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ABSTRACT

Scroll expanders are currently attracting interest for integration in small scale organic Rankine cycle (ORC) waste

heat recovery applications and have been subject to signi�cant research over the last two decades. The most common

geometrical design uses a scroll pro�le generated by the involute of a circle with a constant wall thickness. A major

disadvantage of this approach is that the increase of the geometric expansion ratio is constrained, since it is accompa-

nied with a large increase in the scroll pro�le length and is associated with a decreased e�ciency. In this paper, the

published literature related to scroll expander geometry is reviewed. Investigations regarding the in�uence of varying

scroll geometrical parameters on the performance of scroll expanders with a constant wall thickness are �rst examined.

The use of variable wall thicknesses and their e�ects on the performance are then considered. Finally, the impact of

scroll expander geometries using unconventional scroll pro�les and scroll tip shape variations on the performance is

discussed and summarised. The major conclusion to be drawn from this review is that scroll expanders with variable

wall thickness scrolls should be further designed and developed. It is possible to increase the geometric expansion ratio

without increasing the length of the scroll pro�les. CFD simulations are a promising tool to illustrate and understand

the non-uniform and asymmetric inner �ow and temperature �elds. The related bene�ts could lead to scroll devices

with variable wall thickness not only improving the performance of organic Rankine cycle (ORC) systems but also

opening a broad new �eld of applications such as refrigeration cycles and other power cycles where a high pressure

ratio is preferred.
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1. Introduction

Electrical power can be generated in a regenerative manner from middle to low grade waste heat with the help of

organic Rankine cycle (ORC) technology. Such systems can be operated by energy lost from sources such as internal

combustion engine exhaust gases [1,2], biomass combustion [3,4], industrial waste heat [5,6], solar thermal energy [7,8]

and geothermal heat [9, 10]. The choice of the expansion machine is of key importance to ORC performance.

There are two categories of suitable expansion machines for ORC-based systems. These are the velocity type

including axial and radial-in�ow turbines, and positive displacement devices, such as screw expanders, reciprocating

piston expanders, rotary vane expanders and scroll expanders [11]. Compared to the competitors, scroll expanders

may have positive properties such as high e�ciency, high pressure ratio, relatively low �ow rate, low level of noise and

vibration due to fewer moving parts and the symmetric working chamber layout, and much lower rotational speed.

Furthermore the ease and low cost of manufacture, lack of valves, tolerance to two-phase �ows, and high reliability

make them suitable for applications in small or micro ORC systems in the output power range from several hundred

watts up to 10kW [10�14]. In contrast low capacity and lubrication needs may disadvantage scroll expanders for larger

systems [14]. The pressure ratio is also too low for some applications. Some authors de�ned the imposed pressure

ratio between scroll expander inlet and outlet as the expansion ratio. It has been renamed into pressure ratio in this

paper in order to avoid any misunderstanding.

The principle of a scroll expander is illustrated in Fig.1. This shows two interleaving scrolls. As one scroll orbits,

a volume of air initially trapped in a volume at the centre of the device expands and moves radially outwards as the

movement proceeds. This is shown by the time sequence for an anticlockwise orbiting movement. A clockwise orbiting

movement would produce the reverse e�ect with the device operating as a compressor.

Figure 1: The principle of a scroll expander [15]

To date, in most of the published research on scroll expanders, o�-the-shelf scroll compressors have been modi�ed

and driven in the opposite direction as expanders [16�25]. The main reason for this approach is to reduce cost. Song et

al. [26] divided scroll compressors into di�erent types, namely hermetic refrigeration scroll compressors, semi-hermetic

automotive A/C compressors, open-drive automotive A/C compressors and open-drive scroll air compressors. Hence,

the conversion to expanders is dependent on the scroll compressor type. Moreover, scroll machines can be categorised

into kinematically constrained and compliant scroll devices. The clearance gap between the orbiting and �xed scroll

in a kinematically constrained scroll design is �xed to a small value permanently during the operation. In a compliant

scroll design, movement of the �xed scroll in the axial direction and the orbiting scroll in the radial direction is

possible. This allows the device to deal with liquid �ashing and to ride over debris [27]. Whereas researchers place

greater emphasis on basic and fundamental research, a few companies such as OBRIST Engineering [28], Exoés [29],

Air Squared, Inc. [30], Eneftech Innovation [31] and ECR International [32] aim to implement commercial solutions of

scroll expander on the market.

