0+2n7, neW, Bu,<0<Om*t27), 0sy<z-2,

or, upon introduction of equation (4.86)

0.- X2 _, sin @ ’
2= Yoz “ '\ =cos@

[xQ4J_( rsin@—dcos@) (A.89)

Yos ~rcos@-dsin@

Q

©@=0+2nm, neW, 6,,<0<(8,,+2m).

As mentioned above, the points &, and Q, are located on the line L, and the
circumferences of the fixed and orbiting generating circles. This can be proved by
direct substitution of equations (A.89) into equation (A.87) and the equations of the
generating circles. Note also that the gradients of the radii OQ, and SQ,, obtained
from the foregoing equations, are identical and equal to —cot®. On the other
hand, the gradient of the line L, , as derived from equation (A.87), is tan@.
Consequently, OQ, and SQ, are perpendicular to the line L, . Hence, L, is

tangent to the generating circles at the points Q, and Q, as shown in figure (A-
12).
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The values of the angles @, gmax 204 @5 g o, €Ntering equations (A.88), have been
adjusted by ¥ and & respectively. With these adjustments the angles defining the

points @, and @, are measured anti-clockwise from the positive X semi-axis, as
they should.

Two more points are required for the determination of the working volume of the
suction chamber, namely the point Q5 , defined by the intersection of the lines £,
and L3, and the point Q; defined by the intersection of the lines £, and L;.

Equations (A.77), (A.85) and (A.87) form two algebraic systems. These, when
solved with respect to x and y, yield the following coordinates for the points Qs

and Q
Q.= Yos | _ r cos - cos @
*“\es) |sin(@-p) \sing-sino )’

Q.= [xoa] 1 (cos Or +d cos(¢p — ©)]—rsin qu)
6= T 1 ]

Yos T cos(@p — @)\ sin O[r +d cos(¢, — O)]+ r cos ¢

O=0t2nr, ne\W, 6,,<6,B<(0,,+2n).

In order to obtain the instantaneous working volume of the suction chamber as
function of the crank angle @ and the compressor’s design parameters, we require
the expressions for a number of surface areas. The description of these surface

areas and the derivation of their analytical expressions are given below.

From the definition of the points Q;, @,, S,, Txms and the diagram in figure
(A-12), it is clear that the section 7xueS, of the involute C, is defined for values
of the parameter ¢ lying in the closed interval [,k n..»@,]. When constructing
this section, the straight line segment Q,7y,, moves from its original position to

the position @Q,S,, sweeping an area hereafter denoted by Ay . This area is shown

in figure (A-12) hatched with vertical lines. In complete analogy, the section
TimaxF of the involute C; is defined for values of the parameter ¢ in the range

(03 k max» @¢]. When constructing this section, the straight line segment @, T kmax
moves to the position Q,F thus sweeping an area hereafter called A, . This area is

shown in figure (A-12) hatched with horizontal lines.
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Figure (A-13). Determination of surface area under involute
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The determination of the surface areas A, and A, is based on the definitions of the

curves C, and Cj. Figure (A-13) portrays the orbiting generating circle together
with a section of the curve C; starting from the tip G;. The differential area dA,

also shown in the figure, is swept by a line segment tangential to the generating
circle, when the value of the parameter ¢ changes by d¢ . According to statement

(A.7), any line tangential to the generating circle is perpendicular to the curve.

Thus, the differential area dA approximated to the second order, is a triangle with
base and height equal to rod@ and r ¢ respectively. Consequently

dA = %(rz(pquo). (4.91)

The integration of this relation with respect to ¢ from an initial angle &, to a final
angle &, furnishes the marked area A shown in figure (A-13). Thus

_Ya 5 o, 1 505 4 A.92
A—E'Llr(pd(o-gr (82—81). (A.92)

The area is completely equivalent to the areas Ap and A, , the only difference been
the range of integration. By definition, integrating over the range [,  n.o @21 We

obtain the area Ay, while integrating over the range [@; g .o @p] We get the area

A, . Combining equations (A.62), (A.67), (A.75), (A.76) and (A.86), these areas
can be expressed in the form

=%r2{[(2N +1)7r+%+,3— y] —{(mm +1)”+§+6— y]s}’

Ao = %r’{wé ~ O3 mar ) = (4.93)

1 /4 3 3
g s za])

N’KmaxsnE\W s 0!im2 Se’ﬁ<(6ﬁm2+27t), 0< }'Sﬂ'—z
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where 8¢y is the correction angle obtained from the iterative algorithm (A.82).
The relations (A.67), (A.70) and (A.93) guarantee that equations (A.93) always
yield non-negative values for the surface areas Agand A,. For ©=6, *+2nr,

ne\W , these areas attain their minimum values A = A, = 0. It is worth noting
that the angle 6 entering the foregoing equations, is the crank angle and not the

rotational angle @. This is in agreement with what is stated in section A.2, since
the areas Apand A, are part of the scroll compressor’s geometry and only

indirectly related to the motion of the fluid through the device.

] TW TT”TDW:; - ><

P

oF

Figure (A-14). Details of the regions Dgand D,
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The determination of the instantaneous volume of the suction chamber cannot be

completed without the expressions for the surface areas of three more plane
geometric regions. These are, the region D bounded by the straight line segments

QQ;5, Q,Q5 and the minor circular arc Q,Q, ; the region D, bounded by the

straight line segments Q,Q5, @, and the minor circular arc Q,Q,; and finally
the triangle FQ;Q; . The regions D, and D, are shown in figure (A-14), in

comparatively large scale.

The area A, of the triangle FQ;Q; is computed from the formula

12

Ay ={S(S-a)S-b)S-c)} ", (A.94)

where by definition a, b and ¢ are the triangle’s sides and S is the triangle’s
semi-perimeter, that is

aE|OSOG" bE|FQSI, CE|FQ6|, SE%(a+b+c). (A.95)

The lengths a, b and ¢ can be obtained from the coordinates of the points £, Q;
and Q. The resulting expressions are extremely long and they are not be stated
here. For computational purposes suffice to state the following

172

a= {(xos - xos)z + (st - y06)2} ’

172

b= {(xF - sz)2 +(ye - yqs)z} , (A.96)

12

= {(xp ~xqq) + (e ~ yQ6)2}

where the x and y coordinates entering these equations are given by the
expressions (A.78) and (A.90).

Figure (A-14) implies that the surface area A, of the region Dy is the difference

of the surface areas of the quadrilateral OQ,Q,;Q, and the minor circular sector
Q.0Q,. Hence,

Ay = {area of quadrilateral OQ,Q;Q, - minor circular sector Q0Q,}.  (A.97)
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Regardless of the value of the rotation angle @, the quadrilateral OQ,Q;Q, is an
inscribed quadrilateral with angles OQ,Q, = OQ,Q; = 7 /2. Consequently,

area of quadrilateral OQ,Q.Q, = |001||0105| = rlQlQSI . (A.98)

The angle 01002 is easily obtained from the geometry depicted in figure (A-14),
thus

angle Q,0Q, = Zarctan[Mj.

" (A.99)

By virtue of this equation, the surface area of the minor circular sector Q,0Q, is
given by

Q,Q,
surface area of minor sector Q0Q, =r? arctan(l—lr—sl] : (A.100)

In view of equations (A.98) and (A.100), equation (A.97) becomes

Ay = r{|0105| —r arctan(lol—as"]} . (A.101)

r

The expressions for the equal distances |C?105| and |0205|, obtained from the

coordinates of the points Q,, Q, and Q; given by equations (4.83), (A.88) and
(A.90), have the form

_ ~ (1-cos(@ - f3))
QQ:|=|Q,Q;|=r o5 (A.102)
Hence, equation (A.101) reduces to
_2)1-cos(O-f) ¢ 1-cos(@ - f)
Aor =1 { sn@-p) a“[ sin(6— f) ]} ' (410

Completely analogous steps furnish the follow relations from which the surface
area Ap, of the region D, can be deduced with the help of the geometry shown

in figure (A-14)
Ay, = {area of quadrilateral SQ,Q,Q, - minor circular sector Q,SQ, },

area of quadrilateral SQ,Q.Q, = |SO3||Q3Q6| =r|@Qy,
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A Q
angle Q,SQ, = 2arctan[|—o—3—i|J )

r

Q.Q

. 36
surface area of minor sector Q,SQ, = r? arctan(| I ,
r

Ay = r{|0306| -r arctan(lgp—d)} ,

r

1-cos(@ - B))

_1e.0l<r
aal=lea=r e

bl

Combing these equations, we obtain the expression for the surface area Ay, of the
region D, in the form

Ay = {12500 —O) o an| 1280 —O) | (A.104)
cos(¢p — O) cos(pp — @)

Figures (A-11) and (A-12) show plan views of the scroll compressor-expander for

various values of the crank angle 8. A careful inspection of these figures reveals

that the base area Agof the suction chamber can be computed using the following

formulae

Table (A-2)
If then and
0 =6 O=0;*2n7, ne\W A =
A, ~A, =0

0, <0 <6, O t2nm <O <6, +2nm 4=
ne\w AF_AO_(AT+ADF—ADO)

9=0 O=0,+2nm, ne\W As =

g pLERT, Ap— Ay +2rd = 2rd

B, <0< (65 +21) Oyt2mm< @< 6+ 2n7+21 45 =

ne\W Ap — Ao + (Ap + Aps = Ap)
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where, by definition 6, =65+ . Evidently, the surface areas entering the

equations in table (A-2) are given by (A.93), (A.94), (A.103) and (A.104).

The terms cos(¢p — @) and sin(® - ¢;) appearing as denominators in the
foregoing expressions vanish for specific values of the rotation angle @ and they
may cause computational problems while calculating the suction volume.
Specifically, for @=6;tnwr, ne\W equations (A.67), (A.75), (A.76), and
(A.82) furnish

sin(@ — ,B)I = cos(@p — Q)I =0 (A.105)
O=6,tnn O=6,tnr
This implies infinite values for the distances IQ,05|, |Q3Q6| , |OSOG|, |F305|, |FOG|
and the areas App and Ap,. However, as the rotation angle @ approaches the
values @ =6stnmw, ne\W , the area (A; + Apr — 4p,) tends to finite values.
Indeed,

lim(A; + Ay, — Apo) = 2rd (A.106)
0 6,+(2n+1)7

and
limA, + Ay, — Apy) =0

O — 65+ 2nx

(A.107)

A.3.3 Compression Chamber and its Working volume

Following the suction process, the first compression cycle starts when
0=0;-2r, O=6t2nmr, ne\W and completes after a full rotation when

0=0;~4r, O=60x2nm-2r; ne\W. If the design of the scroll device
allows for more than one compression cycle, the m™, me*Z such cycle starts

when ©=60+2n7-2mr, ne\w , me*Z and completes when
O=0x2nr-2(m+1)r, ne\W, me*Z , where the symbol *Z denotes the

set of the positive integers.

Due to the symmetry of the device each compression cycle is associated with a
pair of geometrically equivalent chambers. These chambers, regardless of the value
of @, have the same shape and area. They also have rotational symmetry of 180°.
In the general case of the m™, me*Z compression cycle, the first of these
chambers is formed by the scroll device’s surfaces defined by the curves C,and C,
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and it is sealed by two pairs of touching points corresponding to the following
values of the parameter ¢

O3 kmax-ms1 = 2( Koy —m+ DT +7/24+86,
Orxmoxms1 = 2K g —m+Dr+w+7/2+60-7%,
Pskmax-m = UKoy =m)T+ /246, (A.108)
Py xmaxm = 2Ky —mIT+T+T/24+60-7,

Olimz SO < (Oymz +27), 0<y<rm-2, me*Z.

