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Abstract

The Organic Rankine Cycle (ORC) is an emerging technology for power generation
through heat recovering from different thermal sources. In the 1-10 kW ORC power
generation, it is difficult to find the suitable equipment to expand the gas, reduce pressure
and converse heat to be mechanical energy. Considering from thermodynamics and
mechanics principle, it is obviously found that the scroll mechanism is the most suitable for
kKW scale power generation. The reason for this is that it can operate without the high mass
flow rate condition. This thesis presents the design and development of scroll expander to
assess the maximum built-in volume ratio (discharge volume / suction volume). Using fixed
thickness scroll formulas from the previous work, in this design study, the base radius and
inner ending involute angle were chosen to be design variables and the gradient-based
methods and the direct search methods were utilized to search for the maximum expansion
ratio.  Additionally, some of constraints such as scroll wrap radius within 90, within
slenderness ratio of scroll height and over the minimum scroll height / base radius ratio were
also included in the design. The design result exhibits that built-in volume ratio is 5.7155
which is better than the standard scroll expander, 3.9061. Therefore, this leads to 44.3%
improvement of build-in volume ratio. The results of this work can be considered as the first
process of ORC system design to maximize performance of expander machine within the
desired dimension, the system volume ratio need to be corresponding. Furthermore, the
mechanism has been proved from the motion simulation. This shows the designed scroll

expander can be working with the smooth operation and without any disruption. Finally,

\



Computer Aided Manufacturing, CAM has been introduced to shows the scroll expander

machining for the real production.
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Chapter 1
Introduction

1.1 Statement and significance of problems

The low grade waste heat recovery (temperature lower than 200 °C) from cold and
hot cycle for power generation is one of the system efficiency improvements. Various
technologies had been introduced with this waste heat but the result was not satisfied. Even
though the new emerging technology for this waste heat level has been invented, one of the
technology so-called Organic Rankine Cycle (ORC) is the Rankine cycle which use organic fluid
instead of ordinary water to be convective heat transfer media in the system. This can be
the most popular alternative. The organic substance which has been chosen is our well
known fluid, refrigerant, in regard to required temperature and phase. R245fa is the most
preferable because the narrow phase transition energy and suitable temperature level.

In this cycle, electric generators will be driven by a prime mover. Expansion machines
have been used in this function which can be classified in 2 types, turbo machines and
positive displacement expanders for the high and low gas flow rate accordingly.

The aim of the present paper is to determine the positive displacement mechanism,
scroll expander which is suitable for the low mass flow rate (lower than 1 kg/s) for low grade
waste heat recovery. These mass flow rate and temperature can be applied with the waste
heat of factory and building by using the concept of optimum design to choose the suitable
dimensions of scroll expander for the maximum build-in volume ratio. By setting up the
assumption of build-in volume ratio varied to the number of involute cycle, this leads to

establish the key variable to be inner ending ansle, ¢;, and base circle radius, 73,.

1.2 Objectives

1. The purpose of this research is to find the optimum dimensions of scroll expander
wrap which satisfy the maximum built-in volume ratio for the same diameter and height as

the reference scroll.

2. To achieve this objective, it is necessary to concern all feasible constraint
conditions of scroll geometry. The solution from optimization methodology leads to develop

the new scroll wrap and its prototype.



3. In order to achieve this, the new program in Wolfram Mathematica software has

been created which can plot any type of scroll wrap from scroll geometry theory.

4. According to create 3 dimensions model, the set of 2 dimensions coordinates from

Wolfram Mathematica have to be transferred to CAD software, Solidworks.

5. Then uses Solidworks to develop 4 key parts of scroll mechanism, fixed scroll,

orbiting scroll, Oldham joint and thrust bearing.

6. The last process is to create machining process of scroll expander in CAM software,

ZW3D.

1.3 Scope and limitations

1. In this research, the author uses standard scroll expander of Wincent Lemort [4] in

the same diameter and height for the reference.

2. In this research, Wolfram Mathematica software is used to find the optimum

solution and create scroll wrap.
3. In this research, Solidworks software is used to develop scroll expander model.

4. In this research, ZW3D software is used to create scroll expander machining

process.

1.4 Research questions

Firstly, how to find the better for maximum power output of scroll expander wrap

compare with the standard scroll wrap of Wincent Lemort [4]?

Secondly, how to create the best performance scroll expander wrap and make it to

be 3 dimensions model in CAD file?

Finally, how to develop model to be the prototype in CAM file?



1.5 Hypothesis

Firstly, the brake horse power is increases with the increase of pressure ratio and
pressure ratio varied with built-in volume ratio. In regard to find the maximum power output,

to maximize the built-in volume ratio is to be the solution.

Finally, the optimum solutions will provide the optimum shape of scroll expander

wrap and its model.

1.6 Expectations

1. To understand the scroll geometry, the mechanism of scroll pair and the most

influential factors that impact to scroll wrap design.
2. To predict and set up all constraint conditions to control the optimum procedure.

3. To apply optimization methodology and Wolfram Mathematica command to find

the optimum solution.
4. To develop Wolfram Mathematica program to plot all scroll wrap.

5. Uses Solidworks to develop the 4 key parts of scroll expander model which is the

hearth of scroll mechanism in 3 dimensions CAD file.
6. Creates the assembly simulation to build the smooth motion in CAD file.

7. Uses ZW3D to develop the 4 key parts of scroll expander model in CAM file.

1.7 Research methodology

In regard to this research requires the deep understanding in the scroll geometry and
the mechanism of scroll pair. The author had studied the plenty of related research papers
before design the new methodology to find the best shape of scroll expander wrap for the

maximum built-in volume ratio. Furthermore, this research is chooses 13, and ¢;, to be the



variables to find the maximum volume ratio by eradient-based methods before uses the
solutions to plot scroll expander wrap. After that, develops the 4 key parts of scroll
expander model which is the hearth of scroll mechanism in 3 dimensions CAD file then

shows the manufacturing in CAM file.



Chapter 2

Literature Review and Related Theories
2.1 Associated researches

Scroll theory has been invented by Leon Creux on 1905 [1]. But it was impossible to
produce a working pair of scrolls until the middle 1970’s due to a very small tolerance
required [2]. After that, the scroll compressor become more and more popular because of
its unique advantages, low level of noise, high efficiency and high reliability.

The geometry of scroll compressor is one of the main factors affecting the efficiency
of the compressor. The geometry of the scroll has to be completely understood in order to
establish a thermodynamic model.

The wraps of scrolls directly affect the built-in compression ratio and the performance
of the compressor. Many researchers have done a lot of work in this field which emphasis on
the inner portion because the outer portion of the scroll wraps is the involute and simple.
Furthermore, many following papers described the development of geometrical scroll model
from this basis until Baolong Wang [2] was develop the scroll wrap model which have
thickness variable inside.

At this stage, the new formula of working chamber volume has been developed
based on discretional initial angles of involute. And the expression of the volume during all
the suction, compression and discharge processes in a general subsection function are
disclosure too.

After that, the paper “Derivation of Optimal Scroll Compressor Wrap for Minimization
of Leakage Losses” by lan H. Bell [3] uses this concept to develop volume ratio by substitute
depth and inner ending angle in this ratio. By using fixed displacement volume (suction
volume of scroll compressor or discharge volume of scroll expander), set up radial loss and
leakage loss have the formula belonged to inner ending angle then calculate the minimum
total loss by Phyton software.

2.2 Related theories
2.2.1 Expanders in Organic Rankine Cycle

The low grade waste heat recovery (Temperature lower than 200 °C) from cold and
hot cycle for power generation is another one of system efficiency improving. Various

technologies had been introduced with this waste heat but the result is not satisfied. Even



though the new emerging technology for this waste heat level have been invented. The
Organic Rankine Cycle (ORQ) is the Rankine cycle which use organic fluid instead of ordinary
water to be convective heat transfer media in the system. Thus, this is the most popular
alternative at this time. The organic substance which has been chosen is our well known
fluid, refrigerant, in regard to required temperature and phase. R245fa is the most preferable
because the narrow phase transition energy and suitable temperature level.

In this cycle, electric generators will be driven by prime mover. Expansion machines
have been used in this function which can be classified in 2 types, turbo machines and
positive displacement expanders for the high and low gas flow rate accordingly.

In this thesis, the author will focus to the positive displacement mechanism, scroll
expander which is suitable for the low mass flow rate (lower than 1 kg/s) for low grade waste
heat recovery. These mass flow rate and temperature can be applied with the waste heat of
factory and building by using the concept of optimum design to choose the suitable
dimensions of scroll expander for the maximum built-in volume ratio (discharge volume /
suction volume). By set up the assumption of volume ratio varied to the number of involute
cycles, leads to establish the key variable to be inner ending angle, ¢;, and base circle

radius, 13.

2.2.2 Scroll Compressor and Scroll Expander

In field of rotating machinery, machines are separated in two types. One is turbo
mechanism and another is positive displacement mechanism. The last one can working in
low mass flow rate condition. The major types of positive displacement compressor are
reciprocating, vane, screw and scroll compressors. In contrast with most piston compressor
(reciprocating), rotary compressor (vane, screw and scroll) do not need valves. The timing of

the suction and discharge processes is imposed by the geometry of the machinery [13].

Thus, different than reciprocating technology with many moving parts, the scroll
compressor has one scroll or spiral orbiting in path defined by a matching fixed scroll. The
fixed scroll is attached to the compressor body. The orbiting scroll is couple to the crankshaft
in orbit then rotated. The orbiting motion creates a series of gas pockets traveling between

the two scrolls. On the outer portion of the scroll the pocket draw in gas, move it to center



of the scroll where it’s discharged. As the gas moves in the increasing smaller inner pocket,

the temperature and pressure increase to the desired discharged pressure [14].

Almost all scroll expanders that have been used up to now are prototypes, often
derived from existing scroll compressors. In such a reverse route of compressor, the
decrease of the pressure is caused by an increase of the volume of the expansion chamber.
The ratio between the volume of the expansion chamber at the end of the expansion and
the beginning is called “volume ratio (build-in volume ratio), Vy.qti0”. The expansion process
of a scroll expander: high pressure gas is admitted at the center and trapped in a pocket that
is progressively expanded while travelling in a pocket that is progressively expanded while

traveling to the periphery, where the low pressure gas is finally discharged [13].

2.3 Geometric Models of Scroll Wrap

In regard to prevent the fixed of the scroll thickness in geometric models, the

discretional initial angle has been established.

The scroll wrap shape is an involute of a circle. From the governing equation of
involute, the distance of the point on the involute to its tangent point on the base circle

belonged to this differential relation:

oL@ _ 4 (2.1)
o

Therefore, the Cartesian’s coordinates of the point on the involute with a zero

involute initial angle can be described as the follow:
x = a(cos(¢) + ¢ sin(p)) (2.2)
y = a(sin(¢) — ¢ cos(p))

If the initial angle of the involute is considered in Fig.1, the Cartesian’s coordinates of

the point on the inner and outer involute are:



x; = a(cos(p; + a;) + @;sin(p; + a;)) (2.3)
yi = a(sin(p; + a;) — @;cos(p; + a;))

xo = a(cos(@, + a,) + @osin(p, + a,))

Yo = a(sin(@, + o) = @, cos(@, + a,))

Consider a scroll compressor with discretional initial angles of involute, the

expression of the discharge angle is different from the one with a symmetric initial angle [20]:

Inner involute

(%Xa¥o) Outer involute

Fig. 2.1 Expressions of the inner involute and outer involute,

reprinted from [2]



P2 + 29} sin ((pj; — %) + 2 cos (qo’; - %) = (n - M)2 -2 (2.9)

g =2

*
_En_— Po — Ay

Therefore, the scroll wrap with discretional initial angles of involute are produced as

following:

Outer involute:
X, = a(cos(p, + a,) + @qsin(p, + a,)) (2.5)
Yo = a(Sin((po + 0(0) - P COS(‘po + 0{0))

when  Qoutstart < Po < Pe — Ao
Inner involute:
x; = a(cos(p; + a;) + @;sin(p; + a;)) (2.6)
yi = a(sin(p; + a;) — ¢; cos(g; + a;))
a — a,
when m— — < @ <@Qo—
Interaction arc:

Xcircte = R cos(@eircre) + Xcircle,0 (2.7)

Yeircte = R Sln(¢circle) + Yeircle,0

_1 [ YVinter — Ycircle,0 T a; — Qg
when tan 1( — < Qeircte < 5 = 5
Xinter xcircle,o

Xcircle,0» Yeircle,o0 are the coordinates of the center of the intervene arc.

Xinter» Yinter are the coordinates of the center of the intersection point of the interaction arc

and the outer involute (Fig.2). They could be gained from:
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ai+a
Xcircle,0 = A COS (T[ + = > 0) (2.8)
_ . a;+ ag
YCircle,O = asin (T[ + 2 )
2 2 _ p2
(xinter - xcircle,o) + (xinter - xcircle,o) =R (2.9)

xinter = a(cos((pout,start + ao) + (pout,start Sin((pout,start + aO))

Yinter = a(Sin((Pout,start + ap) — Pout,start COS(‘Pout,start + ap))

Fig. 2.2 Schematic of the interaction arc,
reprinted from [2]

2.4 Working Chamber Models of Scroll Pair

The continuous process of scroll compressor is compost of suction, compression and
discharge from outer to inner of the scroll wraps. Similar as scroll expander is compost of
suction, expansion and discharge but in the opposite direction. For this basic theory, this

research will use scroll compressor as the model. The change of scroll volume is continuous



11

and the geometric model of the volume of working chamber should be advanced in a

continuous manner.

de

Base circle

2a

Fig. 2.3 Schematic of area calculation,

reprinted from [2]

The shading area dS in the Fig. 2.3 can be calculated by [20]:

ds = %L(go)L(qo)d(p = %(ago)zdgo (2.10)
Then the whole area S is:

S = [7 > (ap)?dep = za¢? (2.11)
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From this general calculation formula, the volume of each compression chamber can

be calculated.

2.4.1 Suction Chamber

Fig. 2.4 Schematic of volume calculation of suction chamber,

reprinted from [2]

The main area of the suction chamber is S; (Fig. 2.4)

_ 1 r@e 2 1 rpe—m 2
si=h(; be gLitdo — [P0 Ly do) (2.12)

Here, L; = a(p — a;) and Ly = a(p — ay). So, the main area Sjis:

S, = %ar(Z@(pe — 02— 0(a; + ap+ ™) (2.13)

Nevertheless, the area §; has a difference with the practical suction pocket. The

correction area can be calculated as [19]:
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S, = %ar (2(1 — cosO) — 2(p, — m)sinf — %sin 29) (2.14)

Then, the whole suction volume and its derivative can be derived as:

Vs =2h(S; + S)

= har[(20¢, — 62 — 0(a; + ay + m))
+2(1 - cos8) —2(p, — m)sin6 — %sin 20] (2.15)

avg
= har[(the — 20— (a; + ap + n))
+2sinf — 2(¢p, — m)cosH — gcos 20] (2.16)

0 <0 <2m

2.4.2 Compression Chamber

Same calculation method like suction process, the compression chamber can be

derived as following:

v =2h(: q‘f:_*;”‘e Lide — 2 fq‘;":_*z’:_ge Lo’dep) (2.17)
V. = 2mhar[(2¢, — 20 — (a; + ap + 7)) (2.18)
ave _

= 4mhar (2.19)

2r < 60 S(pe—§n+ 0"

The 6 in this formulation starts from 2m should be mentioned makes the whole
volume model be a subsection function style and easier to use in the scroll simulation. If

the special initial angles (a; + ay, = 0) for Yanagisawa’s model [16] and (a; + ag = g) for
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Halm’s model [18] are applied in function (2.18). (Need to pay attention to the different
starting angle of ).

2.4.3 Discharge Chamber

The two areas: V; (V41 and V4y) and Vy4 (Fig. 2.5) are used in discharge process. For
pocket 1 (V41) , the main throttling phenomena happens at A4; , same as pocket 2 (Vy3) ,
the main throttling phenomena appears at 4,4, , the both are decided by the shape of the
scroll and the orbiting angle. Because Agzq and Ag; is too small compare with V; (V41 and
V42), then it will be neglected. And the central region V,, is treated as outer of discharge
port. Baolong Wang [2] use 2(V41) as the volume of the discharge which different from
Chen’s [19].