Scroll expander has a certain tolerance to liquid droplets. Hence, the potential working �uids can be slightly

wet at the expander outlet. Bao and Zhao (2013) [14] provided a thorough and comprehensive review about a wide

range of suitable working �uids including the impact of their physical and thermodynamic properties on the ORC

system performance. Apart from the scroll expander classi�cation, Song et al. (2015) [26] also covered a huge number

of references in their literature review regarding the thermodynamic analysis of scroll machines and the prediction

of occurring mechanisms inside the scroll volumes by means of experimental studies, theoretical modelling and CFD

simulations. Recently, the CFD technology began making inroads into the scroll machine development [33�42]. It

can be a promising technology to further optimise the scroll expander geometry and improve the thermodynamic

performance due to the opportunity to more easily depict the asymmetric inner �ow and temperature �eld compared
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to experimental investigations.

But a thorough understanding of the scroll geometry itself is essential for the design and optimisation of scroll

machines. Léon Creux �led a patent application for his invention of the scroll-type machine used for compressing air

or refrigerant in 1905 [43]. He described the scroll pro�le by the involute of a circle, which is still the most commonly

used approach. Scroll designs can also be de�ned with pro�les such as polygon or semi-circle involutes, o�set spliced

involutes [44], involute curves combined with circular arcs [45], algebraic spirals, modi�ed Archimedes spirals [46] and

scroll designs with varying wall thicknesses.

The scroll geometry, with a �xed built-in volume ratio de�ned as the discharge chamber volume at the beginning

of the discharge process divided by the maximum suction chamber volume, is an important design parameter. Over-

expansion can occur when the pressure gradient induces the �uid to �ow back and results in a recompression. Under-

expansion can occur when the pressure in the expansion chamber is higher than the pressure in the discharge pipe.

Over-expansion is particularly detrimental for the e�ciency [13,47]. The maximum shaft power and isentropic e�ciency

of scroll machines also depends on the choice of the working �uid, rotational speed, mechanical and leakage losses

and internal heat transfer e�ects [10]. Furthermore, high built-in volume ratios may lead to an improved system

performance of ORC units as a result of a more thorough expansion which enables the ORC systems to be more

suitable for two-phase �ows and more applicable to small- and micro-scale systems. In addition, a higher e�ciency

at a lower rotational speed can be achieved which in turn simpli�es the connection of the reduction gear with the

generator, especially in comparison to a turbine.

This paper reviews the literature available for scroll expanders and discusses previous work from the viewpoint of

the scroll machine geometry. It also considers a signi�cant number of publications on scroll compressors as they share

common characteristics. In section 2, publications related to geometrical modelling are discussed. In section 3, the

in�uence of varying scroll geometrical parameters on the performance of scroll expanders with constant wall thickness

is analysed. Furthermore, scroll expander geometries with variable wall thicknesses are examined in section 4. The

comparison of scroll expander geometries using unconventional scroll pro�les is presented in section 5., while the e�ect

of the scroll tip shape on the performance is summarised in section 6.

2. Geometrical modelling

A geometrical model includes the equations to generate the scroll pro�les for the description of the geometry. This

is the basis for the development of analytical expressions for the chamber volumes and internal leakages depending

on the orbiting angle during the scroll working process. A simpli�ed and reliable geometrical model is required in

order to combine and couple it with a thermodynamic model to capture the �uid thermal e�ects in terms of pressure

�elds, mass �ows, heat transfer losses and other e�ects on the performance. Compared to scroll expanders, scroll

compressors have been more widely studied and therefore provide the necessary knowledge which can be used to

design scroll expanders. Hence, an overview of the development of scroll compressor models is given in the following

sub-section. The second sub-section considers the expander models which are based on the geometrical approaches of

the compressor models.