Figure (A-15). Details of a compression chamber
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The second chamber is formed by the by the scroll device’s surfaces defined by the

curves C, and C, and it is sealed by the touching points associated with the
following values of the parameter ¢

¢1,Kmax—m+1 = ¢3,K max-m+1 ? ¢4,Kmax—m+l = (02,Kmax—m+l

¢1,Kmax—m = ¢3,Kmax—m ’ (04,Kmax—m = (ol‘Kmnx—-m

A plane view of the scroll compressor is shown in figure (A-15), where one of the
outermost compression chambers is clearly marked. From these figure as well as
figures (A-11) and (A-12), it is clear that following steps similar to the steps
leading to equations (A.93), we obtain the expression for the base area Ac, of
either of the symmetrical compression chambers of the m™, me*Z compression

cycle. This expression has the form

’ {J‘%Kmax -m+1 2d¢ J'(P;}Kmax -m+1 2d¢}

¢2,Kmax-m ¢3,Kmax-m

1
AC,m = E

—m)m+ T+ ml2+60-7]

max

Izi{[z(Kmax —m +1)7r+7r+7r/2+49—y]3 -2k

(A.

~[2K = + D)+ 71246] + UKy ~m)w + 712+ 6 |

0]im2 < 0’ﬁ<(6|imz +2ﬂ.), 0< 7375—2, me*Z

The formulae given above hold only for cases where the compression chambers are
formed by surfaces fully described by the curves (A.10). However, there are cases
in which parts of the walls are formed by the innermost circular arcs defined by
equations (A.36), (A.38), (A.44) and (A.46), as shown in figure (A-16). Clearly
the equation (A.109) cannot be applied. This equation is not valid under the
condition 8, , <8< (8,.,+27). In these cases, in order to determine the base

lim1 lim2

area A, , m ® me*Z, knowledge of the following areas is required :

* The area A;, enclosed by the curve C,=Cy,, the innermost circular arc 7,G,
and the straight line segment TZTZ, shown in figure (A-16). In figure (A-17)

this area is hatched with horizontal lines.
* The base area Ap,. This is the section of the device’s fixed arm, enclosed by

the straight line segments 7,7, and AC and the curves C,=C-,and C,=C;,. It

is shown in figure (A-16) and partially in figure (A-17) hatched with slant
lines. By construction, the straight line segment AC is perpendicular to all
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curves G (i=1,2,3,4 ), while by definition, the point B is located on this

segment and is the first touching point between the curves C,=C,and C,=C,,.
The values of the parameter ¢ corresponding to point B are given by

equations  (A.26) and have the form ¢, =¢,,=7/2+6 and
Oy =P =T+m/2+60-7.
e The area Ap; enclosed by the two generating circles and their external

tangents, shown in figure (A-16) cross-hatched.

Cs Co
CsCoo

Q=m2+0-Y

Q=0 =7m2+86
and
O=0,~T+M2+0 ¥

Q=T +7T/2+8

Figure (A-16). Details of a innermost compression chambers.
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o The area A,, enclosed by the innermost circular arcs defined by equations

(A.36), (A.38), (A.44) and (A.46), for various values of the crank angle 8 in
the semi-open interval [6;,,1s Oimz +27) >

im1? “lim

The determination of the above mentioned areas require knowledge of the sizes of
various angles and the lengths of a series straight line segments, which are

calculated below.

From figures (A-7a) and (A-17), the definition (A.36) of the tip point G, and the

definition (A.41) of the angle 6, it is at once obvious that

im1
XOF=¢_ and XOG,= 6, -7 =@, —arctan @, (A.110)

and hence,

(A.111)

G, OF=XOF-XOG,= arctan ¢, .

Figure (A-17). The base areas Ay, and Apz

281



Appendix A Scroll Compressor-Expander Geometry

On the other hand, according to equations (A.37), the point T, is located on the
curve C,=C; and the corresponding value of the parameter ¢ is
¢, = @, =T+ ¢, — ¥ . Therefore, as suggested by equations (4.36) and (A.35),
the value of ¢ corresponding to the point Tz' , located on the curve C,=C,, is

XOH= @, +y =7+ @, . (A.112)
This equation and the definition of the curve C,=Cg, furnish
HT,=OHXOH)=r(z + ¢.,), (A.113)

consequently,

HéT;= arctan[ lg/}/ j = arctan(7r + ¢, ). (A.114)

The coordinates of the point H, obtained form this equation, are given by

cos(¢,. + 7
He | T | < o €50 TN fe0500) (A115)
Yu sin(@,, + ) sing,,
The foregoing equation and equations (A.37) and (4.38) furnish the slopes of the
straight line segments T, Qg and QursH . These slopes are identical and equal

to — cot @, . Therefore, the points T, , QORB and H are collinear. Similarly, from
equations (A.110) and (A.112), it is cvident that the angle FOH isa straight angle

and thus the points F, O and Hare also collinear. Furthermore, combining
equations (A.38) and (A.115), the distance HQ,gg is found to be

HGom= ro.., (A.116)
hence
HOQops= arctan( Hgl"_IRB ) = arctan ¢, (A.117)
and
0Qurs T =OFQors +HOQoms= §+ arctan ¢, . (A.118)

From figure (A-17) and equations (A.111) and (A.117) it is evident that the
triangles FOG, and HOQyg, are equal, that is
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AFOG, = AHOQors - (A.119)

As a result of this relation, the areas of the plane figures HFG,P T;H and
Qors G, PT, Qors are equal and hence figure (A-17) easily yields the following

relation

App = area of Qupy G,PT, Qo = area of HFG,PT;H=
(A.120)

2

=area of HBFGIPT;H+-7;1 .

The area of the plane figure HBFG,PT, H entering the foregoing equation is

swept by the tangent to the fixed generating circle BP, as it moves from the
position FG, to the position HT, . It can therefore be calculated following steps

completely analogous to the steps leading to equation (A.92), where of course
& =XOF = ¢, and €, =XOH=r + ¢.. - Thus equation (A.120) takes the form

2 2
Ap g = area of Qupg GlpTZ‘QORB =£6‘{(75+ ¢cr)3—¢cr3}+ﬂr7' (A.121)

The base area Ap,, as figure (A-17) suggests, is obtained by subtracting the area
A, . of the circular sector Qur; G, T, , centered at Qpgg, from the area A, p of
the plane figure Qugrg G,PT, Qugg » that is

Ay, = Apyr — Aprc- (A.122)

The area Ap, . of the circular sector, determined with the help of equation

(A.118), is given from

0Q..T, r*(rx
Am_c=m2_%=?{z+arctan¢“}. (A.123)

Substitution of the relations (A.121) and (A.123) into equation (A.122) yields
Am=f_ l[(,,;.,.(o )3_(/, 3]+£—arctanqo } (A.124)
2 3 cr cr 2 cr

The determination of the area A, is again based on the discussion leading to
equation (A.92). By definition , the values of the parameter ¢ corresponding to the

points A, B and C shown in figure (A-16), are given by

283



Appendix A Scroll Compressor-Expander Geomelry

T T
¢1B:¢1,0=E+9’ ¢4B=7I+E+6_7s
(A.125)

T T
¢2A:¢2,0:E+0_y9 ¢3C=7[+3+9'

On the other hand, according to equation (A.112), the values of the parameter @
corresponding to the points 7, and T, are

Prr; =XOH= PtV =T+ @, and @, =Q)=T+Q,~7 (A.126)
respectively.

From figure (A-16) it is evident that the area A, is the difference of the areas
swept by the tangents to the fixed generating circle HT,; and HT, as they move

form their original positions to the positions DB and DA. Thus, according to
equations (A.92), (A.125) and (A.126)

1 n/2+8 ni2+6-y
Ap, = 2 Jr2¢’2d¢ - _[rzwzd(”} =
i+ Qe TtQ, Y

(A.127)
r’(r ‘rx ’ 3 3
=% (E+9] —(5+9—y) ~(z+o,) +(r+0,-7)t.

The base area A, is the difference between the areas of a parallelogram and a

generating circle. The width of the parallelogram is equal to the distance between
the centres of the generating circles while its breadth is equal to their common
diameter. Thus

Ay, =r(2d - 7r) (A.128)

The area A, is the common intersection of two identical circles. From elementary
geometry is known that such an area is given by R*(@ —sin®)/ 2, where R is the

common radius of the intersecting circles and @ is the angle to which the common
chord subtends.

The co-ordinates of the point G, when referred to a system of axes X'Y" shown in
figure (A-18), been parallel to XY and centered at the point Qg , are obtained
from equations (4.36) and (A.38), thus
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Figure (A-18). Details of the innermost miniscus

G,= Xg, [ *eom _ d(c?s(”+ 0) __d c?se . (A.129)
Y, Yoo sin(r + 0) sing
Consequently, the line segments Qprs G, and OS are parallel having the same

slope equal to — tan & . Referring to equation (A.41) and the figures (A-15), (A-16)
and (A-17), we have

X 0G,=X0G,= ¢, - arctangp,, (A.130)
and therefore

G, OS=G1 Qorb G;=0-7—(p, —arctang,)=0-06,,,,

(A.131)
Oim1 S O < (eliml +2r1).
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Furthermore equations (A.37) and (A.38) furnish QurgT,=r(w—¥)=d while by
definition OS=d . Hence

QORB 7-2=08= d . (A.132)

Application of the formula R*(@ —sin@)/2 mentioned above for R=d and
w =G, QORB G,= 6 - 6,,,, furnishes

2
Ay, = 512—{(9 ~6,..)-sin(@ - 6,,)}- (A.133)

Having found the expressions for the areas Ap,, Ap, and Ap; it is easy to

determine the area A, , m™, me*Z of the innermost compression chambers.

T 3 3
1 T+—+0-y 1 .4 T
I==r¥|, 2 dot=—r*{|lr+=+0-y| -|=+0- A.134
57 {I%g_y v (o} - {{ﬁ > 7’] [2 7” (A.134)
eliml S 0 < (elimZ + 271.)
Therefore,

A A
2~ Apy — Apy — 2 (A.135)

— (ZI_Ans)_ZADz —2A,, ~ Ay, =]-

A. =
Cm 2 2

A.3.4 Discharge Chamber and its Working volume

Following the compression process, the discharge cycle starts when
O=0+2nr-2(m+1)r, ne\W, me*Z , where the symbol *Z denotes the

set of the positive integers, and completes when @ =6+ 2nz - 2(m +2)x.