Fig. 2.5 Schematic of discharge chamber,
reprinted from [2]
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Zh( Pt L — ST 9L02d<p>

Tl' o* 211' o*

_ zh( Pet2m=0 244 L (Petn0 L02d<p) (2.20)

Postmt+ag 27@ostag

5 *
Here, @, + T+ Qg =T — 0

Vd—har(tpe—0+ 9*——)(<pe—9—9 —al—a0+§n) (2.21)
% = har(—2¢, + 20 + a; + ay, — 3m) (2.22)

qoe—gn+ 0" <0 < (pe—§+ 0"

Fig. 2.6 Definition of expander working chamber,
reprinted from [4]
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The definition of expander working chamber of reference scroll has been shown in Fig.
2.6 used these set of equations (2.1) - (2.22) and its evolution of the volume of the different

chambers with the crank angle has been introduced in Fig. 2.7.

Fig. 2.7 Evolution of the volume of the different chambers with the crank angle,

reprinted from [4]

2.5 Optimization Methodology

2.5.1 Mathematical Model

In this point of view, the nonlinear, constrained optimum design problem can be
expressed mathematically as follows [5], [6]:

T

Find X =[x, X, . Xp] (2.23)
to maximize f(X) (2.24)
subject to hi(X)=0,i=1,.., m (2.253)

giX)=0,j=1,..,n (2.25b)

xk,min < Xk

IA

xk,max (2.25C)
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Based on the above discussion, the design variables are defined as the following: base

circle radius 13, inner ending involute angle @;,, scroll thickness tg and scroll height h.

The scroll thickness and scroll height have been set up to 4.56 mm and 28.65 mm

accordingly same as the standard scroll expander of Vincent Lemort [4].
Thus, the two design variables are shown in (2.26), [7]

X = [Tb,(pie]T (2.26)



Chapter 3

Research methodology
3.1 Geometric Parameters of Scroll Expander

3.1.1 Scroll Wrap Definition

The scroll expander geometry is formed of involutes of a circle. Details of these
geometric parameters are in the previous chapter, nevertheless the full derivations are
presented by Baolong Wang [2]. The involute of a circle is the line that would be formed if
unwrap a circle with radius 13,. The coordinates of a point on the involute are presented in
lan H. Bell [3] as the follow:

x =1y(cosp + (@ — @y)sing) (3.1)
y =1p(sing — (¢ — @) cos )

The thickness of the scroll wrap can be written by:

ts = 1(Pio — Poo) (3.2)

Fig. 3.1 Basic terminology of scroll involute,

reprinted from [3]

The displacement volume, inner chamber volume and volume ratio can be given as the

follow:
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Vdisp = _Zﬂhsrbro(gn — 20+ @io + (Poo) (3.3)

2Vc,d = Znhsrbro(Z(pos + 31— @i — QDOO) (3.4)
o _ Vaisp _ 37— 29ic + @io + oo

Vratw N 2Vea - —2¢os = 3T+ @jo + Poo (35)

Fig. 3.2 Derivation of scroll expander wrap,

reprinted from [3]

3.1.2 Derived Terms
In order to calculate displacement volume and volume ratio, some constraints need
to be clarified. [3]

The orbiting radius of the orbiting scroll can be given by:
T, = 1T — &g (3.6)
The outer involute initial angle is given by:

ts

Poo = — (3.7)

b
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Fig. 3.3 Working process of a scroll expander,

reprinted from [16]

The inner involute initial angle, @;, is set to 0.
The outer starting angle, @,s is equal to 1.57 + @, radians in Vincent Lemort [4] as the

follow:

@os = 1.57 — I (3.8)
h

After passed some simplification from (29) - (32), the height of the scroll wrap can be given
by:

Vdisp
21Tb2Vratio (T + ©00) (2005 + 3T — @i — Po0)

s =

(3.9)

3.2 Optimum Design for the Maximum Power

3.2.1 Objective function
The objective function can be expressed as shown in (14) using the design variables
from (13).

Viatio = f(rb; (pie) (3.10)
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In computation process, (3.5) - (3.8) will be used for evaluating to be the objective function.

3.2.2 Constraint conditions
In this optimal design of scroll expander wrap for organic Rankine cycle, the constraint

conditions mainly consist of four aspects,

(h,): Geometric relationship between hg & Vsp

In computation process, (34) will be used for this constraint.

(g1): Within allowable scroll radius, R,, < 90
Scroll Radius, R, is the maximum radius of scroll orbit. This parameter is can be calculated

as the follow:

Rye = 1y + 1,00 + (3.12)
(g,): Under limited hy < 12t
To control the slenderness ratio of scroll height versus scroll thickness for the smooth

operation of gas flow and prevent effect of transverse vibration.

(g5): Acceptable hy = 21y,
To control the ratio of scroll height versus base circle radius for the smooth operation of gas

flow.
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( Start )

h 4

Prepare all variables and constants
Set up initial trial value for ry,, ;

Y

Optimization Module

Use command FindMaximum <

[ {fa CO]'[S}_, {{ Iy, rlJ(J}.% { Dies (Picl}} } |

Objective Function Constraint Conditions
Voo = 3M-2@ie + Lpil{! + (o0 t;=4.56,h, =28.65, R =1, + 1y + 1,/ 2
- —2¢pos— 31‘[qu10+ po0 vatsn
To =T — 1, (POO__ —t/m (h): hy= 2mrb2Vratio(m+@00) (2¢0s + 31 - @i0 — 900)
Gio =0, Pos = 1.57 =t/ 1 (@) R €90
(2): h, < 12t,
(g3): hy=2r,

h 4

rlJJ (ple
Maximum V
r
@

Fig. 3.4 Work flow of the calculation processes

Fig. 3.4 shows the implementation process of optimum design of scroll expander for

the maximum power output with Wolfram Mathematika software.

3.2.3 Software Implementation Process

One equality and 3 non-equality constraints are involved in the optimal design of
scroll expander wrap for organic Rankine cycle, and this problem is a typical constraint
nonlinear programming problem. To solve this type of problems, can be broadly categorized
into gradient-based methods and direct search methods. Gradient search methods use first

derivatives (gradients) or second derivatives (Hessians) information. Examples are the
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sequential quadratic programming (SQP) method, the augmented Lagrangian method, and the
(nonlinear) interior point method.

Commercial numerical software such as Wolfram Mathematica can support existing
optimization algorithms. When the objective function, constraint conditions and the initial
values are defined, the optimum design can be preceded by optimization function,
FindMaximum (Wolfram command).

FindMaximum used to solve numeric local optimization problem by linear
programming methods, nonlinear interior point algorithms and utilize second derivatives. This
command continues until either of the goals specified by AccuracyGoal or PrecisionGoal
(Wolfram command) is achieved [8]. Fig. 3.5 and Fig. 3.6 show coding in Wolfram

Mathematica.

( *Optimum Design of Scroll Expander for the Maximun Power Generation¥)

(*Vratio = Objective function¥)

(*2Ved = (-2n*hs*rb*ro) *( —2¢os—3n+¢$i0+¢0o0) *)
(*Vdisp = Vratio*(2Vcd)*)

(*rb = Variablelx)

(*ts = Constant#)
(*ro = rbxn-ts *)
(*hs = Constantx)
(*¢i0 = 0%)

(*¢o0 = —ts/ rb¥*)
(*¢os = 1.57-ts/ rb*)

(*¢is = 3.5-ts/ rbx*)
(*¢ie = Variable2x*)
(*Roe = rb + rbx¢die + ts/2%)

(*f = Objective Function = Maximize Vratio#*)

(*cl = Constraint 1 : hl : Relationship between hs & Vdisp¥)

(*c2 = Constraint 2 : gl : Within Allowable Scroll Radius, Roe s 90%)
(*c3 = Constraint 3 : g2 : Under Limited hs < 12tsx)

(*c4 = Constraint 4 : g3 : Acceptable hs 2 2rb¥)

Fig. 3.5 Coding of Optimum Design part 1
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ClearAll[ Vdisp, rb, ¢ie, ts, hs, ro, ¢i0, ¢o0, ¢os, Roe, ¢is , Ved, Vratio] ;

ts = 4.56; hs= 28.65; ro = rbxn—ts; ¢i0 = 0; ¢o0 = —ts/ rb;
¢os = 1.57—-ts/ rb; Roe = rb+rbx¢ie+ts/ 2; ¢is = 3.5-ts/ rb;

Vratio = FindMaximum[ {( 3 n— 2 ¢ie + pi0 + ¢o0) / (—2 pos— 3 7 + $i0 + ¢00) ,
hs == ((-2n*hs*rb*ro) * (-2 ¢os—37+¢i0 + ¢o0)) /
((27n*xb*2) * (7w +¢o0) *(2¢os+3m-¢i0 -¢o0)) &&
Roe s S50 &&hs s 1Z*ts&akhs 2 2rb&&ro 2 0 &&rb 2 0 && ¢ie 2 0},
{{rb, 2.50}, {¢ie, 18}}, PrecisionGoal - 6] ;
Print[ "Maximum Vratio = ", Vratio]

rb =2.4755546332443448" ; ¢ie = 34.43448355262709";
Ved = (-2n*hs*rb*ro) * (-2 ¢os—3 7w+ ¢i0 + ¢o0) / 2;
Vratio =(3n—-2 ¢ie +pi0 + ¢po0) / (-2 pos—3 7+ ¢i0 + ¢00) ;
Vdisp = Vratio* (2 Ved) ;

Print[ "When rb = ", rb]
Print[ "When ¢ie = ", ¢ie]
Print[ "At ts = ", ts]

Print[ "At hs = ", hs]

Print[ "At ro = ", ro]

Print[ "At ¢i0 = ", ¢i0]
Print[ "At ¢o0 = ", ¢o0]
Print[ "At ¢os = ", ¢os]
Print[ "At ¢is = ", ¢is]
Print[ "At Roe = ", Roe]
Print[ "Get 2Ved = ", 2 Vcd]
Print[ "Get Vratio = ", Vratio]
Print[ "Get Vdisp = ", Vdisp]

Fig. 3.6 Coding of Optimum Design part 2



Chapter 4
Result

4.1 Optimum Result

The optimization problem under consideration in this study is to find the optimal
values of the design variable, x; that maximize the built-in volume ratio, V4t From the
computation process, the result of optimum design compared with standard scroll expander
has been shown as in Table. 4.1 — 4.3 By fixing scroll thickness, ty 4.56 mm and scroll height,
hg 28.65 mm, in order to compare with standard scroll expander of Vincent Lemort [4]. That
scroll wrap has built-in volume ratio, Vy4tio 3.9061 at base circle radius, 13, 3.2640 mm, inner
ending involute angle, @;, 25.8250 radians (4.1102 involute cycles). The maximum built-in
volume ratio, Vygtio is 5.7155 (built-in volume ratio increase 44.3%) at base circle radius, 13,
2.4756 mm, inner ending involute angle, @;, 34.4345 radians (5.4804 involute cycles). This
optimal point has shown in Fig. 4.1 and Fig. 4.2 for isometric perspective and contour of
volume ratio based on base circle radius and inner ending angle accordingly. The significant
constraints are (hy): Geometric relationship between hg & Vg, and (g;): Within allowable

scroll radius, R, < 90. Both of these criteria make the local maximum of volume ratio.

Fig. 4.1 Isometric perspective of volume ratio based on

base circle radius and inner ending angle

The result proof the assumption of built-in volume ratio varied to the number of
involute cycle. But if no geometric relationship between hg & Vy;sp, the scroll wrap will be

impractical design from the incomplete geometrical characteristic.
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Fig. 4.2 Contour of volume ratio based on base circle radius and inner ending angle

Table. 4.1 Size dimension of simplified standard scroll expander of Vincent Lemort [4] and

optimum design model

Size ts hy "o Ty Roe

Dimension | [mml | Imm] | [mm] | [mm] [mm]

Standard | 4.56 | 28.65 | 5.6942 | 3.2640 | 89.8368
4.56 | 28.65 | 3.2172 | 2.4756 | 89.9999

Optimum

Table. 4.2 Angle dimension of simplified standard scroll expander of Vincent Lemort [4] and

optimum design model
Angle Poo Pio Pos Pis Pie
Dimension [rad] [rad] [rad] [rad] [rad]
Standard | -1.3971 0 0.1729 | 2.1029 | 25.8250
-1.8420 | O | -0.2720 | 1.6580 | 34.4345

Optimum
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Table. 4.3 Performance of simplified standard scroll expander of Vincent Lemort [4] and
optimum design model

Performance Vaisp 2Vea Vratio | %Vratio | Cycles
[mm’] [mm’]
Standard | 145,946.0 | 37,363.6 | 3.9061 | 100.0 | 4.1102
Optimum 87,864.9 | 15,3729 | 57155 | 144.3 | 5.4804

Table. 4.4 Comparing expansion ratios in the same shape (t, h, and R..) between current

ORC scroll expander research with optimum design model

Comparing Constraints Results
Dimension ts hs Roe Tp Vratio %Vratio
[mm] | [mm] [mm] [mm]

ZhuWu [9] | 5.08 51.55 64.3776 4.0860 1.774 100.0

Optimum 5.08 51.55 64.3776 2.1152 4.865 274.2

Design

Jen-Chieh 4.00 41.00 56.8956 | 2.5900 | 2.950 100.0
Chang [10]

Optimum 4.00 41.00 56.8956 2.1568 3.859 130.8

Design

The current ORC scroll expander research compared with optimum design model has
been shown as in Table. 4.4. The new one has higher built-in volume ratio for both papers.
Zhu Wu’s [9] scroll wrap has built-in volume ratio 1.774, Later, it can be increased to 4.865
and Jen-Chieh Chang’s [10] scroll wrap can be changed from 2.950 to be 3.859 as well.
(Another optimum constraint is not significant in both reference scrolls.)

The meaning of higher built-in volume ratio is that expander can reduce higher
pressure. Xinjing Zhang [11] and Sebastien Declaye [12] described pressure ratio analysis in
their research. The summary for ORC system is (i) normal expansion, of which the outlet

pressure is almost close to the system required pressure; (i) under expansion, of which the
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discharging pressure is higher than the system required pressure, thus the flow of refrigerant is
not smooth from the over pressure; (iii) over expansion, of which the discharging pressure is
lower than the system required pressure thus it would cause reverse flow during discharging
process. It can be called the pressure ratio corresponding to the built in volumetric ratio of
the machine. The under/over expansion losses then occur as illustrated on the P-V diagram

presented in Fig. 4.3.

=t e m e —————--

5,8Xp 5.Cp 5,exp s,cp

Fig. 4.3 Under/over expansion losses,

reprinted from [12]

Thus, this can be the first process of ORC system design to maximize performance of
expander machine within the desired dimension. Then set up the system suction/discharge
pressure of expander from this build in volume ratio to be closed to isentropic expansion.

M. Kane [18] conducted the research in a small hybrid solar power system. It was
found that the expander efficiency decreased at over and under expansion conditions.

Then use some equations from Zhu Wu [9] and Jen-Chieh Chang [10] to evaluate
expander as the following.

The power output of the scroll expander is determined by the conservation equation

of energy:

W = Nmec + m(hexp,in - hexp,out) (4.1)

In which, Rexpin and hexpoue represent the enthalpy at the inlet and exit of the

expander, respectively. The overall mechanical efficiency, N,ec is represents the affect from
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the transmission loss of the pulley and belt, and the mechanical loss of the power generator.