Scroll compressor models

Many researchers have developed mathematical models of scroll machines with scroll designs described by an involute

of a circle with a constant wall thickness to investigate and understand the in�uence of the scroll geometry on the

performance. These scroll pro�les are based on a mathematical di�erential equation (Eqs.(1)) which relates the

tangential distance between the inner and outer involute L and the base circle radius a.

δL(ϕ)

δϕ
= a (1)

The individual coordinate points (x) and (y) on the two circle of involutes can be determined by using Eqs.(2) and

Eqs.(3)

x = a(cos(ϕ) + ϕsin(ϕ)) (2)

y = a(sin(ϕ) − ϕcos(ϕ)) (3)

in which ϕ is de�ned as the involute angle. For example, Hayano et al. (1986) [48] captured the change of the chamber

volume during the compression process by developing several di�erent equations depending on the orbiting angle. The

scroll pro�les were approximated with several semi-circles. In 1984 and 1986, Morishita et al. [49, 50] used a similar
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approach to calculate the change of the chamber volume not only during the compression but also the discharge process

and the function can be expressed as

Vi(θ) = πp(p− 2t)h[(2i− 1) − θ

π
] (4)

where p describes the scroll pitch p=2πa, t the scroll wall thickness, h the scroll pro�le height and θ the orbiting angle.

The initial angle of the inner involute αi was equated with the negative initial angle of the outer involute α0 (αi=-α0)

as shown in Fig.2. The generation of the scroll pro�les and the associated modelling complexity was simpli�ed due to

the elimination of one parameter.

Figure 2: Initial angles of the involutes [51]

Tojo et al. (1986) [52], Etemad and Nieter (1988) [53] and Nieter (1988) [54] conducted further simulations using

the geometrical model of Morishita [49, 50]. Whereas all the previous investigations were based on the assumption of

a quasi-static suction process, Nieter (1988) [54] constructed a model which for the �rst time took the instantaneous

�ow rate and the pressure losses in the suction chamber into account. Another analytical analysis of Nieter and Gagne

(1992) [55] was more complete due to the fact that the position of the discharge port was considered. Moreover,

a transfer matrix approach from the frequency domain was implemented into the geometric model to examine the

correlation between the pressure pulsations in the compressor discharge manifold and the pulsating �ow characteristics

in the discharge port. Although the authors pointed out its signi�cance and provided a detailed description of the

matrix approach, no evaluation of the particular e�ects on the compressor performance or the manifold design was

presented in their work. Compared to previous studies which used the same set of equations to model the compression

and discharge process respectively, Hirano et al. (1988) [56] and Yanagisawa et al. (1990) [57] built a geometrical

model which treated and calculated the volume change in the suction, compression and discharge chambers separately

by using three di�erent sets of equations. Moreover, the calculation of each chamber volume change was reduced to

just one function rather than a set of several equations in all three cases. The change of the compression chamber

volume reads

Vc = 2πharo(2ϕe − 2θ − 3π) (5)

where ro is the orbiting radius of the moving scroll and ϕe the involute ending angle. Hence the computational

complexity was reduced, although the initial angle of the inner involute was still equated with the negative initial

angle of the outer involute.

Zhu et al. (1994) [58] combined the suction process approach of Yanagisawa et al. [57] and a similar approach

to Morishita's [49,50] compression and discharge process modelling to develop a scroll compressor for higher pressure

ratios than in previous studies. The model allowed modi�cation of the scroll height and the position and shape of

the discharge port. The compression and discharge process in the geometrical model of Liu et al. (1996) [59] was

also related to the approach of Morishita's [49, 50] model. In this study the suction pressure losses were determined

by considering the in�uence of a back-pressure mechanism on the suction pressure. Following the geometrical model

approach of Yanagisawa [57], Halm (1997) [60] and Chen et al. (2002) [61, 62] integrated individual models for the

compression process, internal leakages, heat transfer and overall energy balance into their thermodynamic model in

order to make it more complete than in previous studies. The change of the compression chamber volume can be

expressed as

Vc = 2πharo(2ϕe − 2θ − 7

2
π) (6)

All of the aforementioned geometric models only estimated the leakages during the compression process and

neglected them in the suction and discharge processes. A distinction between tangential and radial leakage areas was

included. According to Wang et al. (2005) [63], it was di�cult to use these models in combination with a numerical
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control machine to manufacture the scrolls. The main reason was the need for arrangement of the scrolls in a certain

position and angle. That is why a geometrical model with arbitrary initial involute angles was for the �rst time

constructed by the authors as visualised in Fig.3.