For values of the parameter 6 in the range 6,,, <6< (6,,,+27) the working

volume is given by equation

2
Ap =d7 (g—gliml)_Sin(e_eliml)}’ (A.136)

Where as for the rest of the discharge process is given by the formulae

Ap=01-Ap)-2A,,-2A,, (A.137)
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(p:= T+T/2+0

O=T12+0-7 (p'z—(pz_0 T+TR2+0 Y
and
O=¢, =T/2+8

C=Cro
C,=Cp

Gs

S

[

H
Cs Co
A Cs Coo
O=TR+0-Y C
: 0=@,=m2+0
and

=@, =TM+T2+6 Y

P=T+T/2+6

Figure (A-18). Determination of area of innermost chambers
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Governing
Equations

B.1 The Continuity Equation

Physical principle: mass is conserved

Consider the flow model shown on figure B.1 , namely, an infinitesimally small
element fixed in space, with the fluid moving through it. Here, for convenience we
adopt a Cartesian coordinate system, where the velocity and density are functions
of (x,y,z) space and time £. Fixed in this (x,y,z) space is an infinitesimally small
element of sides dx, dy, and dz, (figure B.1). there is a mass flow through this fixed
element, as shown in figure B.1. Consider the left and right faces of the element
which are perpendicular to the x axis. The area of these faces is dy dz. The mass
flow through the left face is (pu) dy dz. Since the velocity and density are functions
of spatial location, the values of the mass flux across the right face will be different
from that across the left face; indeed, the difference in mass flux between the two
faces is simply [ pu)/dx] dx. Thus the mass flow across the right face can be
expressed as {pu+ [Apu)/dx] dx } dy dz. The mass flow across both the left and
the right faces is shown in figure B.1. In a similar vein the mass flow through both
the bottom and the top faces, which are perpendicular to the y axis, is (pv) dx dz
and {pv+ [Apv)/dy)dy} dx dz, respectively. The mass flow through both the front
and back faces, which are perpendicular to the z axis is (pw)dxdy and
{pw+ [Apw)/)dz} dx dz, respectively. Note that u, v, and w are positive, by
convection, in the positive x, y, and z directions, respectively. Hence the arrows in
figure B.1. Show the contributions to the inflow and outflow of mass through the
sides of the fixed element. If we denote a net outflow of mass as a positive
quantity, then from figure B.1 we have
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Net outflow in x direction:

[ J(pu)

_9lpu)
pu+——=dx |dy dz - (pu) dy dz = ——=dx dy dz
dx dx
Net outflow in y direction:

J
pv+Mdy dx dz—(pv)dx dz=mdx dy dz (B.1)
dy dy

Net outflow in z direction.

d
[pw +@dzi| dx dy — (pw) dx dy = %dx dy dz
z z

Hence, the net mass flow out of the element is given by

[8(pu) . d(pv) . d(pw)
dy oz

Net mass flow=

}dx dy dz (B.2)

The total mass of fluid in the infinitesimally small element is p (dx dy dz); hence
the time rate of increase of mass inside the element is given by

Time rate of mass increase= %(dx dy dz)

(B.3)
The physical principle that mass is conserved, when applied to the fixed element in
figure B.1, can be expressed in words as follows: the net mass flow out of the
element must equal the time rate of decrease of mass inside the element. Denoting

the mass decrease by a negative quantity, the statement can be expressed in terms
of equations (B.2) and (B.3) as

dpu) Ipv) JI(pw) _ dp
[ o oyt o dx dy dz = ——(dx dy dz)

ot

(B.4)

dp | dpu) dpv) dpw)]|_
. aﬁ[ ox oy oz |7!
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P =P (Xy,zt)
Yy V=ui +yj +wk
u=1u (xvYaZ9t)
V=V (X,Y,Z,t)
W =W (X,y,zt)
dy
j 7'y dz/
;< & I
> — x
k i
[pv + a(pv dy}dxdz
dy [ d(pw) ]
pw+ dz|dxd
Jz
z 7
: I 4 l:pu+ a(pu)dx]dydz
: ax
: —1
pudydz —————> ........
pwdxdy | pvdxdz
\\ /_j
>
/""" >
r

—>

Figure B.1 Model of the infinitesimally small element fixed in space and a diagram

of the mass fluxes through the various faces of the element-
continuity equation.
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In equation (B.4) the term in brackets is simply V‘(pV). Thus equation (B.4)
becomes

Ip
9P Ly .(pV)= (B.5)
5 TV (pV)=0

Equation (B.5) is a partial differential equation form of the continuity equation. It
was derived on the basis of an infinitesimally small element fixed in space. The
infinitesimally small aspect of the element is why the equation is obtain directly in
partial differential equation form. The fact that the element was fixed in space
leads to the specific differential form given by equation (B.5), which is called the
conservation form. The forms of the governing flow equations that are directly
obtained from a flow model which is fixed in space are, by definition, called the
conservation form.

B.2 The Momentum Equation

In this section, we apply another fundamental physical principle to a model of the
flow namely:

Physical principle: F= ma (Newton’s second law)

The resulting equation is called the momentum equation. Unlike the derivation of
the continuity equation, where the model of an infinitesimally small element fixed
in space was used, here we will apply a different model. We will utilize the moving
fluid element model shown in figure B.2 because this model is particularly
convenient for the derivation of the momentum equations as well as the energy
equation (to be consider in section B.3). Momentum and energy equations can be
derived using the other model of flow shown in figure B.1, each different model of

flow leads directly to a different form of the equations.

Newton’s second law, expressed above, when applied to the moving fluid element
in figure B.2, says that the net force on the fluid element equals its mass times its
acceleration of the element. This is a vector relation, and hence can be split into
three scalar relations along the x, y, and z axes. Let us consider only the x
component of Newton’s second law,

F"r =ma, (B.6)

where F, and a, are the scalar x components of the force and acceleration
respectively.
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y 4 Velocity
components

J
dy
h /‘4/ :
€ » dy f
pdydz ——p ! [p+de]dydz
: <+ x
Ty, dy dz <— ._d/"v" ----------------------------- > X
.""C’iz \ (1_“ n aTu dxjdydz
v RN JIx

\ N 9
) Tur
. \ (Tu + Ep dz)dxdy
7, dx dz

»x

y
1&
L2 » Vi
~
. ~
Fluid element ~ N
attime ¢t = ¢, N\
‘b
\
LN
7t
\
Y N
AN > X
L 2N
k N
N
~
~

e N

Same fluid element
attimer =1,

Figure B.2 Infinitesimally small, moving fluid element. Only the forces in the x

direction are shown. Model used for the derivation of the x component of the
momentum equation.
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First, consider the left side of equation (B.6). We say that the moving fluid
experiences a force in the x direction. There are two sources of this force:

1. Body forces, which act directly on the volumetric mass of the fluid element.
These forces “act at a distance”; examples are gravitational, electromagnetic,
centrifugal, and Coriolis forces.

2. Surface forces, which act directly on the surface of the fluid element. They are
due to only two sources: (a) the pressure distribution acting on the surface,
imposed by the outside fluid surrounding the fluid element, and (b) the shear
and normal stress distributions acting on the surface, also imposed by the

outside fluid “tugging” or “pushing” on the surface by means of friction.

Let us denote the body force per unit mass acting on the fluid element by f, with f;
as its x component. The volume of the fluid element is (dx dy dz); hence,

Body force on fluid element acting inx direction = p f, (dx dy dz) (B.7)

The shear and normal stresses in a fluid are related to the time rate of change of the
deformation of the fluid element, as sketched in figure B.3 for just the xy plane.
The shear stress denoted by 7%, in figure B.3a, is related to the time rate of change
of the shearing deformation of the fluid element, whereas the normal stress,
denoted by 7, in figure B.3b, is related to the time rate of change of volume of the
fluid element. As a result, both shear and normal strcsses depend on velocity
gradients in the flow. In most viscous flows, normal stresses (such as 7,) are much
smaller than shear stresses and many times neglected. Normal stresses (say 7. in
the x direction) become important when the normal velocity gradients (say cu/cdx)
are very large, such as inside a shock wave.

(a) (b)

Figure B.3 Illustration of (a) shear stress and (b) normal stress
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The surface forces in the x direction exerted on the fluid element are sketched in
figure B.2. The convention will be used here that 7; denotes a stress in the j
direction exerted on a plane perpendicular to the i axis. On the face abcd, the only
force in the x direction is that due to shear stress, %, dxdz. Face efgh, is a distance
dy above face abcd; hence the shear force in the x direction on face efgh is
[5x+(J7./dy)dyldxdz. Note the direction of the shear force on the faces abed and
efgh; on the bottom face, 7, is to the left (the negative x direction), whereas on the
top face, 7, +(J7./dy)dy is to the right (the positive x direction). These directions
are consistent with the convention that positive increases in all three components of
velocity, u, v, and w, occur in the positive direction of the axes. For example, in
figure B.2, u increases in the positive y direction. Therefore, concentrating on the
face efgh, u is higher just above the face than on the face; this causes a “tugging”
action which tries to pull the fluid element in the positive x direction (to the right)
as shown in figure B.2. In turn, concentrating on face abcd, u is lower just beneath
the face than on the face; this causes a retarding or dragging action on the fluid
element, which acts in the negative x direction (to the left) as shown in figure B.2.
The directions of all the other viscous stresses shown in figure B.2 including Ty,
can be justified in a like fashion. Specifically on face dcgh, 7, acts in the negative
x direction, whereas on face abfe, %, + (d%,/d)dz acts in the positive x direction.
On face adhe, which is perpendicular to the x axis, the only forces in the x
direction are the pressure force p dy dz, which always acts in the direction into the
fluid element, and 7%, dy dz, which is in the negative x direction. In figure B.2, the
reason why Ty, on face adhe is to the left hinges on the convention mentioned
earlier for the direction of increasing velocity. Here, by convention, a positive
increase in the u just to the left face of adhe is smaller than the value of u on the
face itself. As a result, the viscous action of the normal stress acts as a “suction” on
face adhe; i.e. there is a dragging action toward the left that wants to retard the
motion of the fluid element. In contrast, on face bcgf, the pressure force [p +
(b/dk)dx)dy dz presses inward on the fluid (in the negative x direction). And
because the value of u just to the right of the face bcgf is larger than the value of u
on the face, there is a “suction” due to the viscous normal stress which tries to pull

the element to the right (in the positive x direction) with a force equal to [, +
(I/ K)dx)dy dz.

With the above in mind, for the moving fluid element we can write
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Net surface force in x direction =| p — ( p+ %’gdx]:ldy dz
x
+|| 7 +8—T£dx -7 dydz+- T +87—”dy -7, |dxdz
xx ax xx L yx ay yx (B.S)
+ (ru + —aT“ dz) - ru]dxdy
i Jz

The total force in the x direction Fy, is given by the sum of equations (B.7) and
(B.8). Adding, and canceling terms, we obtain

+

F, = —ap+ar"‘+ar” T
Jdx Jdx dy Jz

}dxdydz+pfxdxdydz (B.9)

Equation (B.9) represents the left-hand side of equation (B.6). Considering the

right-hand side of equation (B.6), recall that the mass of the fluid element is fixed
and is equal to

m = pdxdydz (B.10)

Also recall that the acceleration of the fluid element is the time rate of change of its
velocity. Hence, the component acceleration in the x direction, denoted by a,, is
simply the time rate of change of u; since we are following a moving fluid element,
this time rate of change is given by its substantial derivative. Thus,

a =2 (B.11)
Dt

Combining equations (B.6) and (B.9) to (B.11), we obtain

Du_ Jp Jr, 9T, JT (B.I2
T __ xx + zx + . a)
Dt (}’x+ dx * dy Jdz Pl

Which is the x component of the momentum equation for a viscous flow. In a
similar fashion, the y and z components can be obtained as

21=_3_p+0.)7:xy Jr,, Jt

o Ty (B.12b)
Dt dy dx dy Jz 2¢

Dw  Jdp Jdr, Jt, 0Ot
T __YF xz z B.12
Dt 8z+ - + 3 + e +pf, (B.12c)
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Equations (B.12a) to (B.12c) are the x, y, and z components respectively, of the
momentum equation. Note that they are partial differential equations obtained
directly from an application of the fundamental physical principle to an
infinitesimal fluid element. Moreover, since this fluid element is moving with the
flow, equations (B.12) are in non conservation form. They are scalar equations and
are called the Navier - Stokes equations in honor of two men, the Frenchman
M.Navier and the Englishman G. Stokes, who independently obtain the equations
in the first half of the nineteenth century.

The Navier - Stokes equations can be obtained in conservation form as follows.
Writing the left-hand side of equation (B.12a) in terms of the definition of a
substantial derivative we have

p—=p—+pV-Vu (B.13)

J(pu) du dp
o Por "oar

and rearranging, we have

Ju_dlpu) dp (B.14)

Jt Jt Jt

Recalling the vector identity for the divergence of the product of a scalar times a
vector, we have

V- (puv)=uV-(pV)+(pV) - Vu

B.15
or pV -Vu-=V-(puV)-uV-(pV) (B13)
Substituting equations (B.14) and (B.15) into equation (B.13).