Expander efficiency per unit flow rate is defined as:

hex ,in™ hex ,out

hexp,in_ hexp,out,s

where, Rexpout,s Means the state of fluid, calculated by isentropic expansion process. The
volumetric efficiency could be determined the leakage level of a scroll expander. This is
defined as the ratio of theoretical mass flow rate and the actual one:

Mtk

M, = —h (4.3)

Mactual

The built-in volume ratio varies with pressure ratio. Fadhel Ayachi’s experiment
shows the net electrical power output increases with the increase of the pressure ratio as
well as the increase of the supply pressure and the net efficiency close to 70% after pressure
ratio over 3.0 [19]. This leads to the brake horse power increases with the increase of the

pressure ratio after pressure ratio over 3.0.

Maximum Vratio = {5.71552, {rb —» 2.47555, ¢ie » 34.4345}}
When rb = 2.47555
When ¢ie = 34.4345

At ts = 4.56

At hs = 28.65

At ro = 3.21718

At ¢i0 = 0

At ¢o0 = —-1.84201
At ¢os = —-0.272011
At ¢is = 1.65799

At Roe = 90.
Get 2Ved = 15373.
Get Vratio = 5.71552

Get Vdisp = 87864.9

Fig. 4.4 Data Validation Result
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The author tries to run optimization program in 3 variables, tg, 73, and @;, but the

result can’t be complete (use hg = 28.65 mm). Then changes tg from 4.56 mm to 3, 3.5

and 4 mm and run optimization program with the current 2 variables, 13, and @;,. After that

uses this method with 5, 5.5 and 6 mm. There are some interesting with the result as in Fig.

4.5 and Fig. 4.6.

When rb = 3.26211

When ¢ie = 26.1297

At ts = 3.

At hs = 28.65

At ro = 7.24821

At ¢i0 = 0

At ¢o0 = —-0.919651
At ¢os = 0.650349
At ¢is = 2.58035

At Roe = 90.
Get 2Vcd = 49565.2
Get Vratio = 3.75731

Get Vdisp = 186232.

When rb = 1.15129
When ¢ie = 75.6529

At ts = 3.5

At hs = 28.65

At ro = 0.116894
At ¢i0 = 0

At ¢o0 = —3.04006
At ¢os = —=1.47006

At ¢is = 0.45994

At Roe = 90.

Get 2Ved = 230.745
Get Vratio = 15.2153

Get Vdisp = 3510.85

When rb = 3.45038

When ¢ie = 24.5044

At ts = 4.

At hs = 28.65

At ro = 6.83969
At ¢i0 = 0

At ¢o0 = —1.15929
At ¢os = 0.410708
At ¢is = 2.34071

At Roe = 90.
Get 2Vcd = 48453.1
Get Vratio = 3.57226

Get Vdisp = 173087.

Fig. 4.5 Sensitivity Analysis Result of tg = 3, 3.5 and 4 mm

After consider all pairs of tg and Vyqti0, the result can be summarized that the change

of volume ratio, Vy4ti0 have not the relation with the change of scroll thickness, tg in both

lower and higher than the optimum tg 4.56 mm.

Remark: hg is not a variable of V,4ti0-
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When rb = 2.5 When rb = 4.09539 When rb = 2.08334
When ¢ie = 34. When ¢ie = 20.3044 When ¢ie = 40.7599
At ts = 5. At ts = 5.5 At ts = 6.

At hs = 28.65 At hs = 28.65 At hs = 28.65

At ro = 2.85398 At ro = 7.36604 At ro = 0.544997
At ¢i0 = 0 At ¢i0 = 0 At ¢i0 = 0

At ¢o0 = -2, At ¢o0 = —1.34297 At ¢o0 = —-2.87999
At ¢os = —-0.43 At ¢os = 0.227026 At ¢os = —=1.30999
At ¢is = 1.5 At ¢is = 2.15703 At ¢is = 0.620006
At Roe = 90. At Roe = 90. At Roe = 90.

Get 2Vcd = 13569.3 Get 2Ved = 60939.2 Get 2Ved = 1979.47
Get Vratio = 5.7337 Get vratio = 2.89856 Get Vratio = 7.74153

Get Vdisp = 77802.  get vdisp = 176636. Get Vdisp = 15324.1

Fig. 4.6 Sensitivity Analysis Result of t; = 5, 5.5 and 6 mm
4.4 Derivation of Pair of Scroll Wrap Program

The author uses the equations in chapter 3 ((3.1) - (3.12)) to develop to be pair of
scroll wrap in appendix B, The Pair of Scroll Wrap Program. This program can write the pair of
scroll wrap from any tg, 13, and @, in 2 dimensions as a sample in Fig. 4.7. Then uses the

optimum result of these 3 variables plot our optimum scroll expander pair as in Fig. 4.8.
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B=0;

&6x =ro* Cos[pie+ ] ; (* Orbit Radius,

ro is the radius which control the orbit of moving scroll. x*)
8y = ro* Sin[¢ie + fB] ;

(* 2ro = 2nrb + 2ts and Cos[y] = Cos[¢ie-2n7mn] = Cos[¢pie] *)
m = 8y / 6x;

co = ParametricPlot[ {a * (Cos [¢1i + ¢o0] + ¢i * Sin[¢i + $o0]) + 6x,
a*(Sin[¢i + ¢o0] — ¢i * Cos[¢i + ¢o0]) + &y}, {@#i, pos, ¢ie+ tor},
PlotRange - {—120, 120}, PlotStyle » {RGBColox[ 0, 1, 0] }]; (*...OK*)
ci = ParametricPlot[ {a* (Cos[¢i + ¢i0] + @i * Sin[¢i + ¢i0]) + 6x,
a*(Sin[¢i + $¢i0] — ¢i* Cos[¢i + $i0]) + 6y}, {di, dis, die},
PlotRange - {—120, 120}, PlotStyle » {RGBColox[ 0, 1, 0] }];
(*Remark: Use ¢i as a dummy for all curve from ¢i0=0 ...OK*)
ct = ParametricPlot[ {( Ravg * Cos [¢i] + xcircle0l) + 6x, (Ravg * Sin[¢i] + ycircleO) + 6y},
{¢i, pos—tor*1.25, ¢is +¢i0—tor/ 1.2},
PlotRange - {—120, 120}, PlotStyle » {RGBColox[ 0, 1, 0]}];
(*Remark: 1.28 is the calibration factor. ...OK%)
ce = ParametricPlot|
{x, ((a* (Sin[ (¢ie+ tor) + ¢o0] — ( pie+ tor) * Cos[( pie+ tor) + ¢o0]) + &y) —
(a*(Sin[¢ie + $pi0] — pie * Cos[die + $i0]) +by)) /
((a* (Cos[(¢pie+ tor) + ¢o0] + ( pie+ tor) * Sin[ ( pie+ tor) + ¢o0]) + &x) —
(a*(Cos[die +$i0] +pie* Sin[die + $i0]) + 6x)) *
(x—(a*(Cos[pie +¢$il] + pie* Sin[die + $i0]) +6x)) +
(a*(Sin[¢ie + $i0] — pie * Cos[die + ¢i0]) + 6y) },
{x, a*(Cos[¢ie + ¢i0] + ¢pie * Sin[die + ¢i0]) + 6x,
a* (Cos[(¢ie+ tor) + ¢o0] +( ¢ie+ tor) * Sin[ ( pie+ tor) + ¢o0]) + &x},
PlotRange - {—120, 120}, PlotStyle » {RGBColor[0, 1, 0]}]; (*...OK%)

Fig. 4.7 Sample of code for Orbiting Scroll Wrap
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Fig. 4.8 Counter Clock Wise Turning of Moving Scroll (Green)

4.5 Create Scroll Expander Shape in CAD
4.5.1 Create 3 dimensions of Scroll Expander Wrap

From the above scroll wrap pair, uses the fixed scroll for derivation of the curve
points as in appendix C. The Data Table of a Scroll Wrap Program as a sample in Fig. 4.9.
From the pairs of coordinate x-y in data table, plots these 4 curves of a scroll wrap (outer,

inner, transition and ending curve) in Excel before convert to SolidWorks in 2 dimensions.
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More than 14,000 points were used in this plot (no = 7067, ni = 6443, nt = 391, ne = 145).
Then, add thickness hg 28.65 mm to be 3 dimensions as in Fig. 4.10.

ot dtx dty
~1.3593 0.34387 3.40364
~1.3543 0.31701 3.39780
~1.3493 0.29018 3.39183
-1.3443 0.26338 3.38573
-1.3393 0.23661 3.37949
-1.3343 0.20988 3.37312
~1.3293 0.18317 3.36661
-1.3243 0.15650 3.35997
-1.3193 0.12986 3.35320
-1.3143 0.10326 3.34629
~1.3093 0.07669 3.33925
-1.3043 0.05016 3.33208
-1.2993 0.02366 3.32478
-1.2943 ~0.00280 3.31734
-1.2893 ~0.02923 3.30977
~1.2843 ~0.05561 3.30207
~1.2793 ~0.08196 3.29424
-1.2743 ~0.10826 3.28627
-1.2693 ~0.13453 3.27818
-1.2643 ~0.16076 3.26995
~1.2593 -0.18694 3.26159
-1.2543 -0.21308 3.25310

Fig. 4.9 Sample of Transition Curve Points

After the 3 dimensions scroll wrap in SolidWorks have been created, the key 4 parts
of scroll mechanism, fixed scroll, orbiting scroll, Oldham joint and thrust bearing can be

developed in the next process.
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Fig. 4.10 Scroll Expander Wrap in 3 dimensions

4.5.2 Create the 4 key parts of Scroll Mechanism and Assembly Simulation

The scroll mechanism needed to be considered again before write any part as in Fig.
4.11.

wnasiiduenansianuhdmiunmslyanuienisaneiniu weygsluilulaysslesununisan
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Fig. 4.11 The scroll mechanism

This figure shows the motion path of moving scroll. The inside skin of fixed scroll
must greater than R,, + 1, = 93.172 mm. The author designs the available space for the first

model of this machine as in Fig. 4.12 and Fig. 4.13.



Fig. 4.12 2 dimensions cross section of scroll pair

-

Fig. 4.13 3 dimensions cross section of scroll pair

37
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The 4 key parts of scroll mechanism (fixed scroll, orbiting scroll, Oldham joint and
thrust bearing) and supporting parts (journal bearing, generator shaft, main bearing and

housing) have been developed as in Fig. 4.14 to Fig. 4.24.

Fig. 4.14 Fixed Scroll Expander model (Front)

Fig. 4.15 Fixed Scroll Expander model (Back)



Fig. 4.16 Orbiting Scroll Expander model (Front)

Fig. 4.17 Orbiting Scroll Expander model (Back)
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Fig. 4.18 Oldham Joint model

Fig. 4.19 Thrust Bearing model
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Fig. 4.20 Journal Bearing

Fig. 4.21 Generator Shaft

Fig. 4.22 Main Bearing and Housing
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Fig. 4.23 Assembly of Scroll Expander model (bottom up)

Fig. 4.24 Assembly of Scroll Expander model (top down)

The another important topic to be concerned for shape design is the matching of
Oldham joint with orbiting scroll and fixed scroll. Tolerance and fits are concerned in this

work. Preferred hole basis of ISO fits has been chosen.
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The ISO System of Limits and Fits is a coordinated system of hole and shaft
tolerances for engineering and manufacturing used for cutting tools, material stock, gages, etc.
If held to these tolerances, cutting tools, material stock, and gages are available throughout
the world [17].

The hole basis fits have four preferred hole tolerances (H11, H9, H8, and H7); the shaft
basis fits have four preferred shaft tolerances (h11, h9, h7, and h6é) as shown in Fig. 4.25.

1SO SYMBOL
Hole Shaft DESCRIPTION
Basis Basis
H11/c11 C11/h1 Loose running fit for wide commercial tolerances or allowances
on external members. More
H9/d9 D9/h9 Free running fit not for use where accuracy is essential, but good for large Clearance
Clearance temperature variations, high running speeds, or heavy journal pressures.
H8/f7 F8/h7 Close running fit for running on accurate machines and for accurate
Fits location at moderate speeds and journal pressures.
H7/g6 G7/hé Sliding fit not intended to run freely, but to move and turn freely
and locate accurately.
H7/h6 H7/h6 Locational clearance fit provides snug fit for locating stationary parts;
but can be freely assembled and disassembled.
Transition H7/k6 K7/h6 Locational transition fit for accurate location, a compromise
between clearance and interference.
Fits H7/n6 N7/h6 Locational transition fit for more accurate location where
greater interference is permissible.
H7/p6'I P7/h6 Locational interference fit for parts requiring rigidity and alignment with
prime accuracy of location but without special bore pressure requirements.
Interference H7/s6 87/h6 Medium drive fit for ordinary steel parts or shrink fits on light sections, the
tightest fit usable with cast iron. More
Fits H7/ué U7/h6 Force fit suitable for parts which can be highly stressed or for shrink fits Interference
where the heavy pressing forces required are impractical.

"Transition fit for basic sizes in range from 0 through 3 mm.

Fig. 4.25 Description of preferred fits (ANSI B4.2)

There are 3 fits of hole basis were used in optimum scroll as the follow:

1) H7/g6 for sliding fit between orbiting scroll and Oldham joint and between Oldham
joint and fixed scroll.

2) H8/f7 for close running between orbiting scroll journal bearing.

3) H7/s6 for medium drive between journal bearing and generator shaft and between
generator shaft and main bearing.

Fig. 4.26 shows the bottom view of scroll assembly which connected to generator
shaft
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Fig. 4.26 Bottom view of Scroll Expander assembly

Fig. 4.27 describes the scroll pair contact from the clock wise rotation of orbiting
scroll.  The red line represents the orbit angle which turning around generator shaft. The
blue ring represents the orbiting circle which has orbit radius, 1, for the motion of orbiting
scroll. The orbiting scroll just moving clock wise but its wrap has no rotation from the locking
of Oldham joint.

Fig. 4.28 to Fig. 4.30 shows all synchronizing in top section view of this machine from

0 to 345 degree with the smooth motion.



Fig. 4.27 Describe the Clock Wise motion in top section view of Scroll Expander
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Fig. 4.28 Clock Wise motion in top section view of Scroll Expander in 0 — 105 degree
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Fig. 4.29 Clock Wise motion in top section view of Scroll Expander in 120 — 225 degree
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Fig. 4.30 Clock Wise motion in top section view of Scroll Expander in 240 — 345 degree
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4.6 Create Scroll Expander Manufacturing Process in CAM

4.6.1 Create CAM files of 4 key parts by ZW3D

After have CAD files from SolidWorks, the author converts these files to be Z3 in
ZW3D before sets up the reference point and creates stock of raw material as in Fig. 4.31.

~

Fig. 4.31 Create stock of raw material
After that, sets up the operation process such as Top Facing, Spiralcut, Profilecut and

Drill. In each operation, need to set up Features, Class, Tool and Parameters. Fig. 4.32 shows

the example of Top Facing operation.

Fig. 4.32 Top Facing operation
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Consequently, the author sets up another operation process, Spiralcut, Profilecut and
Drill similarly. Verify each operation to check tool path for the complete work. Sometime,
there are some residuals of work piece need to be machined again. In this case, exits CAM
monitor and write the area to be rework in CAD monitor. Then comes back to CAM again and

sets up the operation. Fig. 4.33 shows the rework of Spiralcut operation.

ard

Fig. 4.33 The rework of Spiralcut operation
Finally, Solid Verify command will be used to simulate the machining process and

Output NC for all command will be used to create NC codes for machining center. Fig. 4.34

to Fig. 4.40 shows the example of Solid Verify in each work piece and plenty of NC codes.

Fig. 4.34 Solid Verify of Fixed Scroll Expander (Front)



Fig. 4.35 Solid Verify of Fixed Scroll Expander (Back)

Fig. 4.36 Solid Verify of Orbiting Scroll Expander (Front)

Fig. 4.37 Solid Verify of Orbiting Scroll Expander (Back)
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Fig. 4.38 Solid Verify of Oldham Joint (Front)

Fig. 4.39 Solid Verify of Thrust Bearing (Front)
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Chapter 5

Conclusion and Suggestion
5.1 Conclusion

The optimal values of the design variables of the scroll expander wrap for organic
Rankine cycle (ORC) power generation were acquired numerically under the required
thickness and height of scroll wrap. Expansion ratio in term of volume ratio and its
constraints were analyzed using linear programming methods, nonlinear interior point
algorithms and utilize second derivatives by FindMaximum (Wolfram command). The
maximum built-in volume ratio is 5.7155 (volume ratio increase 44.3%) at base circle radius 73,
2.4756 mm, inner ending involute angle ¢;, 34.4345 radian (5.4804 involute cycle), while
thickness and height were set up to 4.56 mm and 28.65 mm accordingly. These 2 variables
were chosen to control their dimensions to be compared with the reference scroll.