Figure 3: Arbitrary initial involute angles [63]

The individual coordinate points xi,o and yi,o on the two circle of involutes can be determined by using Eqs.(7)-Eqs.(10)

respectively.

xi = a(cos(ϕi + αi) + ϕisin(ϕi + αi)) (7)

yi = a(sin(ϕi + αi) − ϕicos(ϕi + αi)) (8)

xo = a(cos(ϕo + αo) + ϕosin(ϕo + αo)) (9)

yo = a(sin(ϕo + αo) − ϕocos(ϕo + αo)) (10)

A subsection function was used to express the volume during the suction, compression and discharge processes including

a mathematical representation of the tangential and radial leakage areas. The change of the volume during the

compression process reads

Vc = 2πhar(2ϕe − 2θ − (αi + αo − π) (11)

Hence, it was easier to model a larger variety of di�erent scroll compressor geometries than with previous methods.

The coordinate system of the conventional reference frame had its origin at the base circle of the �xed involute.

Inspired by the geometry description of Halm [60] and based on the model of Gravesen [64] for constant wall thicknesses,

Blunier et al. [65,66] constructed a geometrical model with a novel reference frame characterised by a coordinate system

which has its origin at the symmetry centre of the scrolls. This approach provided exact analytical expressions of the

compression and discharge chamber volumes and simpli�ed the model. Many further publications related to scroll

compressor geometrical models have used this geometrical approach. The ability to cope with complex pro�les in turn

led to an increased design �exibility for scrolls with constant wall thickness.

Scroll expander models

Geometrical scroll compressor models can be applied to scroll expanders due to the fact that the machine geometry is

the same. The operation takes place in reverse direction in the expander. The individual chambers must be rede�ned

from suction into discharge, compression into expansion and discharge into suction respectively. Tab.1 summarises

the published research on scroll expander models. This clearly builds on the compressor modelling described above,

with the �rst scroll expander models appearing around 2008. For a more accurate calculation of the chamber volume

during the suction process of the scroll expander, Bell et al. [51, 67, 68] improved the models of Halm [60] and Chen

et al. [61,62] by describing the scroll tip geometry in the suction area with two arcs and a tangent line instead of the

previous approach of a simple tangent arc. The expander models of Lemort et al. [69] and Bell et al. [67] combine

versions of the geometrical models of Halm [60] and Bell et al. [67] with thermodynamic modelling of the expansion

process. The geometrical approach of Halm [60] was also implemented in another expander model by Lemort et al.

(2009) [70]. This model was characterised by a control volume analysis linked with di�erential equations of mass and

energy. The authors stated that the model could be used to improve the performance by means of modifying the scroll
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expander design, having advantages in terms of accuracy, low computational time and robustness. Both studies by

Lemort have indicated that a better system performance could have been achieved by using an expander with a larger

built-in volume ratio due to the associated opportunity of applying higher pressure ratios which are more suitable for

Rankine cycle applications.

Other researchers have based models on Halm's [60] or Blunier et al.'s [65, 66] geometric models, focussing on

di�erent aspects of performance [71�75]. Notably the combination of an increase of the suction chamber size by mod-

ifying the constant wall thickness and the extension of the scroll pro�le length to improve the performance of a scroll

expander integrated in a hybrid pneumatic actuator system [71,72]. Legros et al. [73] pointed out that the prediction

of the maximum isentropic e�ciency is not only related to the built-in volume ratio and the corresponding pressure

ratios but also dependent on �ank/radial leakage and friction losses. The studies of Liu et al. [74] showed the ability

to predict the optimum pressure ratio to avoid over- and underexpansion which was in agreement with experimental

data. This study also illustrated that a longer scroll pro�le length is necessary to increase the inlet pressure and

apply higher pressure ratios. The study by Guo [75] did not include a thermal analysis of the expansion process but

it showed consistency of expansion and discharge chamber volume calculations with Bell's analytical predictions and

that a dual arc tip with perfect meshing pro�le created a higher built-in volume ratio than a single arc tip.