Du_Jd(pu) Jp
P DT = "5 -uﬁt——uV-(pV)+V~(puV)
(B.16)

=£(5t—u)—u|:i_)—’[t)-+V«(pV)]+V~(puV)
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The term in brackets in equation (B.16) is simply the left-hand side of the

continuity equation, hence the term in brackets is zero. Thus equation (B.16)

reduces to

Du _ J(pu)
oAy,
Dt ot * (puv)

Substitute equation (B.17) into (B.12a).

d(pu)
ot

— ap 0-)7” 81'-)'«\' arzx
+V-(puv)= o ox T oy o +pf,

Similarly, equations (B.12b) and (B.12c) can be expressed as

d(pv) Jp dr, dr, Jt,
— 7 . N +
ot +V-(pv) o"x+ dx " dy i dz 2¢
and
I(pw) dp dr, Jt, It
V' V —_ xz yz + p44 +
ot +V-(pwV) dz ¥ ox * Jdy Jz 2z

(B.17)

(B.18a)

(B.18b)

(B.18¢c)

Equations (B.18) are the Navier - Stokes equations in conservation form. In the late

seventeenth century, Isaac Newton stated that shear stress in a fluid is proportional

to the time rate of strain, i.e., velocity gradients. Such fluids are called Newtonian

fluids. (fluids in which 7 is not proportional to the velocity gradients are non

Newtonian fluids). For Newtonian fluids, Stokes in 1845 obtained

T, =A(V-V)2,u%

T, —A(V-V)z,u%

r =z(v.v)zﬂ0;—‘:
_ dv  du
= Ty =ﬂ[8_x+8_y_

(B.19a)

(B.19b)

(B.19¢)

(B.19d)

(B.19%¢)



Appendix B The Governing Equations

r, =1, = ﬂ{f?i+ ﬂ] (B.19f)

where u is the molecular viscosity coefficient and Ais the second viscosity

coefficient. Stokes made the hypothesis that

A=-%
H

which is frequently used but which has still not been definitely confirmed to

present day. Substituting equations (B.19) into (B.18), we obtain the complete
Navier - Stokes equations in conservation form.

B.3 The Energy Equation

Physical principle: Energy is conserved

In keeping with our derivation of the Navier - Stokes equations (i.e. the momentum
equation) in section B.2 we will use again the flow model of an infinitesimally
small fluid element moving with the flow (as shown in figure B.2). The physical
principle stated above is nothing more than the first law of thermodynamics. When

applied to the flow model of a fluid element moving with the flow, the first law
states that

Rate of change Net flux of Rate of work done
of energy inside = heat into + onelement due to (B.20)
fluid element element body and surface forces

A = B + C

where A, B, and C denote the respective terms above.

Let us first evaluate C; that is. Let us obtain an expression for the rate of work done
on the moving fluid element due to body and surface forces. It can be shown that
the rate of doing work by a force exerted on a moving body is equal to the product
of the force and the component of velocity in the direction of force. Hence the rate
of work done by the body force acting on the fluid element moving at a velocity V
is

pf -V (dx dydz)
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With regard to the surface forces (pressure plus shear and normal stresses),
consider just the forces in the x direction shown in figure B.2. The rate of work
done on the moving fluid element by the pressure and shear forces in the x
direction shown in figure B.2 is simply the x component of velocity u, multiplied
by the forces; e.g. on face abced the rate of work done by 7, dx dz is ut, dx dz,
with similar expressions on the other faces. To emphasize these energy
considerations, the moving fluid element is redrawn in figure B.4, where the rate of
work done on each face by surface forces in the x direction is shown explicitly. To
obtain the net rate of work done on the fluid element by the surface forces, note
that forces in the positive x direction do positive work and that forces in the
negative x direction do negative work. Hence, comparing the pressure forces on
face adhe and bcgf in figure B.4, the net rate of work done by pressure in the x

direction is
up— up+de dydz=—dedydz
dx Jx

Similarly, the net rate of work done by the shear stresses in the x direction on faces
abcd and efgh is

Luz'yx + il:-ny)dy] —ut, |dxdz = —a(l;—z’x)dxdydz

Considering all the surface forces shown in figure B.4, the net rate of work on the

moving fluid element due to these forces is simply

[_ dup) out,) d(ut,) O(uz,

o”x+(9x+5y+o7z

)]dxdy dz

The above expression considers only surface forces in the x direction. When the
surface forces in the y and z directions are also included, similar expressions are
obtained. In total, the net rate of work done on the moving fluid element is the sum
of the surface force contributions in the x, y, and z directions, as well as the body
force contribution. This denoted by C in equation B.20 and is given by
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dx dy 0z dx " ady " Jz
é’(vrxy) 8(v1'yy) 8(VTU)

oo _[(a(u p) dvp) w p)j LAwry) | dwt,)  duz,)

Tox oy | oz o
J
ox dy Jz

Note in equation (B.21) that the first three terms on the right-hand side are simply
V-(pV).

¢

ut, dx dz

Figure B.4 Energy fluxes associated with an infinitesimally small, moving fluid
element. For simplicity, only the fluxes in the x direction ere shown. Model used
for the derivation of the energy equation.

B is the net flux of heat into the element. This heat flux is due to (1) volumetric

heating such as absorption or emission or radiation and (2) heat transfer across the
surface due to temperature gradients, i.e. thermal conduction. Define ¢ as the rate

of volumetric heat addition per unit mass. Noting that the mass of the moving fluid
element in figure B.4 is p dx dy dz, we obtain

Volumetric heating of element = p§dxdydz (B.22)
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In figure B.4, the heat transfer by thermal conduction into the moving fluid element
across face adhe is ¢, dydz , where ¢, is the heat transferred in the x direction per
unit time per unit area by thermal conduction. (The heat transfer in a given
direction, when expressed in dimensions of energy per unit area perpendicular to
the direction is called the heat flux in that direction.) The heat transfer out of the
element across face begf is [q'Jr +(24,/d x)dx]dy dz . Thus, the net heat transfer in

the x direction into the fluid element by thermal conduction is

. . dq, __ 94,
|:qx _(qx + ax dxj:|dydz - ax dxdydz

Taking into account heat transfer in the y and z directions across the other faces in
figure B.4 we obtain

Heating of dq. 24, 4
fluid element by = —( 8; + 8yy + azz dx dy dz (B.23)
thermal conduction

The term B in equation (B.20) is the sum of equations (B.22) and (B.23).

. 8 . .
B=[pq-(‘9q‘ 94, +9qZdedydz (B.24)

dx dy Jz

The heat flux due to thermal conduction, from Fourier’s law of heat conduction, is
proportional to the local temperature gradient:

. JoT ) JoT . JT
:—k— =—k— =—-k—
Ix dx 1 dy 7 2z

where k is the thermal conductivity. Hence equation (B.24) can be written

o (. or\ 9 (, o1\ o (,dT
B = j k k — | k—||dxdyd B.25
[p‘”ax( &x)+8y( o"y)+8z( azﬂ"y ¢ B

Finally the term A in equation (B.20) denotes the time rate of change of energy of
the fluid element. The fluid element has two contributions to its energy:

1. The internal energy due to random molecular motion, e (per unit mass). This is

the physical significance of the internal energy that appears in the first law of
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thermodynamics.

2. The kinetic energy due to translational motion of the fluid element. The kinetic
energy per unit mass is simply V?/2

Hence, the moving fluid element has both internal and kinetic energy; the sum of
these two is the “fotal” energy. In equation (B.20), the energy in the term A is the

total energy, i.e. the sum of the internal and kinetic energies. The total energy is
e+V? / 2 . Since we are following a moving fluid element, the time rate of change

of the total energy per unit mass is given by the substantial derivative. Since the
mass of the fluid element is p dx dy dz, we have

2

D Vv
A=p—|e+— |dxdyd (B.26)
th(e 2) V&

The final form of the energy equation is obtained by substituting equations (B.21),
(B.25), and (B.26) into (B.20)

D V? . d(,aoT d(,dT a(,aT
—_ —|= k k —| k=
th(H— 2] pq+0_)x[ &x)+o"y( 8y)+8z( 3z]

_wp)_3p)_dwp) , dut,) , ur,)  dfur,)

(B.27)
dx dy Iz dx ay oz
a(v TU) 9(1’ TYJ’ ) a(v TU) a—’(w Tn) a(w tﬂ) 6’(w rzz)
¥ ox * ady " 7 ¥ dx ¥ ady * oz tetv

This is the non conservation form of the energy equation; also note that it is in
terms of the fotal energy e +V? /2 . Once again, the non conservation form results

from the application of the fundamental physical principle to a moving fluid
element.

The left-hand side of the equation (B.27) involve the substantial derivative of the
total energy D(e +V? /2) / D¢t . This is just one of the many different forms of the

energy equation; it is the form that comes directly from the principle of

conservation of energy applied to a moving fluid element. This equation can be
readily modified in two respects as follows;

1. The left-hand side can be expressed in terms of the internal energy e alone, or
the static enthalpy h alone, or the total enthalpy k, = (h +V? /2) alone.
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2. For each of the different forms of the energy equation mentioned above, there

are both non conservation as well as conservation forms.

Note that the manipulations required to change the non conservation form to the
conservation form change only the left-hand side of the equations; the right-hand

side remains the same. Equation (B.28) below is the conservation form of the
energy equation written in terms of total energy e + V2 /2 .

0 V? V? .. d (. 9T a(,oT
— +— |+ V- +— 1V |= —| k— |+ —| k==
G Al s e (Ea -1

9 (9T dup)_3(vp)_awp) , dut,) duz,) dur,)

v k _ _ _ xx __yx N tz)

+8z[ 8z] ox dy 0z * ax ay * dz (B-27)
ve,) dvz,) dvz,) dwr,) dwr,) o(wr,)
+ax+ay+az+ax+ay+az+pf’v

B.4 The Equation Of State

The motion of a fluid in three dimensions is described by a system of five partial
differential equations: mass, three momentum equations, and energy. In these
equations there are seven unknowns p, p,e,T,u,v,w . In order to close the system
of fluid dynamic equations it is necessary to establish relations between the
thcrmodynamic variables p, p,e,T as well as to relate the transport properties
U,k to the thermodynamic variables. It is obvious that two additional equations
are required. These two additional equations can be obtained by determining
relations that exist between thermodynamic variables. Relations of this type are
known as equations of state. According to the state principle of thermodynamics,
the local thermodynamic state is fixed by any two independent thermodynamic
. variables, provided that the chemical composition of the fluid is not changing
owing to diffusion or finite-rate chemical reactions. (John C Tannehill page 258).

A perfect gas is defined as a gas whose intermolecular forces are negligible. A
perfect gas obeys the perfect gas equation of state,

p=pRT (B.28)

where R is the gas constant. The intermolecular forces become important under

conditions of high pressure and relatively low temperature. For these conditions,
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the gas no longer obeys the perfect gas equation of state, and an alternatively
equation must be used. An example is the compressibility factor Z (equation

(3.23) section 3.2.5), another example is the Van der Waals equation of state,
2\ 1
(p+ap )(——bjzRT (B.29)
P
where a and b are constants for each type of gas.

For problems involving a perfect gas at relatively low temperatures, it is possible to
also assume a calorically perfect gas. A calorically perfect gas is defined as a

perfect gas with constant specific heats. In a calorically perfect gas, the specific
heat at constant volume c,, the specific heat at constant pressure ¢ s and the ratio

of specific heats ¥ all remain constant, and the following exists:
e=c, T h=c T (B.30)

For fluids that can not be considered calorically perfect, the required state relations
can be found in the form of tables, charts, or curve fits.