In order to proof the optimum design procedure, the comparison with another ORC
scroll expanders were used for checking. The higher built-in volume ratio of optimum design
shows the effective of this method.

The result of this work can be considered as the first process of ORC system design to
maximize performance of expander machine corresponding to the built in volumetric ratio
within the desired dimension. It is helpful for the design of scroll expanders wrap and
prediction of the whole ORC system performance.

Nevertheless, this work can be answered the 3 research questions as the follow:

1. Proof the method to find the maximum power output of scroll expander wrap

compare with the standard scroll wrap of Wincent Lemort [4].

2. Proof the procedure of scroll expander design to create the best performance
wrap and make it to be 3 dimensions model in CAD file.

3. Show the method to develop the model to be prototype in CAM file.

Finally, the result of this work can be satisfied research objectives as the follow:

1. The optimum dimensions of scroll expander wrap which satisfy the maximum
built-in volume ratio 5.7155 for the same 180 mm diameter and 28.65 mm height
as the reference scroll.

2. Show the solution from optimum methodology leads to develop the new scroll
wrap and its prototype.

3. Wolfram Mathematica software has been used to plot the pair of scroll wrap from

scroll geometry theory.
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4. The set of 2 dimensions coordinates from Wolfram Mathematica can be transfer
to CAD software, Solidworks more than 14,000 points.

5. Uses Solidworks to develop 4 key parts of scroll mechanism, fixed scroll, orbiting
scroll, Oldham joint and thrust bearing. Furthermore, can develop the scroll
assembly simulation.

6. The machining process of scroll expander in CAM software, ZW3D has been

introduced in this work

5.2 Suggestion

The real prototype and manufacturing can be developed from knowhow in this
research. Nevertheless, there are some criteria need to be concerned for the better
performance of next scroll expander. Instead of uses cast iron for the material of mass
production, uses the composite material for the orbiting scroll can decrease body mass for

the higher rotation speed.

Next idea for product development is fitting the last portion before exhaust. To
increase efficiency of this machine from the reducing of residual pressure as in Fig. 4.12 is to
derivate the curve points of fixed scroll and orbiting scroll separately. For orbiting scroll
wrap, uses the same method of the current fixed scroll as in topic 4.5.1 and creates 3
dimensions of Scroll Expander Wrap. But for the new fixed scroll, extends inner ending
involute angle, @;, to be same as the position of exhaust hole. This method can creates the

complete matching curve between 2 scroll wraps.

With respect to a paragraph in chapter 4, “the built-in volume ratio varies with
pressure ratio. Fadhel Ayachi’s experiment shows the net electrical power output increases
with the increase of the pressure ratio as well as the increase of the supply pressure and the
net efficiency close to 70% after pressure ratio over 3.0 [19]. This leads to the brake horse
power increases with the increase of the pressure ratio after pressure ratio over 3.0.” leads to
the next interesting research. Why isentropic efficiency varies with pressure ratio after
pressure ratio over 3.0? Vincent Lemort [20] has the similar result, isentropic effectiveness

close to 0.7 after pressure ratio over 3.0. What is significant in pressure ratio over 3.0?
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Appendix A.

Optimum Design for the Maximum Power Program
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(*Optimum Design of Scroll Expander for the Maximun Power Generation*)

(*Vratio = Objective function*)

(*2vVcd = (-2n*hs*rb*ro)*(-2¢0s-37+¢10+¢00)*)
(*Vdisp = Vratio*(2Vcd)*)

(*rb = Variablel®)

(*ts = Constant*)

(*ro = rbxr-ts *)

(*hs = Constant*)

(*¢10 = 0%)

(*¢00 = -ts/rb*)

(*¢os = 1.57-ts/rb*)

(*¢is = 3.5-ts/rb*)

(*¢ie = Variable2*)

(*Roe = rb + rbx¢ie + ts/2*)

(*f = Objective Function = Maximize Vratio*)

(*cl = Constraint 1 : hl : Relationship between hs & Vdisp*)

(*c2 = Constraint 2 : gl : Within Allowable Scroll Radius, Roe < 90%)
(*c3 = Constraint 3 : g2 : Under Limited hs < 12ts¥*)

(*c4 = Constraint 4 : g3 : Acceptable hs = 2rb*)



2 | Max & Graph of Scroll Expander_15_PrecisionGoal.nb

ClearAll[Vdisp, rb, ¢ie, ts, hs, ro, ¢i0, ¢00, ¢0s, Roe, ¢is , Vcd, Vratio];

ts = 4.56; hs= 28.65; ro = rbxnx-ts; ¢i0 = 0; ¢00 = -ts/rb;
¢0os = 1.57-ts/rb; Roe = rb+rbx¢ie+ts/2; ¢is = 3.5-ts/rb;

Vratio = FindMaximum[{(3 7 -2 ¢ie + ¢10 + ¢00) / (-2 p0S - 3 7 + ¢i10 + ¢00),
hs == ((-2nx*hs*rb*ro) * (-2 ¢0os -3 7w+ ¢i0 + ¢00)) /
(@rx*rb"2) * (r+ ¢00) * (2 90s +3 7t - 910 - 00 )) &&
Roe < 90&& hs < 12*ts&&hs 2 2rb&&ro > 0&&rb > 0&& ¢ie = 0},
{{rb, 2.50}, {¢ie, 18}}, PrecisionGoal - 6];
Print["Maximum Vratio = ", Vratio]

rb = 2.4755546332443448" ; ¢ie = 34.43448355262709" ;
Ved = (-2nx*hs*rb*ro) * (-2 ¢os - 3w+ ¢i0 +¢00) / 2;
Vratio = (3n-2¢ie +¢i0+¢00) / (-2 ¢p0s -3 7+ ¢i0 + $00) ;
Vdisp = Vratio* (2Vcd);

Print["When rb = ", rb]
Print["When ¢ie = ", ¢ie]
Print["At ts = ", ts]
Print["At hs = ", hs]
Print["At ro = ", ro]
Print["At ¢i0 = ", ¢i0]
Print["At ¢00 = ", ¢00]
Print["At ¢o0s = ", ¢0s]
Print["At ¢is = ", ¢is]
Print["At Roe = ", Roe]
Print["CGet 2Vcd = ", 2 Vcd]
Print["CGet Vratio = ", Vratio]
Print["Get Vdisp = ", Vdisp]

Maximum Vratio = {5.71552, {rb - 2.47555, ¢ie —» 34.4345}}

When rb = 2.47555
When ¢ie = 34.4345
At ts = 4.56
At hs = 28.65

At ro = 3.21718

At ¢i0 = 0

At ¢00 = -1.84201
At ¢pos = -0.272011
At ¢is = 1.65799
At Roe = 90.

Get 2Vcd = 15373.
Get Vratio = 5.71552
Get Vdisp = 87864.9
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ClearAll[Vdisp, rb, ¢ie, ts, hs, ro, ¢i0, ¢00, ¢o0s, Roe, Vcd, Vratio];

ts = 4.56; hs= 28.65; ro = rbxn-1ts; ¢i0 = 0;

¢00 = -ts/rb; ¢os = 1.57-ts/rb; Roe = rb+rbx¢ie+ts/2;
Ved = (-2nx*hs*rb*ro) * (-2 ¢os - 37+ ¢i0 +¢00) / 2;

Vratio = (3n-2¢ie +¢i0+¢00) / (-2 ¢0s -3 7+ ¢i0 + $00);
Vdisp = Vratio* (2Vcd);

T = ContourPlot[{(B -2 ¢ie +¢i0+¢00) / (-2 $0S -3 7 + ¢i0 + $00)}, {rb, 0, 3},

{¢ie, 0, 40}, RegionFunction » (#1+#1*#2+ts/2 <90 &), Contours - 60, Epilog -
({Blue, PointSize[.02], Text[''Local Maximum', {2.0, 34.43448355262709"}],
Point[{2.4755546332443448"~ , 34.43448355262709"}]}), ContourLabels - True,

Frame -» True, FrameLabel -» {"'Base Radius, rb", "Inner Ending Angle, ¢ ie"},
LabelStyle - Directive[Red, Bold]];

pl = ContourPlot[hs ==15373/ ((2 n* rb"2) * (Gt + $00) * (2 p0s + 3 7w - ¢i0 - ¢00)),
{rb, 0, 3}, {¢ie, 0, 40}];

p2 = ContourPlot[rb+rb % ¢ie+ts/2==90, {rb, 0, 3}, {¢ie, O, 40}];

Show[f, pl, p2]

k =Plot3D[{(B -2 ¢ie +¢i0+¢00) / (-2 ¢0s -3 n+¢i0+¢00)}, {rb, 0, 3}, {¢ie, 0, 40},
RegionFunction -» (#1+#1*#2+ts/2 <90 &), AxesLabel -» {"'rb", "¢ ie", "Vratio"},
PlotLabel - "Volume Ratio", LabelStyle - Directive[Red, Bold]];

Show[k]
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nesor= (* New_Profile_Synchronized_Cycle *)
(* Kritsada Lowrungsi 56601145 *)

(*Optimum Design of Scroll Expander for the Maximun Power Generator¥™)
(*The profiles of the scroll with discretional initial angles¥*)

ClearAll[ts, rb, ¢ie, ¢ie, ¢i0, ¢00, tor, ro, Roe, ai, a0, a, ¢is , X0s, yos, xis, Vvis,
xcircleO, ycircleO, ¢os, R1, R2, dR, Ravg, pcircle0, xoe, yoe, xie, yie, 6x, &Y,
m, xmovel2, ymovel2, xmovell, ymovell, xmove22, ymove22, xmove2l, ymove2l,
xmove32, ymove32, xmove3l, ymove3l, xmoved2, ymove42, xmovedl, ymove4l]

(*Parameter 1%*)

(*Primary Parameter®)

ts =4.56; (*scroll thickness*)

rb =2.47555; (*radius of the basic circle*)

¢ie = 34.4345; (*¢pie=Objective function in optimization process,
We will use the fixed difference,

¢0-¢00=9i-¢i0 or ¢i=¢o+ai; ai=0 in the plot calculation*)

(*Secondary Parameter®)
¢oe = pie; (*For the same ending as ¢ie and in the calculation,
we will use ¢o for the main variable*)

910 =0; (*¢i10=0 but exception for this case*)
900 = -ts/rb; (*¢00=(-ts/rb) ; (ts/rb)=(ai-a0)=(¢i0-¢$00)*)

tor =ts/rb;
ro = rbxx-ts; (*ro=(rbxm-ts)*)
Roe = rb+rb«¢ie+ts/2;

ai = ¢i0;

a0 = ¢00;

a=rb;

¢is = - (ai -a0) /2; (*¢is=approx..... (rr-(ai-a0)/2)%*)

(*For outer involute,*)
(*pos<gpo<poe;*)

(*xo0=a*(cos (¢0+a0)+¢0*sin (¢0+a0)) ;*)
(*yo=a*(sin (¢0+a0)-¢0*Cos (¢0+a0)) ;*)

(*For inner involute,*)
Copis<pi<pie;*)

(*xi=a*(cos (¢pi+ai)+pi*sin (pi+ai));*)
Cryi=a*(sin(¢i+ai)-¢i*cos (¢pi+ai));*)

(*Parameter 2%)
Xx0s = a* (Cos[¢0S + a0] + $0S * SIin[¢0S + a0]) ;
yos = a* (Sin[¢0sS + a0] - $0S * COS[¢0S + a0]) ;
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xis =a* (Cos[gis+ai] +pis*Sin[pis+ai]);
yis=a* (Sin[¢is+al] -¢is*Cos[pis+ai]);

xcircleO =a*Cos[n+ (ai +a0) /2] ;
ycircleO =a*Sin[nx+ (ai +a0) /2] ;

Clear[¢o0s]

FindRoot[{(xis - xcircle0)"2 + (yis-ycircle0)"2 ==
((a* (Cos[¢0s + a0] + p0sS * Sin[¢0s + a0])) - xcircle0) "2 +
((@a* (Sin[¢0s + a0] - p0s * Cos[ ¢0s + a0])) - ycircle0) "2},
{¢#0s, 1}, PrecisionGoal - 4]

¢os = 0.9432;
(*From the trial and error to have R2=R1 in the interaction arc¥)

R1 = Sqrt[(xis -xcircle0)"2 + (yis - ycircle0)"2];

R2 = Sqrt[(xos - xcircle0)"2 + (yos - ycircle0)"2];

dR =R1-R2;

(*Check R2 must equalto R1. If not adjust ¢os and re-calculation*)
Ravg = (R1+R2) / 2;

(*"'Cartesian'-»"Polar”,{xcircle0,ycircle0}={Rcircle0,ecircle0}*)
pcircleO = CoordinateTransformData[
{'Cartesian' -» "Polar'}, ""Mapping', {xcircleO, ycircle0O}];

(*Parameter 3%*)
xoe = a* (Cos[¢o0e] + (¢poe - $00) *Sin[¢0e]);
yoe = a* (Sin[¢oe] - (¢p0e - $00) * Cos[¢0e]);

xie =a* (Cos[¢ie] + (pie - ¢i0) *Sin[¢ie]);
yie =a* (Sin[¢ie] - (¢ie - ¢i0) *Cos[¢ie]);

(*Print all paraneter¥®)
Print["ts = ", ts]
Print["rb = ", rb]

Print["¢oe = ", ¢oe]
Print["¢ie = ", ¢ie]

Print["¢o0
Print[“¢i0

", ¢0o0]
", ¢i0]

Print["tor = ", ts/ rb]
Print["ro = ", ro]
Print["'Roe = ", Roe]

Print["a0 = ", a0O]
Print[“ai = ", ail
Print["a = ", a]
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Print["¢os = ", ¢0s]
Print["¢is = ", ¢is]

Print["xos = ", xos]
Print["yos = ", yos]
Print["xis = ", xis]

Print["yis = ", yis]

Print["xcircle0 = ", xcircleO]
Print["ycircle0 = ", ycircleO]

Print["R1 = ", R1]
Print["R2 = ", R2]
Print["dR = ", dR]
Print["Ravg = ", Ravg]

Print["pcircle0 = ", pcircleO]

Print["xoe = ", xoe]
Print["yoe = ", yoe]
Print["xie = ", xie]

Print["yie = ", yie]

ourri= {p0s - 0.943201}



4 | New_Profile_Synchronize_Cycle_v15.nb

ts = 4.56

rb = 2.47555
poe = 34.4345
olie = 34.4345
900 = -1.84201
¢i0 = 0

tor = 1.84201
ro = 3.21717

Roe = 89.9999
a0 = -1.84201

af =0

a = 2.47555

¢p0os = 0.9432
¢olis = 2.22059
xos = -0.286175
yos = -3.39093

xis = 2.87916

yis = 5.29695

xcircle0 = -1.49775

ycircle0 = 1.97106

R1 = 5.49717

R2 = 5.49717

dR = 2.39572x107°

Ravg = 5.49717

pcircle0 = {2.47555, 2.22059}
xoe = 8.56297

yoe = 89.4294
xie = 8.00342
yie = 84.9039

In[751]:=
(*For interaction arc,*)
(*pos<pn<pis;*)
(*xt=R1*cos (¢t)+xcirclel;*)
(*yt=R1*sin (¢t)+ycirclel;*)
(*Calibrate a little number for the better curve*)

(*Plot all Graph*)

(*CCW Cycle is used for Expander Cycle*)
(*1.NE, 2.NW, 3.SW, 4.SE*)

(*Cycle NE*)
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B=0;