The analytical and experimental validations in the scroll expander model studies have con�rmed that the geomet-

rical approaches of the compressor models can be successfully coupled and combined with a thermodynamic model in

order to design expander geometry and predict the expander working process with a good accuracy. Moreover, the

need for high built-in volume ratios for applications in small ORC systems has been demonstrated.

3. Scroll expander with a constant wall thickness

This section concerns scroll expander geometries with a constant wall thickness. The in�uence of varying scroll

geometrical parameters such as the base circle radius, the scroll height or the scroll pro�le length on the performance

are elaborated in the �rst sub-section. No discussion about the in�uence of di�erent scroll pro�les on the performance

are included in this section due to the fact that only involute of circles have been considered. The orbiting radius of

the moving scroll is speci�ed by the wall thickness and the base circle radius. It can also be determined due to the

distance between the origins of the two base circles. Hence, the orbiting radius is not examined in detail due to the

dependency on the two other main parameters. There are di�erent opportunities to generate the scroll tip designs

which are discussed along with their e�ects on the performance in a separate section (6) of the paper.

Many authors have adjusted the operational parameters to improve the performance of a scroll expander geometry

with a �xed built-in volume ratio. These studies are considered in the order of increasing built-in volume ratios in the

second sub-section to compare the in�uence of the latter on performance.

3.1 In�uence of varying scroll geometrical parameters on the performance

Only a few researchers have conducted investigations in terms of varying the geometrical parameters of scroll machines

characterised by scroll pro�les created by the involute of a circle with a constant wall thickness, as illustrated in Fig.4.

In these studies, the thermodynamic cycle parameters, displacement volume, pressure ratio and the �uid properties

were kept constant representing ORC system conditions. The basic structure of this type of scroll expander geometry

is de�ned by the following main parameters:

• base circle radius (a)

• inner and outer involute initial angles (αi and αo)

• scroll pro�le (only involute of circles are considered here)

• scroll pro�le height (h)

• scroll pro�le length

• scroll wall thickness (t=a·(αi-αo))

• orbiting radius of the moving scroll (ro=a·π-t)

• built-in volume ratio (rv, determined by the parameters above)

• scroll tip shape (determined by the parameters above)
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The table below (Tab.1) summarises studies of the in�uence of the scroll geometrical parameters on the scroll machine

performance. The in�uence of each of the parameters in the left hand column is discussed in the sub-section below.

Figure 4: Scroll geometry with constant wall thickness [76]

Table 1: In�uence of scroll geometrical parameters

Modi�ed Authors Results and outcomes
parameter

base circle - Pu� and Kruger - increasing base circle radius
radius (1992) led to a larger suction volume

- Ishii et al. but also to a reduced ηmech

(1992,1994,1996)

involute - Etemad and Nieter - decreasing in�uence of increasing
initial angles (1989) α0 on the discharge velocity

scroll pro�le - Morishita and - overturning moment of moving
height Sugihara (1986) scroll limited scroll height h

- Etemad and - the increase of the scroll height h
Nieter (1989) resulted in increasing gas forces

- Ishii et al. and �ank leakages and decreasing
(1992,1994,1996) radial leakages

- Pu� and Kruger - decreasing scroll height h resulted
(1992) in increasing thrust loads

- VanderKooy
(2004)

- Zhu et al. - h should be decreased in
(1994) the discharge region to apply

higher pressure ratios
- Tateishi et al. - 3D scroll pro�le with varying scroll
(2006) heights improved the e�ciency by

- Kuwahara et al. 5.5% and the capacity by 11%
(2017)

scroll pro�le - Clemente et al. - higher pressure ratios due
length (2012) to longer scroll pro�les

scroll wall - Pu� and Kruger - reduced energy e�ciency
thickness (1992) ratio for increasing t

built-in - Chang et al. - higher pressure ratios due
volume ratio (2014,2015) to higher built-in volume ratios

Base circle radius (a):

Ishii et al. (1992,1994,1996) [77�79] analysed the mechanical e�ciency (ηmech) of a scroll compressor which was

determined by the ratio of the analytically calculated gas power due to the compression process and the motor input

power which is needed to drive the scroll compressor. The deviation from the ideal performance due to friction losses

was obtained by multiplying the forces acting on the orbiting scroll, thrust bearing, crank journal and crank pin
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with frictional coe�cients respectively. Typical values for the maximum achievable mechanical e�ciency are 90-95%.