The coefficients of viscosity and thermal conductivity can be related to the
thermodynamic variables using the kinetic theory. For example, Sutherland’s
formulas for viscosity and thermal conductivity are given by

T3/2 TJ/)
T +C, “’T+c,

u=C,

where C, - C, are constants for a given gas. The Prandtl number

Cc, 1
k
is often used to determine the coefficient of thermal conductivity k once u is

known. This is possible because the ratio ¢, / Pr , which appears in the expression

Pr=

below is approximately constant for most gases.

c
k=L
Pr'u
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C.1 Hyperbolic Tangent Distribution

3k sk 3k sk ok 3k e 2k sk o 3k sfe sk s sk sk ok ke b e ok 3k e ok sk ke ok ok s ok ok 3K 3k ke sk e sk ke ke ok sk ke ok s ok ok sk sk ok ke sk sk ok 3k 3k k sk ke sk ok sk ok ok 3k 3k ok ok ok ke sk ok ok

* SUBROUTINE HYPERBOLIC TANGENT *
* DECEMBER 1996
* This routine MUST be called ONLY when the argument BETA is LESS than
* one. In this case the hyperbolic functions are used. See reference
* Thompson
* ARGUMENTS :
* NSUBDIV = INTEGER*4. On entry specifies the number of subdivisions
* which is one less than the number of nodes. Unchanged on
* exit.
* ALPHA
* BETA = REAL*8. On entry specify the parameters defined by eqs
* (A.6) and (A.7) respectively. Unchanged on exit.
* Note that in the cases ICASE=2 or ICASE=3, ALPHA is not
* used and can have any REAL*8 value
* [CASE = INTEGER*4. On entry has one of the following values and
* corresdponding meanings :
1 (one) if both initial and final division are specified.
See equationS (A.9) and (A.10).
2 if only the initial division is specified. See equation
(A.13) and finally
3 if only the final division is specified. See equation
(A.14).
IERROR = INTEGER*4. On exit has one of the following values
0 (zero) = no error in subroutine
1 (one) = BETA passed to routine is greater or equal to 1
or ICASE has a value different than 1,2 or 3
2 Denominator in N-R method to small.
3 No convergence achieved while solving for delta *
3 3k sk 3k ok ok 3k sk sk ok sk sk sk sk ofe ok sk ok ok sk sk sk sk sk ok s sk sk sk sk sk sk sk ke sk k Sk 3 ok sk ok ke sk ok 3 oK 3k 3k sk ok sk sk k¢ ok ok oK 2k sk ok ke b ok ok o ok ok ok ok ok ok ok K
SUBROUTINE HYPERB(NSUBDIV,BETA,ALPHA,
A ICASE,IERROR)
IMPLICIT DOUBLE PRECISION (D)
C IMPLICIT REAL*4(A-H,0-Z), INTEGER*4(I-N)
PARAMETER(MAXITERP=1000,EFZEROP=1.0D-18,TOLP=1.0D-03,
AIDPHIP=1000,0NE=1.0D+00)
COMMON /ARRAY/ SXI(IDPHIP)

* K K K X X X K X E X ¥ K X X X X % % % % ¥ ¥ ¥ x x

K K K K K K K X X X X ¥

WRITE(*,*)’ SUBROUTINE HYPERBOLIC TANGENT’
IERROR=0
IFICASE.LT.1 .OR. ICASE.GT.3) THEN
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* ¥ ¥ x

* ¥

IERROR=1
RETURN
ENDIF
IF(BETA.GE.ONE) THEN
IERROR=1
RETURN
ENDIF

Solution of eq (A.8) with respect to delta, using Newton-Raphson
method. Original value obtained by expanding hyperbolic sine.
Correction is the -(Function/Derivative of Function)

ITER=0

CORRECTION=1.0D+10

DELTA=DSQRT(6.0D+00*(ONE-BETA)/BETA)

DO WHILE(CORRECTION.GT.TOLP.AND.ITER.LE MAXITERP)
DERIV=BETA*DCOSH(DELTA)-ONE
IF(DABS(DERIV).LE.EFZEROP)THEN

IERROR=2

RETURN
ENDIF
CORRECTION=-(BETA*DSINH(DELTA)-DELTA)/DERIV
DELTA=DELTA+CORRECTION
ITER=ITER+1

END DO

IFITER.GE.MAXITERP) THEN
IERROR=3
RETURN

ENDIF

SUBDIV=FLOAT(NSUBDIV)
PARONOM=DTANH(0.5D+00*DELTA)
DO KSI=0,NSUBDIV
RATIO=FLOAT(KSI)/SUBDIV
IFICASE.EQ.1) THEN
UKSI=DTANH(DELTA*(RATIO-0.5D+00))
UKSI=0.5D+00*(ONE+UKSI/PARONOM)
SKSI=UKSI/(ALPHA+(ONE-ALPHA)*UKSI)
ELSE IF(ICASE.EQ.2) THEN
SKSI=DTANH(0.5D+00*DELTA*(RATIO-ONE))
SKSI=ONE+SKSI/PARONOM
ELSE
SKSI=DTANH(0.5D+00*DELTA*RATIO)
SKSI=SKSI/PARONOM
ENDIF
Array starts from one and not zero. Dimensions
are 1to (NSUBDIV+1) and not 0 to NSUBDIV
SXI(KSI+1)=SKSI
END DO

RETURN
END
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C.2 Trigonometric Tangent Distribution

ok sk ok ok > 3K 3k ok 3k Sk ok sk sk sk sk ke ok sk sk 3k Sk e ok ok ok sk Sk ok Sk 3k ok ok oK k ok 3k 3k 3k ok Sk ok 3k ok ok 3k Sk Sk ok sk sk ok ok ok sk e ok ok ok sk ok ok ok sk ok ok ok sk ok sk k ok ok

*
*

* This routine MUST be called ONLY when the argument BETA is GREATTER

SUBROUTINE TRIGONOMERTRIC TANGENT
DECEMBER 1996

* than one. In this case the hyperbolic functions are used. See ref.
* Thompson
* ARGUMENTS :

* NSUBDIV = INTEGER*4. On entry specifies the number of subdivisions

*
*

which is one less than the number of nodes. Unchanged on
exit.

* ALPHA

* BETA

*
*
*

* ICASE

*

¥ X X ¥ X X ¥ ¥ ¥ ¥ x ¥

(A.6) and (A.7) respectively. Unchanged on exit.
Note that in the cases ICASE=2 or ICASE=3, ALPHA is not
used and can have any REAL*8 value

corresponding meanings :

1 (one) if both initial and final division are specified.
See equations (A.9) and (A.10).

2 if only the initial division is specified. See equation
(A.13) and finally

3 if only the final division is specified. See equation
(A.14).

IERROR = INTEGER*4. On exit has one of the following values

0 (zero) = no error in subroutine

1 (one) = BETA passed to routine is less or equal to 1
or ICASE has a value different than 1,2 or 3

2 Denominator in N-R method to small.

3 No convergence achieved while solving for delta

= REAL*8. On entry specify the parameters defined by eqs

= INTEGER*4. On entry has one of the following values and

*

X X X K K X K X K X X K X K X X ¥ ¥ X ¥ ¥ ¥ ¥ ¥ ¥ x

*

3k 3k ke ke ok ok sk sk sk dfe sk 3k Sk Sk Sk 3k 3 3k 3k 3k 3k 3k Sk e ok 3k Sk sk sk o sk ke ok sk Skl 3k Sk e ke Sk 3k Sk e ok ok sk ok ok ok 3fe sk ok ok Sk sk ok 3 sk 3k Sk ke sk sk ke ok ok ok ok sk ok

SUBROUTINE TRIGON(NSUBDIV,BETA,ALPHA,
A ICASE,IERROR)
IMPLICIT DOUBLE PRECISION (D)

C IMPLICIT REAL*4(A-H,0-Z), INTEGER*4(I-N)

* ¥ ¥ x

PARAMETER(MAXITERP=1000,EFZEROP=1.0D-18,TOLP=1.0D-03,

AIDPHIP=1000,0NE=1.0D+00)
COMMON /ARRAY/ SXI(IDPHIP)

WRITE(*,*)’ SUBROUTINE TRIGONOMETRIC TANGENT’
IERROR=0
IF(ICASE.LT.1 .OR. ICASE.GT.3) THEN
IERROR=1
RETURN
ENDIF
IF(BETA.LT.ONE) THEN
IERROR=1
RETURN
ENDIF

Solution of eq (A.8) with respect to delta, using Newton-Raphson
method. Original value obtained by expanding hyperbolic sine.
Correction is the -(Function/Derivative of Function)

ITER=0

CORRECTION=1.0D+10
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DELTA=DSQRT(6.0D+00*(BETA-ONE)/BETA)

DO WHILE(CORRECTION.GT.TOLP.AND.ITER.LE.MAXITERP)
DERIV=BETA*DCOS(DELTA)-ONE
IF(DABS(DERIV).LE.EFZEROP)THEN

IERROR=2

RETURN
ENDIF
CORRECTION=-(BETA*DSIN(DELTA)-DELTA)/DERIV
DELTA=DELTA+CORRECTION
ITER=ITER+1

END DO

IF(ITER.GE.MAXITERP) THEN
IERROR=3
RETURN

ENDIF

SUBDIV=FLOAT(NSUBDIV)
PARONOM=DTAN(0.5D+00*DELTA)
DO KSI=0,NSUBDIV
RATIO=FLOAT(KSI)/SUBDIV
IF(ICASE.EQ.1) THEN
UKSI=DTAN(DELTA*(RATIO-0.5D+00))
UKSI=0.5D+00*(ONE+UKSI/PARONOM)
SKSI=UKSI/(ALPHA+(ONE-ALPHA)*UKSI)

ELSE IF(ICASE.EQ.2) THEN
SKSI=DTAN(0.5D+00*DELTA*(RATIO-ONE))
SKSI=ONE+SKSI/PARONOM

ELSE
SKSI=DTAN(0.5D+00*DELTA*RATIO)
SKSI=SKSI/PARONOM

ENDIF

Array starts from one and not zero. Dimensions

are 1to (NSUBDIV+1) and not 0to NSUBDIV
SXI(KSI+1)=SKSI
END DO

RETURN
END
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C.3 Transfinite Interpolation

sk 3 o ok ok 2k ok sk s ok sk sk sk sk sk sk sk ok sk sk sk sk ok sk ok sk ok ok sk sk ok sk ok 3k 3k 3k sk sk 3k 2k ok 3k Sk 3k ke ok 3k 3 ok sk Sk 3k 3k 3kl b b ok 3k 3k sk dk ok % ok 3k Sk sk ok ok k

* SUBROUTINE PREPARE FOR TRANSFINITE INTERPOLATION *
* MARCH 1996 *
* This routine MUST be called ONLY when the definition of the edges is known and *

* the distribution of the vertices along the edges completed. (SEE common block)  *
* ARGUMENTS : *
* IMAX = INTEGER*4. On entry specifies the number of subdivisions *
* which is one less than the number of nodes on the I-Direction. *
* Unchanged on exit. *
* IMAX = INTEGER*4. On entry specifies the number of subdivisions *
* which is one less than the number of nodes on the J-Direction. *
* Unchanged on exit. *
* XXX =2-Dimensional Array. *
* On exit has the X-values of the boundaries of the BLOCK *
*YYY =2-Dimensional Array. *
* On exit has the Y-values of the boundaries of the BLOCK *

sk o 2k i g 3k ok ke >k ok sk e ke ok sk 3k sk 3k Sk e ok e ok sk sk 3k Sk S K ke sk s ki ok ik Sk b ke sk ki ke ok ke ke ok sk sk Sk ok sk Sk sk s sk ok sk ok sk 3k ok 3k 3k 3k ok 3k ok ok ok
C

SUBROUTINE PREPARE_FOR_TRANS (XXX, YYY,IMAX,IMAX)
PARAMETER (NI=100,NJ=100)

IMPLICIT DOUBLE PRECISION (D)
C IMPLICIT REAL*4(A-H,0-Z), INTEGER*4(I-N)

COMMON /ARRAY/ X_EDGEI1(NI),Y_EDGE1(NI),X_EDGE2(NI),Y_EDGE2(NI),
A X_EDGE3(NI),Y_EDGE3(NI),X_EDGE4(NI),Y_EDGE4(NI)

DIMENSION XXX (NI,NJ)
DIMENSION YYY(NI,NJ)

IMIN=1
JMIN=1

DO 230 J=JMIN,JMAX
XXX(IMIN,J)=X_EDGE4(])
YYY(IMIN,I)=Y_EDGE4(J)

230 CONTINUE

DO 235 J=IMIN,JMAX
XXX(IMAX,1)=X_EDGE2()
YYY(IMAX,)=Y_EDGE2(J)

235 CONTINUE

DO 240 I=IMIN,IMAX
XXX(I,JMIN)=X_EDGE1(I)
YYY(,JMIN)=Y_EDGE1(I)

240 CONTINUE

DO 245 I=IMIN,IMAX
XXX(,JMAX)=X_EDGE3(I)
YYY(I,JMAX)=Y_EDGE3(I)

245 CONTINUE

RETURN
END
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3k sk sk sk sk ok 3k 3k Sk sk e ok ok 3k sk ok sk e sk ok ok ke ok ok 3k 2k 3k ke 3k sk 3k sk 3¢ ok ok ok 3k k >k Sk 3k ok ok b 3k ok sk ok sk 3k sk 2k 3k 3k 3k 3k 3k 3k Sk ok ok ok 3k ok ok ok ok k ok ek %k

* SUBROUTINE TRANSFINITE INTERPOLATION

* MARCH 1996

* This routine CAN be called ONLY from the subroutine PREPARE_FOR_TRANS
* ARGUMENTS :

* IMAX = INTEGER*4. On entry specifies the number of subdivisions

* which is one less than the number of nodes on the I-Direction.
* Unchanged on exit.