é6x=ro*Cos[¢ie+B]; (* Orbit Radius,

ro is the radius which control the orbit of moving scroll. *)
8y =ro*Sin[¢ie + B];

(* 2ro = 2arb + 2ts and Cos[y] = Cos[¢ie-2nnx] = Cos[opie] *)
m = &y / 6X;

co = ParametricPlot[{a* (Cos[¢i + $00] + ¢i *Sin[¢i + $00]) + 6X,
a* (Sin[¢i + ¢00] - ¢i *Cos[oi + ¢00]) + 6y}, {1, ¢0S, pie+tor},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[O0, 1, 0]}]1; (*...0K*)
ci = ParametricPlot[{a* (Cos[¢i + ¢i0] +¢i *Sin[¢i + ¢i0]) +6X,
a* (Sin[¢il +¢i10] - o1 *Cos[oi + ¢i0]) + 6y}, {¢i, ¢is, oie},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}1;
(*Remark: Use ¢i as a dummy for all curve from ¢i0O=0 ...0OK*)
ct = ParametricPlot[{(Ravg * Cos[¢i] + xcircle0) + 6x, (Ravg *Sin[¢i] +ycircle0) + 6y},
{1, pos-tor*1.25, ¢is+¢i0O-tor/ 1.2},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[O, 1, 0]}1;
(*Remark: 1.28 is the calibration factor. ...O0K*)
ce = ParametricPlot[
{x, ((@a* (Sin[(¢ie+tor) +¢o0] - (¢ie +tor) *Cos[(¢ie+tor) +¢o0]) +6y) -
(a* (Sin[¢ie + ¢i0] - pie *Cos[pie + ¢i0]) +6y)) /
((a* (Cos[(¢ie+tor) +¢00] + (pie+tor) *Sin[(¢ie + tor) +¢o0]) +6x) -
(a* (Cos[oie+¢i0] +pie*Sin[¢ie +¢i0]) +5x)) *
(x-(a*(Cos[opie +¢i0] +pie*Sin[¢pie +¢i0]) +6x)) +
(a* (Sin[¢ie + ¢i0] - pie *Cos[pie + ¢i0]) +6y)},
{x, a* (Cos[¢ie +¢i0] +pie*Sin[¢ie + $i0]) + 6X,
a* (Cos[(¢ie +tor) +¢o0] + (¢ie + tor) * Sin[(¢ie + tor) +¢o0]) + 6x},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}]1; (*...0K*)

do = ParametricPlot[
{-a* (Cos[¢i +¢00] + ¢i *Sin[¢i + $00]), -a>* (Sin[¢i + ¢00] - ¢i *Cos[¢i + ¢00])},
{91, ¢0s, ¢ie+tor}, PlotRange - {-120, 120}, PlotStyle -» {RGBColor[1, 0, 0]}]1:
(% . .0K*)
di = ParametricPlot[{-a* (Cos[¢i + ¢i0] + o1 *Sin[¢i +¢i0]),
-a* (Sin[¢i +¢i0] - ¢1 *Cos[¢i +¢i0])}, (o1, ¢is, ¢ie},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[1, 0, 0]}1; (*...0K*)
dt = ParametricPlot[{- (Ravg *Cos[¢i] +xcircle0), - (Ravg *Sin[¢i] +ycircle0)},
{1, pos-tor*1.25, ¢is+¢i0-tor/ 1.2}, PlotRange - {-120, 120},
PlotStyle » {RGBColor[1, 0, 0]1}1; (*...0K*)
de = ParametricPlot[
{-x, -(((@a* (Sin[(¢ie+ tor) +¢00] - (¢ie + tor) *Cos[(¢ie + tor) + ¢00])) -
(a* (Sin[¢ie + ¢i10] -pie *Cos[¢ie + ¢i0]))) /
((a* (Cos[(¢ie+tor) +¢00] + (pie +tor) *Sin[(¢ie + tor) +¢00])) -
(a* (Cos[¢ie + ¢i0] +pie *Sin[pie +¢i0]))) *
(x-(a*(Cos[gie +¢i0] +gpie*Sin[¢ie +¢i0]))) +
(a* (Sin[¢ie +¢i0] -pie*Cos[¢pie +¢i0])))},
{x, a* (Cos[¢ie +¢i0] +pie*Sin[¢ie +¢i0]),
a* (Cos[(¢ie +tor) + ¢o0] + (pie + tor) *Sin[(¢ie + tor) + ¢00])},
PlotRange - {-120, 120},
PlotStyle »
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{RGBColor[1, 0, 01}1; (*...0K*)
Show[co, ci, ct, ce, do, di, dt, de]

(*Cycle NW*)

B=n/2;

é6x=ro*Cos[¢ie +B]; (* Orbit Radius,

ro is the radius which control the orbit of moving scroll. *)
8y =ro*Sin[¢ie +B];

(* 2ro = 2arb + 2ts and Cos[y] = Cos[¢ie-2nnx] = Cos[opie] *)
m = &y / 6X;

co = ParametricPlot[{a* (Cos[¢i + ¢00] + ¢i *Sin[¢i + $00]) + X,
a* (Sin[¢i + ¢00] - ¢i *Cos[¢i + ¢00]) + 6y}, {1, ¢0S, pie +tor},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}]1; (*...0K*)
ci = ParametricPlot[{a* (Cos[¢i + ¢i10] + ¢i *Sin[¢i + ¢i0]) + 6X,
a* (Sin[¢il +¢i10] - o1 *Cos[¢i + ¢i0]) + 6y}, {¢i, ¢is, ¢oie},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}1;
(*Remark: Use ¢i as a dummy for all curve from ¢i0O=0 ...OK¥*)
ct = ParametricPlot[{(Ravg * Cos[¢i] + xcircle0) + 6x, (Ravg *Sin[¢i] +ycircle0) + 6y},
{1, pos-tor*1.25, ¢is+¢i0O-tor/ 1.2},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}1;
(*Remark: 1.28 is the calibration factor. ...O0K*)
ce = ParametricPlot[
{x, ((@a* (Sin[(¢ie+tor) +¢o0] - (¢ie + tor) *Cos[(¢ie + tor) + $00]) +6y) -
(a* (Sin[¢ie + ¢i0] - pie *Cos[¢pie + ¢i0]) +6y)) /
((a* (Cos[(¢ie+tor) +¢00] + (pie +tor) *Sin[(¢ie + tor) +¢o0]) +6x) -
(a* (Cos[¢ie+¢i0] +pie *Sin[¢ie + ¢i0]) +6x)) *
(x-(a*(Cos[opie +¢pi0] +pie*Sin[¢ie + ¢pi0]) +6x)) +
(a* (Sin[¢ie + ¢i0] - pie*Cos[¢pie + ¢i0]) +6y)},
{x, a* (Cos[¢ie + ¢pi0] +pie *Sin[¢ie + ¢i0]) + 6X,
a* (Cos[(¢ie +tor) +¢o0] + (¢ie + tor) * Sin[(¢ie + tor) +¢00]) + 6x3},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}]1; (*...0K*)

do = ParametricPlot[
{-a* (Cos[¢i +¢00] + ¢i *Sin[¢i + $00]), -a>* (Sin[¢i + $00] - ¢i * Cos[¢i + ¢00])},
{91, ¢0s, ¢ie+tor}, PlotRange - {-120, 120}, PlotStyle -» {RGBColor[1, 0, 0]}]1;
(*-..0K*)
di = ParametricPlot[{-a* (Cos[¢i + ¢i0] + ¢i *Sin[¢i + ¢i0]),
-a* (Sin[¢i +¢i0] - ¢1 *Cos[¢i +¢i0])}, (¢, ¢is, ¢ie},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[1, 0, 0]}1; (*...0K*)
dt = ParametricPlot[{- (Ravg * Cos[¢i] + xcircle0), - (Ravg *Sin[¢i] +ycircle0)},
{1, pos-tor*1.25, ¢is+¢i0O-tor/ 1.2}, PlotRange - {-120, 120},
PlotStyle » {RGBColor[1, 0, 0]1}1; (*...0K*)
de = ParametricPlot[
{-x, -(((@a* (Sin[(¢ie +tor) + ¢00] - (pie +tor) *Cos[(¢ie +tor) +¢00])) -
(a* (Sin[¢ie + ¢i10] -pie *Cos[¢pie + ¢i0]))) /
((a* (Cos[(¢ie+tor) +¢00] + (pie + tor) *Sin[(¢ie + tor) + ¢00])) -
(a* (Cos[¢ie + ¢i0] +pie *Sin[pie +¢i0]))) *
(x- (a* (Cos[¢ie +¢i0] + pie *Sin[pie +¢i0]))) +
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(a* (Sin[¢ie +¢i0] - pie *Cos[¢ie+¢i0]1)))},
{x, a* (Cos[¢ie + ¢i0] +pie *Sin[¢ie + ¢i0]),
a* (Cos[(¢ie +tor) +¢00] + (¢ie +tor) *Sin[(¢ie + tor) +¢00])},
PlotRange - {-120, 120},
PlotStyle »
{RGBColor[1, 0, 0]1}1; (*...0K*)

Show[co, ci, ct, ce, do, di, dt, de]

(*Cycle SW*)

B=r;

é6x=ro*Cos[¢ie +B]; (* Orbit Radius,

ro is the radius which control the orbit of moving scroll. *)
8y =ro*Sin[¢ie +B];

(* 2ro = 2arb + 2ts and Cos[y] = Cos[¢ie-2nsx] = Cos[oie] *)
m = 8y / 6X;

co = ParametricPlot[{a* (Cos[¢i + ¢00] + ¢i *Sin[¢i + $00]) + 6X,
a* (Sin[¢il + ¢00] - ¢i *Cos[¢i + ¢00]) + 6y}, {1, ¢0S, pie+tor},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}]1; (*...0K*)
ci = ParametricPlot[{a* (Cos[¢i + ¢10] + ¢i *Sin[¢i + ¢i0]) + 6X,
a* (Sin[¢i +¢i0] - ¢i *Cos[¢i +¢i0]) + 6y}, {1, ¢is, ¢ie},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}1;
(*Remark: Use ¢i as a dummy for all curve from ¢i0O=0 ...OK¥*)

| 7

ct = ParametricPlot[{(Ravg * Cos[¢i] + xcircle0) + 6x, (Ravg *Sin[¢i] +ycircle0) + 6y},

{1, pos-tor*1.25, ¢is+¢i0O-tor/ 1.2},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[O, 1, 0]}1;
(*Remark: 1.28 is the calibration factor. ...0K¥*)
ce = ParametricPlot[
{x, ((@a* (Sin[(¢ie+tor) +¢o0] - (¢ie+ tor) *Cos[(¢ie +tor) + ¢o0]) +6y) -
(a* (Sin[¢ie + ¢i0] - pie *Cos[¢pie + ¢i0]) +6y)) /
((a* (Cos[(¢ie+tor) +¢00] + (pie +tor) *Sin[(¢ie + tor) +¢o0]) +6x) -
(a* (Cos[¢ie+¢i0] +pie*Sin[¢ie +¢i0]) +6x)) *
(x-(a*(Cos[gpie +¢pi0] +pie*Sin[¢ie + ¢pi0]) +6x)) +
(a* (Sin[¢ie + ¢i0] - pie *Cos[¢ie + ¢i0]) +6y)},
{x, a* (Cos[gie +¢i0] +pie*Sin[¢ie + pi0]) +5X,
a* (Cos[(¢ie +tor) +¢00] + (¢ie +tor) * Sin[(¢ie + tor) + ¢o0]) + 6x},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}]1; (*...0K*)

do = ParametricPlot[
{-a* (Cos[¢i +¢00] + ¢1 *Sin[oi +900]), -a>* (Sin[¢i + 00] - ¢i1 *Cos[¢i + ¢00]) 7},

{¢i, ¢0s, ¢ie+tor}, PlotRange -» {-120, 120}, PlotStyle -» {RGBColor[1, O, 0]}];

*...0K*®)
di = ParametricPlot[{-a* (Cos[¢i + ¢i0] + o1 *Sin[¢i +¢i0]),
-a* (Sin[¢i +¢i0] - ¢1 *Cos[¢i +¢10])}, {¢i, ¢is, ¢le},
PlotRange - {-120, 120}, PlotStyle » {RGBColor[1, 0, 0]}]; (*-...0K*)
dt = ParametricPlot[{- (Ravg *Cos[¢i] + xcircle0), - (Ravg *Sin[¢i] +ycircle0)},
{¢pi, pos-tor*1.25, ¢is+¢i0O-tor/1.2}, PlotRange - {-120, 120},
PlotStyle » {RGBColor[1, 0, 0]}]; (*...0K*)
de = ParametricPlot[
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{-x, -(((@* (Sin[(¢ie+tor) +¢00] - (¢pie + tor) *Cos[(¢ie +tor) + ¢00])) -
(a* (Sin[¢ie + ¢i0] - pie *Cos[gpie + ¢i0]))) /
((a* (Cos[(¢ie+tor) +¢00] + (pie +tor) *Sin[(¢ie + tor) +¢00])) -
(a* (Cos[oie +¢i0] +pie *Sin[pie + ¢pi0]))) *
(x-(@a*(Cos[gpie +¢i0] +pie*Sin[¢ie +¢i0]))) +
(a* (Sin[¢ie +¢i0] -pie*Cos[oie +¢i0])))},
{x, a* (Cos[gie +¢i0] +pie*Sin[¢ie + ¢i0]),
a* (Cos[(¢ie +tor) +¢o0] + (¢ie +tor) * Sin[(¢ie +tor) +¢00])},
PlotRange - {-120, 120},
PlotStyle -
{RGBColor[1, 0, 0]1}1; (*...0K*)

Show[co, ci, ct, ce, do, di, dt, de]

(*Cycle SE*)

B=3n/2;

6x=ro*Cos[¢ie+B]; (* Orbit Radius,

ro is the radius which control the orbit of moving scroll. *)
8y =ro*Sin[¢ie+ B];

(* 2ro = 2arb + 2ts and Cos[y] = Cos[¢ie-2nnn] = Cos[¢ie] *)
m = 8y / 6X;

co = ParametricPlot[{a* (Cos[¢i + $00] + ¢i *Sin[¢i + $00]) + 6X,
a* (Sin[¢i + ¢00] - o1 *Cos[¢i + ¢00]) + 6y}, {¢i, ¢0S, ¢ie+tor},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}]1; (*...0K*)
ci = ParametricPlot[{a* (Cos[¢i + ¢i0] + i *Sin[¢i + ¢i0]) +6X,
a* (Sin[¢i + ¢i0] - ¢i *Cos[¢i + ¢i0]) + 6y}, {d1, ¢is, ¢ie},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[O, 1, 0]}1;
(*Remark: Use ¢i as a dummy for all curve from ¢i0O=0 ...OK*)
ct = ParametricPlot[{(Ravg * Cos[¢i] + xcircleO) + 6x, (Ravg *Sin[¢i] +ycircle0) + 6y},
{91, pOos-tor*1.25, ¢is+¢i0-tor/ 1.2},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[O, 1, 0]1}]1;
(*Remark: 1.28 is the calibration factor. ...0K¥*)
ce = ParametricPlot[
{x, ((@a* (Sin[(¢ie+tor) +¢$00] - (¢ie +tor) *Cos[(¢ie + tor) + ¢o0]) +6y) -
(a* (Sin[¢ie +¢i0] - pie*Cos[¢pie + ¢i0]) +6y)) /
((a* (Cos[(¢ie+tor) +¢00] + (pie +tor) *Sin[(¢ie + tor) +¢o0]) +6x) -
(a* (Cos[¢ie +¢i0] +pie*Sin[¢ie +¢i0]) +5x)) *
(x-(@a*(Cos[gpie +¢i0] +pie*Sin[¢ie + ¢i0]) +6x)) +
(a* (Sin[¢ie +¢i0] - pie *Cos[¢pie + ¢pi0]) +6y)},
{x, a* (Cos[¢ie +¢i0] +pie*Sin[¢ie + $i0]) + 56X,
a* (Cos[(¢ie +tor) +¢o0] + (¢ie + tor) * Sin[(¢ie + tor) + $o0]) + 6x3},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[0, 1, 0]}1; (*...0K*)

do = ParametricPlot[
{-a* (Cos[¢i +¢00] + ¢i *Sin[¢i +900]), -a>* (Sin[¢i + 00] - ¢1 *Cos[¢i + ¢00])7},
{¢i, ¢0s, ¢ie+tor}, PlotRange -» {-120, 120}, PlotStyle -» {RGBColor[1, O, 0]}];
C*...0K®)
di = ParametricPlot[{-a* (Cos[¢i + ¢i0] + o1 *Sin[¢i +¢i0]),
-a* (Sin[¢i +¢i10] - ¢i * Cos[¢i +¢i0])}, {¢i, ¢is, ¢ie},
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PlotRange - {-120, 120}, PlotStyle » {RGBColor[1, 0, 0]}]; (*...0K*)
dt = ParametricPlot[{- (Ravg *Cos[¢i] + xcircle0), - (Ravg *Sin[¢i] + ycircle0)},
{91, pos - tor*1.25, ¢is+¢i0-tor/ 1.2}, PlotRange - {-120, 120},
PlotStyle -» {RGBColor[1, 0, 0]}]; (*...0K*)
de = ParametricPlot[
{-x, -(((a* (Sin[(¢ie +tor) +¢00] - (¢ie +tor) *Cos[(¢ie + tor) + ¢00])) -
(a* (Sin[¢ie + ¢i0] - pie *Cos[gpie + ¢i0]))) /
((a* (Cos[(¢ie+tor) +¢00] + (pie+tor) *Sin[(¢ie + tor) +¢00])) -
(a* (Cos[¢ie +¢i0] +pie *Sin[pie + 9i0]))) *
(x-(a*(Cos[oie +¢i0] +pie*Sin[¢pie +¢i0]))) +
(a* (Sin[¢ie + ¢i0] - pie*Cos[pie +¢i0])))},
{x, a* (Cos[¢ie +¢i0] +pie*Sin[¢ie +¢i0]),
a* (Cos[(¢ie +tor) +¢o0] + (¢ie + tor) * Sin[(¢ie + tor) +$00])},
PlotRange - {-120, 120},
PlotStyle -
{RGBColor[1, 0, 0]}1; (*-.-0OK*)

Show[co, ci, ct, ce, do, di, dt, de]

(*End*)
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out[757)=
-100

100

-100

100
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out[765)=
-100

100

-100

100






Appendix C.