In order to keep suction volume, scroll pro�le length and scroll wall thickness constant, the base circle radius was

increased for a decreasing scroll height or vice versa. The friction losses increased for lower base circle radius values

due to the associated increase of the scroll height. A base circle radius of 2.7mm and a scroll height of 5mm were found

as the optimum combination to achieve a maximum mechanical e�ciency of 92.5%. It was also shown that increasing

crankshaft speed �uctuation ratio (1-4%), speci�ed as the di�erence between the maximum and minimum crankshaft

rotational speed divided by the average crankshaft rotational speed, generated higher vibrations for higher base circle

radius values.

In the analysis of Pu� and Kruger (1992) [80], the increasing base circle radius produced a reduction of the

mechanical e�ciency due to the entire scroll geometry and its eccentricity being simultaneously enlarged, leading to

increased friction between the scrolls.

Inner and outer involute initial angles (αi and αo):

The involute initial angles were identi�ed as one of the most important parameters in the work of Etemad and

Nieter (1989) [81], because they de�ne the size of the discharge port in a scroll compressor or the suction port in a

scroll expander respectively. Their results reported a decreasing in�uence of increasing outer involute initial angles

along with increasing scroll heigths on the discharge velocity in a scroll compressor. The capacity, built-in volume

ratio and scroll wall thickness were kept constant.

Scroll pro�le height (h):

A number of researchers carried out investigations varying the scroll pro�le height of scroll machines [58,77�83]. The

scroll wall thickness, displacement and operating conditions were kept constant to �nd the optimum scroll geometry

in their studies. The evaluation of Morishita and Sugihara (1986) [82] showed that the overturning moment of the

moving scroll limited the scroll height. The minimum scroll height was dependent on the weight and outer diameter of

the moving scroll. Ishii et al. (1992, 1994, 1996) [77�79] and Etemad and Nieter (1989) [81] pointed out that a larger

scroll height also resulted in larger gas forces and therefore increasing shaft loads at the crankshaft and its journal

bearings. A lower scroll height resulted in increasing thrust loads from the orbiting scroll which are transmitted to the

thrust bearings [77�79, 83]. The results of Etemad and Nieter (1989) [81] reported that the �ank leakages increased

for a higher scroll height whereas the in�uence of the radial leakages decreased, although the latter still a�ected the

performance more signi�cantly. The analysis of Pu� and Kruger (1992) [80] and VanderKooy (2004) [83] also showed

that an increase of the scroll height reduced the volumetric e�ciency due to the increasing �ank leakages. The scroll

compressor geometry in the analytical investigations of Zhu et al. (1994) [58] is created by an involute of a circle

consisting of a decreased scroll pro�le height in the discharge chamber in comparison to the suction and expansion

chambers. In other words, the built-in volume ratio was increased in order to develop a compressor for higher pressure

ratios than in previous studies. But no performance comparison to a conventional constant wall thickness scroll

compressor was included in their work. Kawano and Terauchi [84, 85] from Sanden Corporation (1984) �led patents

for constant wall thickness scroll compressor made of varying scroll heights throughout the working chambers. The

studies of Tateishi et al. (2006) [86] and Kuwahara et al. (2017) [87] from Mitsubishi Heavy Industries, Ltd. revealed

an improvement of the e�ciency by 5.5% and a signi�cant higher refrigerating capacity of 11% for this speci�c 3D

scroll type in comparison to conventional designs due to its smaller size with less clearances leading to less leakages

during the compression process. But no details about the built-in volume ratios, the working �uid and the applied

pressure ratios were provided. The thicker wall thickness of the end plates of the �xed and orbiting scroll in the

regions where the scroll heights are decreased might lead to unbalanced gas forces disadvantaging the driving torque.