* IMAX = INTEGER*4. On entry specifies the number of subdivisions

* which is one less than the number of nodes on the J-Direction.
* Unchanged on exit.

* XX  =2-Dimensional Array.

* On entry has only the X-values of the vertices along the

* boundaries of the BLOCK

* On exit has all the X-values of the vertices of the BLOCK
*YY  =2-Dimensional Array.

* On entry has only the Y-values of the vertices along the

* boundaries of the BLOCK

* On exit has all the Y-values of the vertices of the BLOCK

E 3

X K K X ¥ X X K H ¥ X ¥ ¥ ¥ ¥ x

*

ok 3K 3k 3k k¢ s sk ok ok ok ok fe e Sk 3k ok Sk ok sk e sk sk s sk sk ke sk ik Sk ok 3k 2k sk k sk K 3k ke sk S ok sk ok ok 3k ke 3k Sk sk 3 sk sk ok ok ok ok ok ok o ok ok ok ok Sk ok ke skok kok ok

C
SUBROUTINE TRANS (XX,YY IMAX,JMAX)
PARAMETER (NI=100,NJ=100)

DIMENSION xx(NLNJ),yy(NLNJ)
DIMENSION xx 1(NI,NJ),yy 1(NLNJT),xx2(NLNJ),yy2(NL,NT)

400 DO 410 I=1,IMAX
DO 410 J=1,]MAX
RI1=FLOAT(I-1)/FLOAT(IMAX-1)
RI2=FLOAT(IMAX-I/FLOAT(IMAX-1)
xx1(LY)=RII*XX(IMAX,J)+RI2*XX(1,])
yy1(LH=RII*YY(IMAX,)+RI2*YY(1,])
410 CONTINUE
C
DO 420 I=1,IMAX
DO 420 J=1,]MAX
RJ1=FLOAT(J-1)/FLOAT(MAX-1)
RI2=FLOAT(JMAX-J)/FLOAT(JMAX-1)
XX2(LY)=RI1*(XX(L,IMAX)-XX1(IIMAX))+RI2*(XX(I,1)-XX1(L, 1))
YY2(ID)=RIT*(YY(L,IMAX)-YY 1(LIMAX))+RJ2*(YY(L,1)-YY1(,1))
420 CONTINUE
C
DO 430 I=1,IMAX
DO 429 J=1,J]MAX
XX(LN)=XX1(LN+XX2(LJ)
YYID=YYILD+YY2(L))
429 CONTINUE
430 CONTINUE
RETURN
END
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C.4 Geometry

(" GEOMETRY-WORKING VOLUMES-SEALING LINES- PEPRENDICULAR ),
( CIRCULAR ARCS OF SCROLL MACHINES-WITH RESPECT TO CRANK ANGLE');
fidxO=fopen(’x0’,’wt+");

fidyO=fopen(’y0Q’,’ wt+);

fidx1=fopen(’x1’,’wt+");

fidyl=fopen(’yl’,’wt+’);

fidx2=fopen(’x2’," wt+");

fidy2=fopen(’y2’,’wt+’);

fidx3=fopen('x3’," wt+");

fidy3=fopen(’y3’,’ wt+’);

fidx4=fopen(’x4’," wt+");

fidyd=fopen(Cy4’, wt+');

fidx5=fopen(’x5’,"wt+’);

fidyS=fopen(’yS’,’wt+’);

fidXk=fopen(Xk’,"wt+’);

fidYk=fopen(’Yk’,’ wt+’);

fidXkl1=fopen(’Xk1’, wt+’);

fidYk1=fopen(’Yk1’,’wt+’);

ZOOM ON

rb=0.75;

theta=-27.0*p1/9;

a=theta;

¢=0.026;

g=0.3;

I=(pi-g).*1b;

I=l-c;
Pos=sqrt(((pi-g).72./4)-1);
Pis=pi+sqri(((pi-g).A2./4)-1)-g;
M=5.5;

Pof=M*pi;

Pif=(M*pi)-g;

if theta >-2.0%pi
(CSUCTION");

{"starting and finishing angles for the working volumes’);
f1f=4.0*pi+pi/2.0;

f4f=f1f+pi-g;

fl1s=f1f+theta;

f4s=fAf+theta;

f4f=(M.*pi)-g;
fAs=fAf+theta;
fl1s=f4s-pi+g;

f1i=(M-1)*pi;

{’starting and finishing angles for the outer spirals’);
Pos=fls;

Pof=f1f;

("starting and finishing angles for the inner spirals’);
Pis=f4s;

Pif={4f;
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(’starting and finishing angles for the mid planes’);
Posm=fls;
Pofm=(4.5.*pi+f1f)/2;

end

if theta <-2.0*pi
(COMPRESSION-DISCHARGE');
Xos=rb.*(cos(Pos)+Pos.*sin(Pos));
Yos=rb.*(sin(Pos)-Pos.*cos(Pos));
Xis=rb.*(cos(Pis+g)+Pis.*sin(Pis+g));
Yis=rb.*(sin(Pis+g)-Pis.*cos(Pis+g));
Yool=(((Xo0s-Xis).A2)-((2.%(Xos-Xis). *tan(Pos).*Yis))+(Y 0s).A2.-(Yis).A2);
Y002=2.*(Yos-Yis-(Xos-Xis).*tan(Pos));
Yoo=Yo001/Y002;
Xoo=Xis-tan(Pos).*(Yoo-Yis);
r=((Xis-X00).72.+(Yis-Y00).22).~0.5;
Xfc=Xis:0.01:Xos;
Y fe=((r.22.-(Xfc-X00)./2).10.5)+ Y 00;
Yoc=-Yfc-1.*sin(a);
Xoc=-Xfc-1.*cos(a);

end

(OUTER SPIRALS’);
p=Pos:0.1:Pof;

('p=0:0.01:Pof);
x0=rb.*(cos(p)+p.*sin(p));
y0=rb.*(sin(p)-p.*cos(p));
x1=-rb.*(cos(p)+p.*sin(p))-1.*cos(a);
y1=-rb.*(sin(p)-p.*cos(p))-1.*sin(a);

(CINNER SPIRALS’);

p=Pis:0.1:Pif;

(p=0:0.01:Pif");
x2=rb.*(cos(p+g)+p.*sin(p+g));
y2=rb.*(sin(p+g)-p.*cos(p+g));
x3=-1b.*(cos(p+g)+p. *sin(p+g))-(l. *cos(a));
y3=-rb.*(sin(p+g)-p.*cos(p+g))-(1.*sin(a));

(MID PLANE 1 FIXED OUTER - ORBITING INNER’);
p=Pos:0.1:(M-1).*pi;
(p=0.0:0.01:(M-1).*pi;");

('THIS SECTION IS TO PLOT THE MID PLANE’);
GPI=pi;

RGEN=rb;

GAMMA-=g;

CLEARAN=c;

PHI=p;

THETA=a;

GPIGAM=(GPI-GAMMA)/2.0;
DCENTR=(RGEN*(GPI-GAMMA)-CLEARAN);,
COSPHI=cos(PHI);

SINPHI=sin(PHI);
XMP=RGEN*(COSPHI+(PHI+GPIGAM).*SINPHI)-DCENTR *cos(THETA)/2.0;

YMP=RGEN*(SINPHI-(PHI+GPIGAM).*COSPHI)-DCENTR *sin(THETA )/2.0;
x4=XMP;
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y4=YMP;

('THIS SECTION IS TO FIND THE ANGLE PHI_FO’);

(CPEPPENDICULAR TO FIXED OUTER’);
('CHOOSE A POINT ON THE MID PLANE’);
p=7.0*pi/9;

PPP=P;

PHI=p;

COSPHI=cos(PHI);

SINPHI=sin(PHI);

XMP1=RGEN*(COSPHI+(PHI+GPIGAM).*SINPHI)- DCENTR *cos(THETA)/2.0;
YMP1=RGEN*(SINPHI-(PHI+GPIGAM).*COSPHI)-DCENTR*sin(THETA)/2.0;

xmm=XMP1,
ymm=YMP1;

(1--->3%);

RMP1=sqrt(XMP1*XMP1+YMP1*YMP1);

COS_OMEGA=YMP1/RMPI;

if COS_OMEGA>0.999999
COS_OMEGA =1.0;

end

if COS_OMEGA<-0.999999
COS_OMEGA=-1.0;

end

OMEGA=acos(COS_OMEGA);

if XMP1<0.0
OMEGA=2.0*GPI-OMEGA;

end

(l->47);

SINALPHA=RGEN/RMPI;

if SINALPHA>0.999999
SINALPHA =1.0;

end

if SINALPHA<-0.999999
SINALPHA=-1.0;

end

ALPHA=asin(SINALPHA);

(1--->5);

PHI_FO=GPI-(OMEGA+ALPHA);

while PHI_FO0>0.0
PHI_FO=PHI_FO-2.0*GPI;

end

while PHI_F0<0.0
PHI_FO=PHI_FO+2.0*GPI,

end

SINPHI_FO=sin(PHI_FO);
COSPHI_FO=cos(PHI_FO),
XFO=RGEN*(COSPHI_FO + PHI_FO*SINPHI_FO);
YFO=RGEN*(SINPHI_FO - PHI_FO*COSPHI_FO);
RFO=sqrt(XFO*XFO + YFO*YFO);

(1--->6);

while RFO<RMP1
PHI_FO=PHI_FO + 2.0D+00*GPI;
SINPHI_FO=sin(PHI_FO);
COSPHI_FO=cos(PHI_FO);
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XFO=RGEN*(COSPHI_FO + PHI_FO*SINPHI_FO);
YFO=RGEN*(SINPHI_FO - PHI_FO*COSPHI_FO);
RFO=sqrt(XFO*XFO + YFO*YFO);

end

(" IF(RFO .NE. RMP1)i dont know how to do it in matlab’);

PHI_FO=PHI_FO - 2.0*GPI,

phi=PHI_FO;

cry s

XFO=RGEN*(COSPHI_FO + PHI_FO*SINPHI_FO);

YFO=RGEN*(SINPHI_FO - PHI_FO*COSPHI_FO);

xstep=(xmm-XFQ);
ystep=(ymm-YFO);
xplot=XFO:xstep:xmm;
yplot=YFO:ystep:ymm;

('THIS SECTION IS TO FIND THE ANGLE PHI_OI);
(CPEPPENDICULAR TO ORBITING INNER');
(15T,

XMP1=XMP1+DCENTR*cos(THETA),
YMP1=YMP1+DCENTR*sin(THETA);