The Data Table of a Scroll Wrap Program

80



n= (* New_Profile _Table Data *)
(* Kritsada Lowrungsi 56601145 *)

(*Optimum Design of Scroll Expander for the Maximun Power Generator¥™)
(*The profiles of the scroll with discretional initial angles¥*)

ClearAll[ts, rb, ¢ie, ¢ie, ¢i0, ¢00, tor, ro, Roe, ai, a0, a, ¢is , X0s, yos, xis, Vvis,
xcircleO, ycircleO, ¢os, R1, R2, dR, Ravg, pcircle0, xoe, yoe, xie, yie, 6x, &Y,
m, xmovel2, ymovel2, xmovell, ymovell, xmove22, ymove22, xmove2l, ymove2l,
xmove32, ymove32, xmove3l, ymove3l, xmoved2, ymove42, xmovedl, ymove4l]

(*Parameter 1%*)

(*Primary Parameter®)

ts =4.56;

rb =2_47555;

¢ie = 34.4345; (*¢pie=Objective function in optimization process,
We will use the fixed difference,

¢0-¢00=9i-¢i0 or ¢i=¢o+ai; ai=0 in the plot calculation*)

(*Secondary Parameter®)
¢oe = pie; (*For the same ending as ¢ie and in the calculation,
we will use ¢o for the main variable*)

910 =0; (*¢i10=0 but exception for this case*)
900 = -ts/rb; (*¢00=(-ts/rb) ; (ts/rb)=(ai-a0)=(¢i0-¢$00)*)

tor =ts/rb;
ro = rbxx-ts; (*ro=(rbxm-ts)*)
Roe = rb+rbx¢ie+ts/2;

ai = ¢i0;

a0 = ¢00;

a=rb;

¢is = - (ai -a0) /2; (*¢is=approx..... (r-(ai-a0)/2)%*)

(*For outer involute,*)
(*pos<gpo<poe;*)

(*xo0=a*(cos (¢0+a0)+¢p0*sin (¢0+a0)) ;*)
(*yo=a*(sin (¢0+a0)-¢0*Cos (¢0+a0)) ;*)

(*For inner involute,*)
Copis<pi<pie;*)

(*xi=a*(cos (¢pi+ai)+pi*sin (pi+ai));*)
Cyi=a*(sin(¢i+ai)-¢i*cos (¢pi+ai));*)

(*Parameter 2%*)
X0s = a* (Cos[¢0S + a0] + $0S * SIin[¢0S + a0]) ;
yos = a* (Sin[¢0s + a0] - ¢0S * COS[¢0S + a0]) ;
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xis =a* (Cos[gis+ai] +pis*Sin[pis+ai]);
yis=a* (Sin[¢is+al] -¢is*Cos[pis+ai]);

xcircleO =a*Cos[n+ (ai +a0) /2] ;
ycircleO =a*Sin[nx+ (ai +a0) /2] ;

Clear[¢o0s]

FindRoot[{(xis - xcircle0)"2 + (yis-ycircle0)"2 ==
((a* (Cos[¢0s + a0] + p0sS * Sin[¢0s + a0])) - xcircle0) "2 +
((@a* (Sin[¢0s + a0] - p0s * Cos[ ¢0s + a0])) - ycircle0) "2},
{¢#0s, 1}, PrecisionGoal - 4]

¢os = 0.9432;
(*From the trial and error to have R2=R1 in the interaction arc¥)

R1 = Sqrt[(xis -xcircle0)"2 + (yis - ycircle0)"2];

R2 = Sqrt[(xos - xcircle0)"2 + (yos - ycircle0)"2];

dR =R1-R2;

(*Check R2 must equalto R1. If not adjust ¢os and re-calculation*)
Ravg = (R1+R2) / 2;

(*"'Cartesian'-»"Polar”,{xcircle0,ycircle0}={Rcircle0,ecircle0}*)
pcircleO = CoordinateTransformData[
{'Cartesian' -» "Polar'}, ""Mapping', {xcircleO, ycircle0O}];

(*Parameter 3%*)
xoe = a* (Cos[¢o0e] + (¢poe - $00) *Sin[¢0e]);
yoe = a* (Sin[¢oe] - (¢p0e - $00) * Cos[¢0e]);

xie =a* (Cos[¢ie] + (pie - ¢i0) *Sin[¢ie]);
yie =a* (Sin[¢ie] - (¢ie - ¢i0) *Cos[¢ie]);

éx=ro*Cos[¢ie]; (* Orbit Radius,

ro is the radius which control the orbit of moving scroll. *)
8y =ro*Sin[¢ie];

(* 2ro = 2arb + 2ts and Cos[y] = Cos[¢ie-2nnn] = Cos[¢ie] *)
m = 8y / 6X;

(*Parameter 4.1 SW*)
Xmovel2 = xoe - 6X;
ymovel2 = yoe - 8y;
xmovell = xie - 6X;
ymovell = yie - 8y;

(*Parameter 4.2 NW*)
Xmove22 = xoe - 6Y;
ymove22 = yoe + 6X;
xmove2l = xie - §y;
ymove2l = yie + 6X;



(*Parameter 4.3 NE*)
xmove32 = Xoe + 6X;
ymove32 = yoe + 6Y;
xmove3l = xie + 6X;
ymove3l = yie + §y;

(*Parameter 4.4 SE*)
xmove42 = xoe + 6Y;
ymove42 = yoe - 5X;
xmove4dl = xie + 8y;
ymove4l = yie - 5X;

(*Print all paraneter¥™)
Print["ts = ", ts]
Print["rb = ", rb]

Print["¢oe = ", ¢oe]

Print["¢ie = ", ¢ie]
Print["¢00 = ", ¢00]
Print["¢i0 = ", ¢i0]

Print["tor = ", ts/rb]

Print["ro = ", ro]
Print["Roe = ", Roe]
Print["a0 = ", a0O]
Print[“ai = ", ai]

Print["a = ", a]

Print[“¢os = ", ¢o0s]
Print["¢is = ", ¢is]

Print["xos = ", xos]
Print["yos = ", yos]
Print["xis = ", xis]

Print["yis = ", yis]

Print["xcircleO = ", xcircleO]
Print["ycircle0 = ", ycircleO]

Print["R1 = ", R1]
Print["R2 = ", R2]
Print["dR = ", dR]
Print[“Ravg = ", Ravg]

Print["pcircleO0 = ", pcircleO]

Print["xoe = ", xoe]

New_Profile_Table_Data_v9_short cut.nb
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Out[22]=

Print["yoe = ", yoe]
", xie]
Print["yie = ", yie]

Print["xie

Print["séx
Print["sy

Print["xmovel2 = "
Print["ymovel2 = "
Print["xmovell = "
Print["ymovell = "

Print["xmove22 = "
Print["ymove22 = "
Print["xmove2l = "
Print["ymove2l = "

Print["xmove32 = "
Print["ymove32 = "
Print["xmove3l = "
Print["ymove3l = "

Print["xmove42 = "
Print["ymove42 = "
Print["xmove4l = "
Print["ymove4l = **

{¢0s - 0.943201}

ts = 4.56

rb 2.47555

poe = 34.4345

¢pie = 34.4345
900 = -1.84201

¢i0 = 0
tor = 1.84201
ro = 3.21717

Roe = 89.9999

a0 = -1.84201
af =0

a = 2.47555

¢p0os = 0.9432
olis = 2.22059
xos = -0.286175
yos = -3.39093

", 6x]

", oyl
Print["m = ", m]

xmovel2]
ymovel2]
xmovell]
ymovell]

xmove22]
ymove22]
xmove21]
ymove21]

xmove32]
ymove32]
xmove31]
ymove31]

xmove4?2]
ymove42]
xmove4l]
ymove4l]



i 2

X
-
0
1

.87916

yis = 5.29695

xcircle
ycircle
R1 = 5.
R2 = 5.
dR = 2.
Ravg =

pcircle0 = {2.47555, 2.22059}

0 = -1.49775
0 = 1.97106
49717

49717

39572 x 107
5.49717

xoe = 8.56297
yoe = 89.4294
xie = 8.00342
yie = 84.9039

6x = -3.19286

oy = 0.
m = -0.
xmovel2
ymovel2
xmovell
ymovell
xmove22
ymove22
xmove2l
ymove2l
xmove32
ymove32
xmove31l
ymove3l
xmove42
ymove42
xmove41

ymove41l

394776
123644

= 11.7558
= 89.0346
= 11.1963
= 84.5091
= 8.16819
= 86.2366
= 7.60864
= 81.711
= 5.37011
= 89.8242
= 4.81056
= 85.2987
= 8.95775
= 92.6223
= 8.39819
= 88.0967

New_Profile_Table_Data_v9_short cut.nb
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In[100]:=

(*For interaction arc,*)

(*pos<pn<dis;*)

(*xt=R1*cos (¢t)+xcirclel;*)

(*yt=R1*sin (¢t)+ycirclel;*)

(*Calibrate a little number for the better curve*)

(*Plot all Graph*)

(*CCW Cycle is used for Expander Cycle*)
(*1.NE, 2.NW, 3.SW, 4.SE*)

(*Cycle NE*)
do = ParametricPlot[{-a* (Cos[¢i + $00] + o1 *Sin[¢i + ¢00]),
-a* (Sin[¢i + ¢00] - o1 *Cos[di + ¢00])}, {oi, ¢0S, ¢pie+tor},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[1, 0, 0]}]1; (*...0K*)
di = ParametricPlot[{-a* (Cos[¢i + ¢i0] + o1 *Sin[¢i + ¢i0]),
-a> (Sin[¢i +¢i0] - ¢1 *Cos[¢i + ¢i0])}, {¢1, ¢is, ¢ie},
PlotRange - {-120, 120}, PlotStyle -» {RGBColor[1, 0, 0]}]; (*...0K*)
dt = ParametricPlot[{- (Ravg *Cos[¢i] +xcircle0), - (Ravg *Sin[¢i] +ycircle0)},
{1, g0S -tor *1.25, ¢is+¢i0-tor/1.2}, PlotRange - {-120, 120},
PlotStyle -» {RGBColor[1, 0, 0]}]; (*..-0K*)
de = ParametricPlot[{-x,
-(((@a* (Sin[(¢ie+tor) +¢00] - (¢pie +tor) *Cos[(¢ie+tor) +¢00])) -
(a* (Sin[¢ie + ¢i0] - pie *Cos[pie + ¢i0]))) /
((a* (Cos[(¢ie+tor) +¢00] + (pie+tor) *Sin[(¢ie +tor) + ¢00])) -
(a* (Cos[¢ie +¢i0] +pie*Sin[¢ie +¢i0]))) *
(x-(a*(Cos[opie +¢i0] +pie*Sin[¢ie +¢i0]))) +
(a* (Sin[¢ie + ¢i0] - pie *Cos[pie + ¢i0])))},
{x, a* (Cos[¢ie + ¢pi0] +pie *Sin[¢ie + ¢i0]),
a* (Cos[(¢ie +tor) +¢o0] + (¢ie + tor) *Sin[(¢ie +tor) +¢00])},
PlotRange - {-120, 120},
PlotStyle -»
{RGBColor[1, 0, 01}1; (*-.-.0K*)

Show[do, di, dt, de]



New_Profile_Table_Data_v9_short cut.nb | 7

100

out[104]=

1 n 1
-100 100

-100 |

nposi= (*Table Data*)

Print["¢oe = ", ¢oe]
Print["¢ie = ", ¢ie]
Print["¢0o0 = ", ¢00]
Print["¢i0 = ", ¢i0]

Print["tor = ", ts/ rb]
Print["a = ", a]

Print["¢os = ", ¢0s]

Print["¢is = ", ¢is]

Print["ao = ", A0 =0.005]

Print["no = ", no = Round[((¢ie + tor) - ¢0s) 7/ A0]]
Print["ai = ", Ai =0.005]

Print["'ni = ", ni = Round[(¢ie - ¢is) 7/ ai]]
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Print["at = ", At = 0.005]
Print["nt = ", nt = Round[((¢is + ¢i0-tor/1.2) - (¢0s-tor *1.2)) / at]]

Print["ae = ", ae = 0.005]
Print['ne = ",
ne = Round[((ro* (Cos[(¢ie +tor) + ¢00] + (¢ie + tor) *Sin[(¢ie +tor) +¢00])) -
(ro* (Cos[¢ie +¢i0] +pie*Sin[pie +¢i0]))) 7 2e]]

dox[¢i_] =-a* (Cos[¢i + p00] + i *Sin[¢i + $00]);
doy[¢i_] =-a*(Sin[¢i + p00] - ¢i *Cos[¢1 + $00]);

list = Table[{PaddedForm [¢i, {6, 4}], PaddedForm[dox[¢i], {8, 5}1.,
PaddedForm[doy[¢i], {8, 5}1}, {¢i, ¢0s, ¢ie+tor, A0}];
TableForm[list, TableHeadings -» {None, {" ¢0", " dox™, "' doy''}},
TableAlignments - Right, TableSpacing - {0, 3}]

dix[¢i_] =-a* (Cos[¢i +¢i0] +¢i *Sin[¢i + $i0]);
diy[¢i_] =-a* (Sin[¢i + ¢i0] - ¢i *Cos[¢i +¢i0]);

list = Table[{PaddedForm [¢i, {6, 4}], PaddedForm[dix[¢i], {8, 5}]1,
PaddedForm[diy[¢i], {8, 5}1}. {¢i, ¢is, ¢ie, Ai}];
TableForm[list, TableHeadings -» {None, {" i, " dix", " diy"}},
TableAlignments - Right, TableSpacing -» {0, 3}]

dtx[¢i_] = - (Ravg *Cos[¢i] +xcircle0);
dty[¢i_] = - (Ravg *Sin[¢i] +ycircle0);

list = Table[{PaddedForm[¢i, {6, 4}], PaddedForm[dtx[¢i], {8, 5}]1,

PaddedForm[dty[¢i], {8, 5}1}., {¢i1, ¢os-tor *1.25, ¢is+¢i0O-tor/ 1.2, At}];