(>3

RMP1=sqrt(XMP1*XMP1+YMP1*YMP1);

COS_OMEGA=YMP1/RMP1;

if COS_OMEGA>0.999999
COS_OMEGA =1.0;

end

if COS_OMEGA<-0.999999
COS_OMEGA=-1.0;

end

OMEGA=acos(COS_OMEGA);

if XMP1<0.0
OMEGA=2.0*GPI-OMEGA;

end

(l>d’);

SINALPHA=RGEN/RMP1;

if SINALPHA>0.999999
SINALPHA =1.0;

end

if SINALPHA<-0.999999
SINALPHA=-1.0;

end

ALPHA=asin(SINALPHA);

(1--->8");

PHI_OI=-(OMEGA+ALPHA+GAMMA),

while PHI_OI>0.0
PHI_OI=PHI_OI-2.0*GPI,

end

while PHI_OI<0.0
PHI_OI=PHI_OI+2.0*GPI;

end

SINPHI_OIG=sin(PHI_OI+GAMMA);
COSPHI_OIG=cos(PHI_OI+GAMMA);
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XOI=-RGEN*(COSPHI_OIG + PHI_OI*SINPHI_OIG);
YOI=-RGEN*(SINPHI_OIG - PHI_OI*COSPHI_OIG);
ROI=sqrt(XOI*XOI+YOI*YOI);

while ROI< RMP1
PHI_OI=PHI_OI + 2.0*GPI;
SINPHI_OIG=sin(PHI_OI+GAMMA);
COSPHI_OIG=cos(PHI_OI+GAMMA);
XOI=-RGEN*(COSPHI_OIG+PHI_OI*SINPHI_OIG);
YOI=-RGEN*(SINPHI_OIG-PHI_OI*COSPHI_OIG);
ROI=sqrt(XOI*XOI+YOI*YOI);

end

PHI_OI=PHI_OI,

phil=PHI_OI;
XOI=-RGEN*(COSPHI_OIG+PHI_OI*SINPHI_OIG)-DCENTR*cos(THETA);
YOI=-RGEN*(SINPHI_OIG-PHI_OI*COSPHI_OIG)-DCENTR*sin(THETA);
xstep 1=(xmm-XOI);

ystepl=(ymm-YOI);

xplot1=XOI:xstepl:xmm,

yplotl1=YOlLystepl:ymm;

(SUBROUTINE THREE_POINT_ARC");
X11=XOI;
Y11=YOI,
X22=xmm;
Y22=ymm,;
X33=XFO;
Y33=YFO;

IVERTIC12_YESP=1;

IVERTIC12_NOP=2;

IVERTIC13_YESP=10;

IVERTIC13_NOP=20;

(>3
X12=0.5D+00*(X11+X22);
Y12=0.5D+00*(Y11+Y22);
X13=0.5D+00*(X11+X33);

Y 13=0.5D+00*(Y11+Y33);

(1->4);

IAUX=IVERTIC12_YESP;

AUX=abs(Y11-Y22);

if AUX>0.0
IAUX=IVERTIC12_NOP;

end

IAUX1=IVERTIC13_YESP;

AUX=abs(Y11-Y33),

if AUX> 0.0

IAUX1=IVERTIC13_NOP;

end

IAUX=IAUX+IAUX1;

(1--->5");
AUX=IVERTIC13_NOP+IVERTIC12_NOP;
gnk1=IVERTIC13_NOP+IVERTIC12_YESP;
gnk2=IVERTIC13_YESP+IVERTIC12_NOP;
if IAUX == AUX;

GRADI12 =(X22-X11)/(Y22-Y11);
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Cl2 =Y12-GRADI12*X12;
GRADI13 =-(X33-X11)/(Y33-Y11),
C13 =Y13-GRADI13*X13;
AUX=abs(GRAD12-GRADI13);
if AUX<=0.0
ANGLE=GPI;
(RETURN")
end
X0=-(C12-C13)/(GRAD12-GRAD13);
YO=-(C12*GRAD13-C13*GRAD12)/(GRAD12-GRAD13);
elseif JAUX==gnk1
GRADI13 =-(X33-X11)/(Y33-Y11);
CI3 =Y13-GRADI13*X13;
X0=X12;
YO=GRADI13*X0+C13;
elseif IAUX==gnk2
GRADI12 =-(X22-X11)/(Y22-Y11);
Cl12 =Y12-GRADI12*X12;
X0=X13;
YO=GRADI12*X0+C12;
else
( All points on straight AND horizontal line’)
ANGLE=GPI,
end

(1--->6");
X10=X11-XO;
Y10=Y11-YO;
X30=X33-XO0;
Y30=Y33-YO;
RADIUS2=X10*X10+Y10*Y10;
RADIUS=sqrt(RADIUS?2);
ANGLE=acos((X10*X30+Y10*Y30)/RADIUS2);
C1--->T");
X12=X11-X22;
Y12=Y11-Y22;
X32=X33-X22;
Y32=Y33-Y22;
gnk4=X12*Y32-X32*Y12;
if gnk4> 0.0
ANGLE=-ANGLE;
end
(1--->8);
GONIA_A=asin(abs(Y10)/RADIUS);
X10Y10=X10*Y10;
if X10Y10<0.0
GONIA_A =-GONIA_A;
end
if X10<0.0
GONIA_A =GPI+GONIA_A;
end
if GONIA_A<0.0
GONIA_A =2.0D+00*GPI+GONIA_A;
end
gpi2=GPI1/2.0;
if Y10<0.0
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GONIA_A=GPI+GONIA_A;
end

end

gnkangle=ANGLE;
gnkgonia_a=GONIA_A;
aktina=RADIUS;
step=ANGLE/10.0;
ANGLEC=GONIA_A+ANGLE;
deltaphi=GONIA_A:step: ANGLEC;

Xk=RADIUS*cos(deltaphi)+XO;
Yk=RADIUS*sin(deltaphi)+YO;

Xk1=-Xk-DCENTR*cos(THETA);
Yk1=-Yk-DCENTR*sin(THETA);

('MID PLANE 2 ORBITING OUTTER FIXED INNER’);

p=Po0s:0.01:(M-1).*pi;
('p=0.0:0.01:(M-1).*pi;’);

(" x5=(b.*(cos(p+pi)+(p+pi-g). *sin(p+pi)))+(-1b.*(cos(p)+(p). *sin(p))-(1. *cos(a))))/2;');
(y5=(@b.*(sin(p+pi)-(p+pi-g).*cos(p+pi)))+(-rb.*(sin(p)-(p). *cos(p))-(1. *sin(a))))/2;’);

x5=-x4-DCENTR*cos(THETA);
y5=-y4-DCENTR*sin(THETA);

P=PPpP;

xmm=((rb.*(cos(p+pi)+(p+pi-g).*sin(p+pi)))+(-rb.*(cos(p)+(p).*sin(p))—(l.*cos(a))))/2;
ymm:((rb.*(sin(p+pi)-(p+pi-g).*cos(p+pi)))+(-rb.*(sin(p)-(p).*cos(p))—(l.*sin(a))))/2;

(CPEPPENDICULAR TO ORBITING OUTER");

p=phi;
xm55=-rb.*(cos(p)+p.*sin(p))-1.*cos(a);
ym35=-rb.*(sin(p)-p.*cos(p))-1.*sin(a);
xstepS=(xmm-xm55);
ystepS=(ymm-ym55);
xplot5=xm55:xstepS5:xmm:;
yplot5=ym55:ystepS:ymm;

('PEPPENDICULAR TO FIXED INNER’);
p=phil;

xm66=rb.*(cos(p+g)+p.*sin(p+g));
ym66=rb.*(sin(p+g)-p.*cos(p+g));
xstep6=(xmm-xm66);
ystep6=(ymm-ym66);
xplot6=xm66:xstep6:xmm;
yploté=ym66:ystep6:ymm;

Yo00=0;
X00=0;

(CFIXED CIRCLE’);

Xfcl1=-rb:0.01:rb;
Yfcl1=((rb.A2.-(Xfc11-X00).22).20.5)+ Yoo;
Yfc22=-((rb.”2.-(Xfc11-X00).42).~0.5)+ Yoo;

(ORBITING CIRCLE’);
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Xocl1=-Xfc11-l.*cos(a);
Yocll=-Yfcl1-l.*sin(a);
Yoc22=-Yfc22-].*sin(a);

(CGRANK CIRCLE);
r=l;
Xgc=-1:0.01:r+0.0054,

Yge=((r.*2.-(Xgc-X00).72).20.5)+Y00;
Ygel=-((r.*2.-(Xgc-X00).42).70.5)+Yo00;

(’saveabcde x0 y0 x1 y1°);

(’saveabcde x0 y0 x1 y1 -ascii -double -tabs’);

(CIF YOU WANT TO PRINT INTO FILES THE COORDINATES OF THE’);

(CPERPENDICULAR STRAIGHT LINES PUT PRINTLINES=1 OTHERWISE 0’);
(NOTE ALSO THAT THE COORIDINATES WILL BE STORED IN THE FILES’);

('x0,y0 and x1,y1 RESPECTIVELY");

PRINTLINES=2;

if PRINTLINES==1
fprintf(fidx0,”%10.4f\n’ ,xplot);
fprintf(fidy0,’ %10.4f\n’ ,yplot);
fprintf(fidx0,’ %10.4f\n’ xplot1);
fprintf(fidy0,’ %10.4f\n’,yplot1);
fprintf(fidx1,’ %10.4f\n’,xplotS5);
fprintf(fidy1,’ %10.4f\n’,yplotS);
fprintf(fidx1,’ %10.4f\n’ ;xplot6);
fprintf(fidy1,’ %10.4f\n’,yplot6);

end

fprintf(fidx0,’ %10.4f\n’,x0);
fprintf(fidy0,’ %10.4f\n’,y0);
fprintf(fidx1,’%10.4f\n’ ,x1);
fprintf(fidy1,’%10.4f\n’,y1);

fprintf(fidx2,’ %10.4f\n’ x2);
fprintf(fidy2,’ %10.4f\n’,y2);
fprintf(fidx2,’ %10.4f\n’ , Xfc);
fprintf(fidy2,’ %10.4f\n’, Yfc);

fprintf(fidx3,’ %10.4f\n’,x3);
tprintf(fidy3,’ %10.4f\n’,y3);
fprintf(fidx3,’ %10.4f\n’, Xoc);
fprintf(fidy3,’%10.4f\n’,Yoc);

fprintf(fidx4,’ %10.4f\n’ ,x4);
fprintf(fidy4,’ %10.4f\n’,y4);
fprintf(fidx5,’ %10.4f\n’ x5);
fprintf(fidy5,’ %10.4f\n’,y5);
fprintf(fidXk,” %10.4f\n’,Xk);
fprintf(fidYk,’ %10.4f\n’,Yk);
fprintf(fidXk1,’ %10.4f\n’, Xk1);
fprintf(fidYk1,’%10.4f\n’,Yk1);
fclose(fidx0);

fclose(fidy0);

fclose(fidx1);

fclose(fidy1);

fclose(fidx2);
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fclose(fidy?2);
fclose(fidx3);
fclose(fidy3);
fclose(fidx4),
fclose(fidy4);
fclose(fidx5);
fclose(fidy5);
fclose(fidXk);
fclose(fidYk);
fclose(fidXk1);
fclose(fidYk1);

s=1;

if s>2

(WORKING VOLUME SPIRALS, GENERATING CIRCLES, CRANK CIRCLE);
plot(x0,y0,x1,y1,x2,y2,x3,y3,Xfc,Yfc,Xoc,Yoc,Xfc11,Yfc11,Xfc11,Yfc22,Xoc11,Yoc11,Xoc11,Y
oc22,Xgc,Yge,Xge,Ygcl)

axis([-13,13,-13,13])

axis(’equal’)

end

s=3;

if 2

("WORKING VOLUME SPIRALS, MIDPLANES PERPENDICULAR STRAIGHT LINES’);
plot(x0,y0,x1,y1,x2,y2,x3,y3,x4,y4,x5,y5,Xfc,Yfc,Xoc,Yoc,xplot,yplot,xplot1,yplot1,xplot5,yplot5,
xplot6,yplot6)

axis([-13,13,-13,13))

axis(’equal’)

end

s=3;

if s>2

('WORKING VOLUME SPIRALS, MIDPLANES PERPENDICULAR CIRCULAR ARCS’);
plot(x0,y0,x1,y1,x2,y2,x3,y3,x4,y4,x5,y5,Xfc,Yfc,Xoc,Yoc,Xk,Yk,Xk1,Yk1)
axis([-13,13,-13,13])

axis(’equal’)

end

s=1;

if s>2

CWORKING VOLUME SPIRALS, GENERATING CIRCLES,’);

(MIDPLANES PERPENDICULAR STRAIGHT LINES');
plot(x0,y0,x3,y3,x1,y1,x2,y2,x4,y4,x5,y5,Xfc11,Yfc11,Xfc11,Yfc22,Xoc11,Yoc11,Xoc11,Yoc22,x
plot,yplot,xplotl,yplot1,xplot5,yplotS,xplot6,yplot6)

axis([-13,13,-13,13))

axis(’equal’)

end

if theta >-2.0*pi
(COMPRESSION - DISCHARGE);
('SPIRALS, GENERATING CIRCLES,);
(MIDPLANES PERPENDICULAR STRAIGHT LINES’);

plot(x0,y0,x3,y3,x1,y1,x2,y2,x4,y4,x5,y5,Xfc,Yfc,Xoc,Yoc,Xfc11,Yfcl1,Xfc11,Yfc22,Xoc11,Yoc
11,Xoc11,Yoc22,xplot,yplot,xplot1,yplot1,xplot5,yplot5,xplot6,yplot6)

axis([-14,14,-14,14))

axis(’equal’)
end
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C.5 Command Language (CFX4)

/**********************************************************f
/* SCROLL EXPANDRER */
/* TRANSIENT GRID COMPRESSIBLE, TURBULENT FLOW */
/**********************************************************/
>>CFXF3D
#CALC
NI1=60;
NJ1=20;
NK1=6;
NI2=20;
NJ2=20;
NK2=6;
NI3=60;
NJ3=20;
NK3=6;
NI4=20;
NJ4=20;
NK4=6;
NI5=10;
NI5=10;
NK5=20;
#ENDCALC
>>SET LIMITS
TOTAL INTEGER WORK SPACE 5000000
TOTAL REAL WORK SPACE 15000000
MAXIMUM NUMBER OF BLOCKS 5
MAXIMUM NUMBER OF PATCHES 50
MAXIMUM NUMBER OF INTER BLOCK BOUNDARIES 30
END
>>0OPTIONS
THREE DIMENSIONS
TURBULENT FLOW
HEAT TRANSFER
COMPRESSIBLE FLOW
TRANSIENT FLOW
TRANSIENT GRID
END
>>USER FORTRAN
USRGRD
USRTRN
END
>>MODEL TOPOLOGY

/*****************/

/* CREATE BLOCKS */
ks sk ok ok ke s ok ek
>>CREATE BLOCK
BLOCK NAME 'BLOCK-1’
NUMBER OF I CELLS #NI1
NUMBER OF J CELLS #NJ1
NUMBER OF K CELLS #NK1
END
>>CREATE BLOCK
BLOCK NAME 'BLOCK-2’
NUMBER OF I CELLS #NI2
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NUMBER OF J CELLS #NJ2
NUMBER OF K CELLS #NK2
END

>>CREATE BLOCK
BLOCK NAME 'BLOCK-3’
NUMBER OF I CELLS #NI3
NUMBER OF J CELLS #NIJ3
NUMBER OF K CELLS #NK3
END

>>CREATE BLOCK
BLOCK NAME "BLOCK-4’
NUMBER OF I CELLS #NI4
NUMBER OF J CELLS #NJ4
NUMBER OF K CELLS #NK4
END

>>CREATE BLOCK
BLOCK NAME 'BLOCK-5’
NUMBER OF I CELLS #NI5
NUMBER OF J CELLS #NJ5
NUMBER OF K CELLS #NKS5
END

/*****************/

/* CREATE PATCH */

/*****************/

>>CREATE PATCH
BLOCK NAME 'BLOCK-1’
PATCH NAME 'PATCH-1.1"
PATCH TYPE 'INTER BLOCK BOUNDARY’
LOWI
END

>>CREATE PATCH
BLOCK NAME "'BLOCK-1’
PATCH NAME 'PATCH-1.2’
PATCH TYPE "WALL’
HIGH J
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-1’
PATCH NAME 'PATCH-1.3’
PATCH TYPE "WALL’
HIGHI
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-1”
PATCH NAME 'PATCH-1.4’
PATCH TYPE "WALL’
LOW]J
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-1’
PATCH NAME 'PATCH-1.5’
PATCH TYPE "WALL’
LOW K
END

>>CREATE PATCH
BLOCK NAME "BLOCK-1"
PATCH NAME "PATCH-1.6’
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PATCH TYPE "WALL’
HIGH K
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-2’
PATCH NAME 'PATCH-2.1’
PATCH TYPE "WALL’
LOW]
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-2’
PATCH NAME 'PATCH-2.2’
PATCH TYPE "WALL’
HIGHI
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-2’
PATCH NAME "PATCH-2.3’
PATCH TYPE 'INTER BLOCK BOUNDARY’
HIGHJ
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-2’
PATCH NAME 'PATCH-2.4’
PATCH TYPE 'INTER BLOCK BOUNDARY’
LOWI
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-2’
PATCH NAME 'PATCH-2.5’
PATCH TYPE "WALL’
LOWK
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-2’
PATCH NAME 'PATCH-2.6’
PATCH TYPE "WALL’
HIGH K
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-3’
PATCH NAME "PATCH-3.1’
PATCH TYPE 'INTER BLOCK BOUNDARY’
LOWI
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-3’
PATCH NAME 'PATCH-3.2
PATCH TYPE "WALL’
HIGHJ
END

>>CREATE PATCH
BLOCK NAME "BLOCK-3’
PATCH NAME "PATCH-3.3’
PATCH TYPE "WALL’
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HIGH I
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-3’
PATCH NAME 'PATCH-3.4’
PATCH TYPE "WALL’
LOWJ
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-3’
PATCH NAME 'PATCH-3.5’
PATCH TYPE '"WALL'
LOW K
END

>>CREATE PATCH
BLOCK NAME "BLOCK-3’
PATCH NAME 'PATCH-3.6’
PATCH TYPE "WALL’
HIGH K
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME "PATCH-4.1"
PATCH TYPE "WALL’
LOW ]
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME 'PATCH-4.2’
PATCH TYPE "WALL’
HIGH1
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME 'PATCH-4.3’
PATCH TYPE 'INTER BLOCK BOUNDARY"
HIGHJ
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME 'PATCH-4.4’
PATCH TYPE 'INTER BLOCK BOUNDARY’
LOWI
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME 'PATCH-4.51’
PATCH TYPE "WALL’
LOWK
PATCHLOCATION15 120 11
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME 'PATCH-4.52’
PATCH TYPE "WALL’
LOWK
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PATCH LOCATIONG615 1120 11
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME 'PATCH-4.53’
PATCH TYPE "WALL’
LOWK
PATCHLOCATION 1620 120 1 1
END

>>CREATE PATCH
BLOCK NAME "BLOCK-4’
PATCH NAME 'PATCH-4.54’
PATCH TYPE * INTER BLOCK BOUNDARY"
LOWK
PATCH LOCATIONG615 11011
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-4’
PATCH NAME 'PATCH-4.6’
PATCH TYPE "WALL’
HIGH K
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-5’
PATCH NAME 'PATCH-5.1°
PATCH TYPE "WALL’
LOW]J
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-5’
PATCH NAME 'PATCH-5.2’
PATCH TYPE "WALL'’
HIGH 1
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-5’
PATCH NAME "PATCH-5.3’
PATCH TYPE "WALL’
HIGH J
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-5’
PATCH NAME 'PATCH-5.4°
PATCH TYPE "WALL’
LOWI
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-5’
PATCH NAME 'PATCH-5.5’
PATCH TYPE 'INTER BLOCK BOUNDARY’
HIGH K
END

>>CREATE PATCH
BLOCK NAME 'BLOCK-5’
PATCH NAME 'INLET’
PATCH TYPE 'PRESSURE BOUNDARY’
LOWK
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END

/*****************/

/* GLUE PATCHES */

ek stk ok ke sk ko ook

>>GLUE PATCHES
FIRST PATCH NAME 'PATCH-1.1"
SECOND PATCH NAME 'PATCH-2.3’
ORIENTATION CHANGE "HIGH J’ "HIGH I’ "HIGH K’
END

>>GLUE PATCHES
FIRST PATCH NAME 'PATCH-2.4’
SECOND PATCH NAME 'PATCH-4.4’
ORIENTATION CHANGE 'LOW I 'LOW J’ "HIGH K’
END

>>GLUE PATCHES
FIRST PATCH NAME "PATCH-3.1’
SECOND PATCH NAME 'PATCH-4.3’
ORIENTATION CHANGE "HIGH I’ "HIGH T’ "HIGH K’
END

>>GLUE PATCHES
FIRST PATCH NAME 'PATCH-4.54’
SECOND PATCH NAME 'PATCH-5.5’
END

>>MODEL DATA
>>TITLE
PROBLEM TITLE *'SCROLL EXPANDER R134a’
END
>>PHYSICAL PROPERTIES
>>FLUID PARAMETERS
VISCOSITY 0.206E-4
END
>>COMPRESSIBILITY PARAMETERS
WEAKLY COMPRESSIBLE
UNIVERSAL GAS CONSTANT 8314.0
FLUID MOLECULAR WEIGHT 102.03
REFERENCE PRESSURE 9.489E+05
END
>>HEAT TRANSFER PARAMETERS
FLUID SPECIFIC HEAT 1020.0
THERMAL CONDUCTIVITY 0.0211
ENTHALPY REFERENCE TEMPERATURE 288.0
END
>>TRANSIENT PARAMETERS
TIME STEPS 200*8.333E-5
END

>>SOLVER DATA

>>PROGRAM CONTROL
MAXIMUM NUMBER OF ITERATIONS 100
OUTPUT MONITOR BLOCK 'BLOCK-4’
OUTPUT MONITOR POINT 105 3
MASS SOURCE TOLERANCE 1.0E-5
END

>>DEFERRED CORRECTION
EPSILON START 101
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EPSIL.ON END 101
K START 101

K END 101

END

>>CREATE GRID

>>MODEL BOUNDARY CONDITIONS
>>SET VARIABLES

#CALC
UINL=40.0;
TEINL=0.002*UINL*UINL;
CH=0.02;
EPSINL=TEINL**1.5/(0.3*CH);
#ENDCALC

PATCH NAME ’INLET’

PRESSURE  9.489E+05

TEMPERATURE 310.0

END

>>0UTPUT OPTIONS

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 10
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 20
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 30
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 40
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
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PRESSURE
GEOMETRY DATA
TIME STEP 50
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 60
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 70
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 80
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 90
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 100
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 110
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
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GEOMETRY DATA
TIME STEP 120
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 130
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 140
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 150
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 160
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 170
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 180
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
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TIME STEP 190
END

>>DUMP FILE OPTIONS
U VELOCITY
V VELOCITY
W VELOCITY
PRESSURE
GEOMETRY DATA
TIME STEP 200
END

>>DUMP FILE FORMAT
UNFORMATTED
END

>>STOP
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