TableForm[list, TableHeadings -» {None, {" ot”, daex, " dty"}},
TableAlignments - Right, TableSpacing -» {0, 3}]

dex[¢i_] = -X;
dey[¢i_] =-((((a* (Sin[(¢ie +tor) +¢00] - (pie + tor) * Cos[(¢pie + tor) +¢00])) -
(a*(Sin[¢ie + ¢i0] - pie *Cos[gpie + ¢i0]))) /
((a* (Cos[(¢ie+tor) +¢00] + (pie +tor) *Sin[(¢ie + tor) +¢00])) -
(a* (Cos[oie + ¢i0] +pie *Sin[pie + ¢i0]))) *
(x-(@a*(Cos[gpie +¢i0] +pie*Sin[¢ie +¢i0]))) +
(a* (Sin[¢ie +¢i0] - pie *Cos[pie + ¢i0])));

list = Table[{PaddedForm[x, {6, 4}], PaddedForm[dex[x], {8, 5}1.,
PaddedForm[dey[x], {8, 5}1}, {x, a* (Cos[¢ie + ¢i0] + pie *Sin[¢ie + ¢i0]),
a* (Cos[(¢ie +tor) +¢o0] + (¢ie + tor) * Sin[(¢ie + tor) + $00]), Ae}];
TableForm[list, TableHeadings -» {None, {" X", " dex™, " dey''}},
TableAlignments - Right, TableSpacing - {0, 3}]

poe = 34.4345



¢pie = 34.4345
¢00 = -1.84201
¢i0 = 0
tor = 1.84201
a = 2.47555
¢p0os = 0.9432
¢pis = 2.22059
A0 = 0.005
no = 7067
Al = 0.005
ni = 6443
At = 0.005
nt = 391
Are = 0.005
ne = 145
Out[124]//TableForm=
large output show less show more
Out[128]//TableForm=
large output show less show more
Out[132]//TableForm=
ot dtx dty
-1.3593 0.34387 3.40364
-1.3543 0.31701 3.39780
-1.3493 0.29018 3.39183
-1.3443 0.26338 3.38573
-1.3393 0.23661 3.37949
-1.3343 0.20988 3.37312
-1.3293 0.18317 3.36661
-1.3243 0.15650 3.35997
-1.3193 0.12986 3.35320
-1.3143 0.10326 3.34629
-1.3093 0.07669 3.33925
-1.3043 0.05016 3.33208
-1.2993 0.02366 3.32478
-1.2943 -0.00280 3.31734
-1.2893 -0.02923 3.30977
-1.2843 -0.05561 3.30207
-1.2793 -0.08196 3.29424
-1.2743 -0.10826 3.28627
-1.2693 -0.13453 3.27818
-1.2643 -0.16076 3.26995
-1.2593 -0.18694 3.26159
-1.2543 -0.21308 3.25310

show all

show all

New_Profile_Table_Data_v9_short cut.nb
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| o
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-1.2493 -0.23918 3.24448
-1.2443 -0.26524 3.23573
-1.2393 -0.29125 3.22685
-1.2343 -0.31722 3.21784
-1.2293 -0.34314 3.20871
-1.2243 -0.36901 3.19944
-1.2193 -0.39484 3.19004
-1.2143 -0.42062 3.18051
-1.2093 -0.44636 3.17085
-1.2043 -0.47204 3.16107
-1.1993 -0.49768 3.15116
-1.1943 -0.52327 3.14111
-1.1893 -0.54880 3.13095
-1.1843 -0.57429 3.12065
-1.1793 -0.59972 3.11023
-1.1743 -0.62510 3.09967
-1.1693 -0.65042 3.08900
-1.1643 -0.67570 3.07819
-1.1593 -0.70092 3.06726
-1.1543 -0.72608 3.05621
-1.1493 -0.75119 3.04502
-1.1443 -0.77624 3.03372
-1.1393 -0.80124 3.02228
-1.1343 -0.82617 3.01073
-1.1293 -0.85105 2.99905
-1.1243 -0.87588 2.98724
-1.1193 -0.90064 2.97531
-1.1143 -0.92534 2.96326
-1.1093 -0.94998 2.95108
-1.1043 -0.97456 2.93878
-1.0993 -0.99908 2.92636
-1.0943 -1.02353 2.91381
-1.0893 -1.04793 2.90114
-1.0843 -1.07226 2.88835
-1.0793 -1.09652 2.87544
-1.0743 -1.12072 2.86241
-1.0693 -1.14486 2.84926
-1.0643 -1.16892 2.83598
-1.0593 -1.19293 2.82259
-1.0543 -1.21686 2.80908
-1.0493 -1.24073 2.79545
-1.0443 -1.26453 2.78169
-1.0393 -1.28825 2.76782
-1.0343 -1.31191 2.75383
-1.0293 -1.33550 2.73973
-1.0243 -1.35902 2.72550
-1.0193 -1.38247 2.71116
-1.0143 -1.40584 2.69670
-1.0093 -1.42915 2.68212
-1.0043 -1.45238 2.66743
-0.9993 -1.47553 2.65262
-0.9943 -1.49861 2.63770
-0.9893 -1.52162 2.62266
-0.9843 -1.54455 2.60750
-0.9793 -1.56740 2.59224
-0.9743 -1.59018 2.57685
-0.9693 -1.61288 2.56136
-0.9643 -1.63551 2.54575

-0.9593 -1.65805 2.53002



-0.9543
-0.9493
-0.9443
-0.9393
-0.9343
-0.9293
-0.9243
-0.9193
-0.9143
-0.9093
-0.9043
-0.8993
-0.8943
-0.8893
-0.8843
-0.8793
-0.8743
-0.8693
-0.8643
-0.8593
-0.8543
-0.8493
-0.8443
-0.8393
-0.8343
-0.8293
-0.8243
-0.8193
-0.8143
-0.8093
-0.8043
-0.7993
-0.7943
-0.7893
-0.7843
-0.7793
-0.7743
-0.7693
-0.7643
-0.7593
-0.7543
-0.7493
-0.7443
-0.7393
-0.7343
-0.7293
-0.7243
-0.7193
-0.7143
-0.7093
-0.7043
-0.6993
-0.6943
-0.6893
-0.6843
-0.6793
-0.6743
-0.6693
-0.6643

-2

-2

-2

-2

-2

-2

-2

-2

.68052
.70290
.72521
-74744
. 76958
.79164
.81362
.83552
.85734
.87907
-90071
.92227
.94375
-96514
.98644
-00766
-02879
-04983
-07078
-09164
-11242
-13310
-15369
-17419
-19460
.21492
-23514
.25527
-2.
-29525
-2.
-2.
-2.
-37406
-2.
-2.
-43216
-2.
-2.
-48937
-2.
-2.
-54569
-2.
-2.
-60109
-2.
-2.
-2.
.67353
-2.
-2.
.72677
-2.
-2.
-2.
-2.
-2.
2.

27531

31510
33485
35450

39353
41289

45133
47040

50824
52702

56426
58273

61936
63752
65558

69138
70913

74430
76173
77905
79626
81337
83037

2.51419
2.49824
2.48218
2.46601
2.44973
2.43334
2.41684
2.40022
2.38350
2.36667
2.34974
2.33269
2.31554
2.29827
2.28091
2.26343
2.24585
2.22817
2.21038
2.19248
2.17448
2.15638
2.13817
2.11987
2.10146
2.08294
2.06433
2.04561
2.02680
2.00788
1.98887
1.96976
1.95054
1.93123
-91183
-89232
.87272
.85302
.83323
-81334
. 79336
.77328
.75311
.73285
.71249
-69204
-67150
.65087
.63015
.60934
-58844
-56745
1.54637
1.52520
1.50395
1.48261
1.46118
1.43967
1.41807

RPRRPRRPRRPRRPRRPRPRRPRRPRRPRERRRERERR
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-0.6593 -2.84726 1.39639
-0.6543 -2.86405 1.37462
-0.6493 -2.88072 1.35277
-0.6443 -2.89728 1.33083
-0.6393 -2.91374 1.30882
-0.6343 -2.93008 1.28672
-0.6293 -2.94632 1.26454
-0.6243 -2.96244 1.24228
-0.6193 -2.97845 1.21994
-0.6143 -2.99435 1.19752
-0.6093 -3.01013 1.17502
-0.6043 -3.02581 1.15244
-0.5993 -3.04137 1.12978
-0.5943 -3.05682 1.10705
-0.5893 -3.07215 1.08424
-0.5843 -3.08737 1.06135
-0.5793 -3.10247 1.03838
-0.5743 -3.11746 1.01535
-0.5693 -3.13234 0.99223
-0.5643 -3.14710 0.96905
-0.5593 -3.16174 0.94578
-0.5543 -3.17627 0.92245
-0.5493 -3.19067 0.89904
-0.5443 -3.20497 0.87557
-0.5393 -3.21914 0.85202
-0.5343 -3.23320 0.82840
-0.5293 -3.24714 0.80471
-0.5243 -3.26095 0.78095
-0.5193 -3.27466 0.75712
-0.5143 -3.28824 0.73323
-0.5093 -3.30170 0.70926
-0.5043 -3.31504 0.68523
-0.4993 -3.32826 0.66113
-0.4943 -3.34136 0.63697
-0.4893 -3.35434 0.61274
-0.4843 -3.36720 0.58845
-0.4793 -3.37994 0.56409
-0.4743 -3.39255 0.53967
-0.4693 -3.40504 0.51519
-0.4643 -3.41741 0.49065
-0.4593 -3.42966 0.46604
-0.4543 -3.44178 0.44137
-0.4493 -3.45378 0.41664
-0.4443 -3.46566 0.39186
-0.4393 -3.47741 0.36701
-0.4343 -3.48904 0.34211
-0.4293 -3.50055 0.31714
-0.4243 -3.51192 0.29212
-0.4193 -3.52318 0.26705
-0.4143 -3.53430 0.24191
-0.4093 -3.54531 0.21673
-0.4043 -3.55618 0.19148
-0.3993 -3.56693 0.16619
-0.3943 -3.57755 0.14084
-0.3893 -3.58805 0.11543
-0.3843 -3.59842 0.08998
-0.3793 -3.60866 0.06447
-0.3743 -3.61877 0.03891

-0.3693 -3.62876 0.01331



-0.3643
-0.3593
-0.3543
-0.3493
-0.3443
-0.3393
-0.3343
-0.3293
-0.3243
-0.3193
-0.3143
-0.3093
-0.3043
-0.2993
-0.2943
-0.2893
-0.2843
-0.2793
-0.2743
-0.2693
-0.2643
-0.2593
-0.2543
-0.2493
-0.2443
-0.2393
-0.2343
-0.2293
-0.2243
-0.2193
-0.2143
-0.2093
-0.2043
-0.1993
-0.1943
-0.1893
-0.1843
-0.1793
-0.1743
-0.1693
-0.1643
-0.1593
-0.1543
-0.1493
-0.1443
-0.1393
-0.1343
-0.1293
-0.1243
-0.1193
-0.1143
-0.1093
-0.1043
-0.0993
-0.0943
-0.0893
-0.0843
-0.0793
-0.0743

-3.63862
-3.64835
-3.65795
-3.66742
-3.67676
-3.68598
-3.69506
-3.70401
-3.71284
-3.72153
-3.73009
-3.73853
-3.74683
-3.75500
-3.76304
-3.77094
-3.77872
-3.78636
-3.79388
-3.80126
-3.80850
-3.81562
-3.82260
-3.82945
-3.83616
-3.84274
-3.84919
-3.85551
-3.86169
-3.86774
-3.87365
-3.87943
-3.88507
-3.89058
-3.89596
-3.90120
-3.90630
-3.91127
-3.91611
-3.92080
-3.92537
-3.92980
-3.93409
-3.93825
-3.94227
-3.94615
-3.94990
-3.95351
-3.95699
-3.96033
-3.96353
-3.96660
-3.96953
-3.97233
-3.97498
-3.97750
-3.97989
-3.98213
-3.98424

-0.01235
-0.03806
-0.06381
-0.08961
-0.11546
-0.14136
-0.16730
-0.19329
-0.21932
-0.24539
-0.27151
-0.29767
-0.32387
-0.35012
-0.37640
-0.40272
-0.42909
-0.45549
-0.48193
-0.50840
-0.53492
-0.56147
-0.58805
-0.61467
-0.64132
-0.66801
-0.69473
-0.72148
-0.74826
-0.77507
-0.80191
-0.82879
-0.85569
-0.88261
-0.90957
-0.93655
-0.96356
-0.99059
-1.01765
-1.04473
-1.07183
-1.09896
-1.12611
-1.15328
-1.18047
-1.20768
-1.23491
-1.26215
-1.28942
-1.31670
-1.34400
-1.37131
-1.39864
-1.42599
-1.45334
-1.48071
-1.50810
-1.53549
-1.56290

New_Profile_Table_Data_v9_short cut.nb
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0.0057 -3.99933 -2.00229
0.0107 -3.99910 -2.02978
0.0157 -3.99874 -2.05726
0.0207 -3.99824 -2.08474
0.0257 -3.99760 -2.11222
0.0307 -3.99683 -2.13970
0.0357 -3.99592 -2.16717
0.0407 -3.99487 -2.19463
0.0457 -3.99368 -2.22209
0.0507 -3.99236 -2.24955
0.0557 -3.99090 -2.27699
0.0607 -3.98930 -2.30443
0.0657 -3.98756 -2.33186
0.0707 -3.98569 -2.35929
0.0757 -3.98368 -2.38670
0.0807 -3.98153 -2.41410
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0.1807 -3.90993 -2.95890
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0.2157 -3.87205 -3.14753
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0.5307 -3.24335 -4.75329
0.5357 -3.22938 -4.77697
0.5407 -3.21529 -4.80057
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0.5507 -3.18676 -4.84755
0.5557 -3.17232 -4.87094
0.5607 -3.15776 -4.89425
0.5657 -3.14309 -4.91750
0.5707 -3.12830 -4.94066
0.5757 -3.11339 -4.96376
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0.5857 -3.08323 -5.00972
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8.1034 -8.10342 -85.71266
8.1084 -8.10842 -85.75310
8.1134 -8.11342 -85.79353
8.1184 -8.11842 -85.83397
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In[137]:=

(*The end point of line de is the same as curve do¥*)
npssi= —a* (Cos[(¢gie +tor) + ¢o0] + (¢ie + tor) *Sin[(¢ie +tor) +¢o0])
out138= —8.56297

ns= —a* (Sin[(¢ie +tor) + ¢o0] - (¢ie +tor) *Cos[(¢ie +tor) +¢00])
out139= —89.4294
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Abstract

The Organic Rankine Cycle (ORC) is an emerging technology for power generation through heat
recovering from different thermal sources. In the 1-10 kW ORC power generation, it is difficult to find the suitable
equipment to expand the gas, reduce pressure and converse heat to be mechanical energy. Considering from
thermodynamics and mechanics principle, it is obviously found that the scroll mechanism is the most suitable for
kW scale power generation. The reason for this is that it can operate without the high mass flow rate condition.
This paper presents an optimization design of scroll expander wrap to assess the maximum isentropic power
generation (brake horse power) from the expansion ratio (discharge volume / suction volume). Using fixed
thickness scroll formulas from the previous work, in this design study, the base radius and inner ending involute
angle were chosen to be design variables and the gradient-based methods and the direct search methods were
utilized to search for the maximum expansion ratio. Additionally, some of constraints such as scroll wrap radius
within 90 mm to be set in frame diameter 250 mm, within slenderness ratio of scroll height and over the minimum
scroll height / base radius ratio were also included in the design. The design result exhibits that expansion ratio is
5.7155 which is better than the standard scroll expander, 3.9061. Therefore, this leads to 44.3% improvement of
expansion ratio. The results of this work can be considered as the first process of ORC system design to maximize
performance of expander machine within the desired dimension, the built in volumetric ratio need to be

corresponding.

Keywords: Scroll, Expander, Organic Rankine Cycle, ORC, Power

1. Introduction

The low grade waste heat recovery (temperature
lower than 200 °C) from cold and hot cycle for power
generation is one of the system efficiency
improvements. Various technologies had been
introduced with this waste heat but the result was not
satisfied. Even though the new emerging technology
for this waste heat level has been invented, one of the
technology so-called Organic Rankine Cycle (ORC) is
the Rankine cycle which use organic fluid instead of
ordinary water to be convective heat transfer media in
the system. This can be the most popular alternative.
The organic substance which has been chosen is our
well known fluid, refrigerant, in regard to required
temperature and phase. R245fa is the most preferable
because the narrow phase transition energy and
suitable temperature level.

In this cycle, electric generators will be driven by
a prime mover. Expansion machines have been used
in this function which can be classified in 2 types,
turbo machines and positive displacement expanders
for the high and low gas flow rate accordingly.

The aim of the present paper is to determine the
positive displacement mechanism, scroll expander
which is suitable for the low mass flow rate (lower
than 1 kg/s) for low grade waste heat recovery. These

mass flow rate and temperature can be applied with the
waste heat of factory and building by using the
concept of optimum design to choose the suitable
dimensions of scroll expander for the maximum power
generation from expansion ratio (volume ratio). By
setting up the assumption of expansion ratio varied to
the number of involute cycle, this leads to establish the
key variable to be inner ending angle, ¢;. and base
circle radius, r,.

2. Development of Scroll Wrap

Scroll theory has been invented by Leon Creux on
1905 [1]. But it was impossible to produce a working
pair of scrolls until the middle 1970°s due to a very
small tolerance required [2]. After that, the scroll
compressor become more and more popular because of
its unique advantages, low level of noise, high
efficiency and high reliability.

The geometry of scroll compressor is one of the
main factors affecting the efficiency of the compressor.
The geometry of the scroll has to be completely
understood in order to establish a thermodynamic
model.

The wraps of scrolls directly affect the built-in
compression - ratio and the performance of the
compressor. Many researchers have done a lot of
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work in this field which emphasis on the inner portion
because the outer portion of the scroll wraps is the
involute and simple. Furthermore, many following
papers described the development of geometrical scroll
model from this basis until Baolong Wang [2] was
develop the scroll wrap model which have thickness
variable inside.

At this stage, the new formula of working
chamber volume has been developed based on
discretional initial angles of involute. And the
expression of the volume during all the suction,
compression and discharge processes in a general
subsection function are disclosure too.

After that, the paper “Derivation of Optimal Scroll
Compressor Wrap for Minimization of Leakage Losses”
by lan H. Bell [3] uses this concept to develop volume
ratio by substitute depth and inner ending angle in this
ratio. By using fixed displacement volume (suction
volume of scroll compressor or exhaust volume of
scroll expander), set up radial loss and leakage loss
have the formula belonged to inner ending angle then
calculate the minimum total loss by Phyton software.

3. Geometric Parameters

3.1 Scroll Wrap Definition

The scroll expander geometry is formed of
involutes of a circle. Details of these geometric
parameters are beyond the scope of this paper,
nevertheless the full derivations are presented by
Baolong Wang [2]. The involute of a circle is the line
that would be formed if unwrap a circle with radius ry,.
The coordinates of a point on the involute are
presented in lan H. Bell [3] as the follow:

X =Tp(C0S @ + (¢ — (o) Sin 0)
Yy = 1p(Sin @ = (¢ — o) COS ¢) (1)

The thickness of the scroll wrap can be written by:

ts = 1u(Pio — Poo) 2

Fig. 1 Basic terminology of scroll involute,
reprinted from [3]

The displacement volume, inner chamber volume and
volume ratio can be given as the follow:
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Viisp = — 21thglolo(3m — 2¢ie + Pio + Poo) 3)

2V g = 2rthgllo(2¢0s + 3T — Gio — Poo) 4)
_ Vdisp _ 3m-2@ie+ @i0 + @00
Vratlo B 2Vcd - —2@os— 31+ @i0+ o0 (5)

Fig. 2 Derivation of scroll expander wrap,
reprinted from [3]

Fig. 3 Cycle of scroll expander wrap
3.2 Derived Terms
In order to calculate displacement volume and
volume ratio, some constraints need to be clarified. [3]

The orbiting radius of the orbiting scroll can be given
by:

lo= et —ts (6)
The outer involute initial angle is given by:
oo = — L / Iy (7)

The inner involute initial angle, ;o is set to 0.
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The outer starting angle, ¢qs is equal to 1.57 + @
radians in Vincent Lemort [4] as the follow:
Qos = 1.57 =t/ 1y (8)

After passed some simplification from (4) - (7), the
height of the scroll wrap can be given by:

_ Vdisp
2mrb2Vratio(m+¢00)(2¢gos + 3T - @i0 — ©o00)

©)

S

4. Optimization Methodology

4.1 Mathematical Model
In this point of view, the nonlinear, constrained

optimum design problem can be expressed

mathematically as follows [5], [6]:

Find X = [Xg, Xp, «.. Xn] " (10)

to maximize f(X) (11)

subject to h(X)=0, i=1,...m=1 (12a)
gi(X)<0, j=1,...n =3 (12b)
Xk min <X < Xk max (12C)

Based on the above discussion, the design
variables are defined as the following: base circle
radius r,, inner ending involute angle ¢, scroll
thickness t;, scroll height h.

Fig. 4 shows the implementation process. The
scroll thickness and scroll height have been set up to
456 mm and 28.65 mm accordingly same as the
standard scroll expander of Vincent Lemort [4].

Thus, the two design variables are shown in (13),

[7]
X =1, ¢ie]" (13)

4.2 Objective function
The objective function can be expressed as shown in
(14) using the design variables from (13).

Vyatio = T(Io, (Pie) (14)

In computation process, (5) - (8) will be used for
evaluating to be the objective function.

4.3 Constraint conditions

In this optimal design of scroll expander wrap for
organic Rankine cycle, the constraint conditions
mainly consist of four aspects,

(h1): Geometric relationship between hs & Vi
In computation process, (9) will be used for this
constraint.

(g4): Within allowable scroll radius, Ry < 90

Scroll Radius, Ry is the maximum radius of scroll
orbit. This parameter is can be calculated as the
follow:

Roe = o + 'yic + t/ 2 (15)

13-16 December 2016

(92): Under limited hg < 12t

To control the slenderness ratio of scroll height versus
scroll thickness for the smooth operation of gas flow
and prevent effect of transverse vibration.

(93): Acceptable hy> 2ry
To control the ratio of scroll height versus base circle
radius for the smooth operation of gas flow.

Prepare all variables and constants
Set up initial trial value for n, @,

I

Optimization Module

Use command FindMaximum
[iF cons}, {n. Tl £ @ Pieobt]

Objective Funetion

Constraint Conditions
3 - 2l + i + pod t,= 4,56, h, = 2865, R = ry + rup, + 1,/ 2
Zpos= I+ i0+ pod
fo=na—t, god=—t,/n, () h

P =0, 9, =157 =1,/

natio =
_ Vdisp
2nrbiVratio[n+pad)(2qos + 31 - @i - gol)

(2 Res90
(22 b= 12y
(ga) he=2n,

T P
Maximum V.,

Fig. 4 Work flow of the calculation processes
5. Software Implementation Process

One equality and 3 non-equality constraints are
involved in the optimal design of scroll expander wrap
for organic Rankine cycle, and this problem is a
typical constraint nonlinear programming problem. To
solve this type of problems, can be broadly categorized
into gradient-based methods and direct search methods.
Gradient search methods wuse first derivatives
(gradients) or second derivatives  (Hessians)
information. Examples are the sequential quadratic
programming (SQP) method, the augmented
Lagrangian method, and the (nonlinear) interior point
method.

Commercial numerical software such as Wolfram
Mathematica can support existing optimization
algorithms. When the objective function, constraint
conditions and the initial values are defined, the
optimum design can be preceded by optimization
function, FindMaximum (Wolfram command).

FindMaximum used to solve numeric local
optimization problem by linear programming methods,
nonlinear interior point algorithms and utilize second
derivatives. This command continues until either of
the goals specified by AccuracyGoal or PrecisionGoal
(Wolfram command) is achieved [8].
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Fig. 5 Isometric perspective of volume ratio based on
base circle radius and inner ending angle

6. Result and discussion

The optimization problem under consideration in
this study is to find the optimal values of the design
variable, x; that maximize the volume ratio, Vao.
From the computation process, the result of optimum
design compared with standard scroll expander has
been shown as in Table. 1 - 3. By fixing scroll
thickness and scroll height 4.56 mm and 28.65 mm
accordingly, in order to compare with standard scroll
expander of Vincent Lemort [4]. That scroll wrap has
volume ratio 3.9061 at base circle radius r, 3.2640 mm,
inner ending involute angle ¢, 25.8250 radian (4.1102
involute cycle). The maximum volume ratio is 5.7155
(efficiency increase 44.3%) at base circle radius ry,
2.4756 mm, inner ending involute angle ¢; 34.4345
radian (5.4804 involute cycle). This optimal point has
shown in Fig. 5 - 6 for isometric perspective and
contour of volume ratio based on base circle radius
and inner ending angle accordingly. The significant
constraints are (h;): Geometric relationship between hg
& Viisp, (9) and (g1): Within allowable scroll radius,
Ree < 90. Both of these criteria make the local
maximum of volume ratio.

The result proof the assumption of expansion ratio
varied to the number of involute cycle. But if no
geometric relationship between hy & Vs, the scroll
wrap will be impractical design from the incomplete
geometrical characteristic.

Table. 1 Size dimension of simplified standard scroll

expander of Vincent Lemort [4] and optimum design
model
Size ts hs ro Iy Roe
Dimension | [mm] | [mm] | [mm] [mm] [mm]
Standard 456 | 28.65 | 5.6942 | 3.2640 | 89.8368
Optimum | 4.56 | 28.65 | 3.2172 | 2.4756 | 89.9999
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Fig. 6 Contour of volume ratio based on base circle
radius and inner ending angle

Table. 2 Angle dimension of simplified standard scroll
expander of Vincent Lemort [4] and optimum design
model

Angle Po0 Pio Pos Dis Pie
Dimension [rad] [rad] [rad] [rad] [rad]
Standard -1.3971 0 0.1729 | 2.1029 | 25.8250
Optimum -1.8420 0 -0.2720 | 1.6580 | 34.4345

Table. 3 Performance of simplified standard scroll

expander of Vincent Lemort [4] and optimum design
model

Performance Visp 2Veq Vatio Eff. Involute
[m°] [m°] [%] Cycle

Standard 145,946.0 | 37,363.6 | 3.9061 | 100.0 | 4.1102
Optimum 87,864.9 | 15,3729 | 5.7155 | 144.3 | 5.4804

Table. 4 Comparing expansion ratios in the same shape

(t;, hs and R,e) between current ORC scroll expander
research with optimum design model

Size 8 hs Roe b Vratio
Dimension | [mm] | [mm] [mm] [mm]
Zhu Wu 5.08 | 51.55 | 64.3776 | 4.0860 | 1.774

[
Optimum 5.08 | 51.55
Jen-Chieh | 4.00 | 41.00
Chang [10]
Optimum | 4.00 | 41.00

64.3776 | 2.1152 | 4.865
56.8956 | 2.5900 | 2.950

56.8956 | 2.1568 | 3.859

The current ORC scroll expander research
compared with optimum design model has been shown
as in Table. 4. The new one has higher expansion ratio
(volume ratio) for both papers. Zhu Wu’s [9] scroll
wrap has volume ratio 1.774, Later, it can be increased
to 4.865 and Jen-Chieh Chang’s [10] scroll wrap can
be changed from 2.950 to be 3.859 as well.

The meaning of higher expansion ratio is that
expander can reduce higher pressure. Xinjing Zhang
[11] and Sebastien Declaye [12] described pressure
ratio analysis in their research. The summary for ORC
system is (i) normal expansion, of which the outlet
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pressure is almost close to the system required
pressure; (ii) under expansion, of which the
discharging pressure is higher than the system required
pressure, thus the flow of refrigerant is not smooth
from the over pressure; (iii) over expansion, of which
the discharging pressure is lower than the system
required pressure thus it would cause reverse flow
during discharging process. It can be called the
pressure ratio corresponding to the built in volumetric
ratio of the machine. The under/over expansion losses
then occur as illustrated on the P-V diagram presented
in Fig. 7.
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s,exp 5.0p s.exp S,Cp

Fig. 7 Under/over expansion losses,
reprinted from [12]

Thus, this can be the first process of ORC system
design to maximize performance of expander machine
within the desired dimension. Then set up the system
suction/exhaust pressure of expander from this build in
volumetric ratio to be closed to isentropic expansion.

Then use some equations from Zhu Wu [9] and
Jen-Chieh Chang [10] to evaluate expander as the
following.

The power output of the scroll expander is
determined by the conservation equation of energy:

Wexp = Nmec m (hexp,in - hexp,out) (16)

In which, e in @Nd hexg o represent the enthalpy at the
inlet and exit of the expander, respectively. The
overall mechanical efficiency, nme IS represents the
affect from the transmission loss of the pulley and belt,
and the mechanical loss of the power generator.
Expander efficiency per unit flow rate is defined as:

hexp,in - hexp,out
Newp = —xbin hexpiout (17)

hexp,in - hexp,out,s

where, ey outs Means the state of fluid, calculated by

isentropic  expansion process. The volumetric

efficiency could be determined the leakage level of a

scroll expander. This is defined as the ratio of

theoretical mass flow rate and the actual one:

rith

v = rmactual (18)

The higher expansion ratio results in the higher

difference between enthalpy at the inlet and exit of the
expander for the higher power output.
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7. Conclusion

The optimal values of the design variables of the
scroll expander wrap for organic Rankine cycle (ORC)
power generation were acquired numerically under the
required thickness and height of scroll wrap.
Expansion ratio in term of volume ratio and its
constraints were analyzed using linear programming
methods, nonlinear interior point algorithms and
utilize second derivatives by FindMaximum (Wolfram
command). The maximum volume ratio is 5.7155
(efficiency increase 44.3%) at base circle radius ry,
2.4756 mm, inner ending involute angle ;. 34.4345
radian (5.4804 involute cycle), while thickness and
height were set up to 4.56 mm and 28.65 mm
accordingly. Because these 2 variables were relatively
similar weight with the chosen 2 variables, to control
their dimensions to be matched in Copeland’s frame
for the next prototype plan.

The comparison with another ORC scroll
expander to validate the procedure with the different
dimension still shows the higher expansion ratio. This
higher expansion ratio leads to the higher difference
between enthalpy at the inlet and exit of the expander
for the higher power output.

The results of this work can be considered as the
first process of ORC system design to maximize
performance of expander machine corresponding to
the built in volumetric ratio within the desired
dimension. It is helpful for the design of scroll
expanders wrap and prediction of the whole ORC
system performance.

8. Nomenclature

Variables Subscripts

A mm?Area 0 Initial

F -  Flow correction parameter s  Starting

hs  mm Scroll height e Ending

N - Number of i0 Inner initial
r, mm Base circle radius is Inner starting
r, mm Orbiting Radius ie Inner ending
ts mm  Scroll thickness 00 Outer initial

X mm x-Coordinate
y  mm y-Coordinate

¢* rad Effective involute angle exp Expander
¢ rad Involute angle mec Mechanical
) mm Gap width in Inlet

Vi mm° Displacement Volume  out Outlet

2V 4 mm?® Inner Chamber Volume s Isentropic
Viaio -  Volume ratio th  Theoretical
R, mm Scroll Radius V  Volumetric
W kW Power

m  kg/s Mass flow rate

h kJ/kg Enthalpy

n - Efficiency

os Outer starting
oe Outer ending
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