Moreover, the continuously compression process might be disrupted at the steps where the scroll height is varying due

to potential pressure imbalances and the generation of secondary �ow vortices.

Scroll pro�le length:

In 2012, Clemente et al. [88] modelled the performance of two scroll machines numerically by increasing the scroll

pro�le length from 2.75 revolutions to 4.75. The scroll e�ciency was equal to the product of the e�ciencies determined

by the sub-models incorporating over- and underexpansion, heat transfer, friction and leakage losses respectively. The

short scroll reached the maximum scroll e�ciency of 70% at an pressure ratio of 3.5 whereas the long scroll achieved

65% at 5.5. The lower scroll e�ciency of the longer scroll was attributed to excessive heat transfer losses. A scroll

pro�le length of 4.75 revolutions can be also found in the work of and Kane et al. [89] and Manzagol et al. [90].
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Scroll wall thickness (t):

The studies of Pu� and Kruger [80] revealed a reduced energy e�ciency ratio, which is de�ned as cooling capacity

divided by power input to the scroll compressor shaft, for an increasing wall thickness. The scroll height was increased

at the same time to keep the displacement constant.

Built-in volume ratio (rv):

The built-in volume ratio (rv) is speci�ed as the discharge chamber volume at the beginning of the discharge

process (Vd) divided by the maximum suction chamber volume (Vs,max) and reads

rv =
Vd

Vs,max
(12)

Some researchers de�ned the built-in volume ratio as the expansion chamber volume at the end of the expansion

process divided by the expansion chamber volume at the start of the process, but in fact they are identical as the

volumes are the same. Each scroll machine has therefore a �xed value for the built-in volume ratio and the size can

only be changed permanently by the geometrical variation of the parameters listed above. For instance by increasing

the scroll pro�le length.

Three open-drive scroll expanders with di�erent built-in volume ratios of 2.12, 2.95 and 4.05 were tested by Chang

et al. (2014,2015) [91, 92] and their experiments revealed maximum isentropic e�ciencies of 68.4%, 76% and 73.1%

respectively. As also shown by Clemente et al. [88], a shift towards higher pressure ratios along with increasing built-in

volume ratios to reach the maximum isentropic e�ciencies can be seen. The p-V diagram for the process shows an

enhancement of the produced shaft power for an increasing built-in volume ratio. In particular, for Chang et al.'s

scrolls, the power achieved was 1.34kW, 1.43kW and 2.3kW.

To sum up this part of the literature survey, it can be stated that among all the geometrical parameters the

built-in volume ratio is one of the most important design parameters to predict the expander performance. But the

increase of the built-in volume ratio associated with the extension of the scroll pro�le length is limited, because a

longer scroll pro�le length results in larger radial leakages and increasing heat transfer e�ects and friction losses. In

the following section, the impact of operational parameters on the expander performance of scroll machines with �xed

built-in volume ratios is discussed.

Table 2: Scroll machines with di�erent built-in volume ratios

Authors Built-in Ideal pressure Isentropic Cycle Maximum Working
volume ratio ratio e�ciency e�ciency shaft power �uid

Bell et al. (2011) [51] 1.61 − 65% − − R410a
Hugenroth et al. (2006) [93] 1.8 − 66% − − R134a
Woodland et al. (2012) [94] 1.8 2.1 74% − − R134a
Mendoza et al. (2014) [95,96] 1.9 2.2/1.95 60%/61% − 0.35kW/0.96kW Air/NH3

Miao et al. (2017) [97] 2.27 − − 5.64% 2.65kW R123
Kane et al. (2003) [98] 2.3 2.76 68% 14.1% 10kW R134a/R123
Zanelli and Favrat (1994) [12] 2.44 3.2 65% − 3.5kW R134a
Wang et al. (2009) [27] 2.5 3.7 77% − 1kW R134a
Lemort et al. (2012) [99] 3.0 3.65 71.03% − 2.032kW R245a
Yang et al. (2015,2016) [100,101] − 3.7 75.2% 5.4% 2.158kW R123
Feng et al. (2017) [102] 3.0 − 85.17% 5.14% 2.78kW R123

Yanagisawa et al. (2001) [103] 3.18 5.05 60% − − Air
Liu et al. (2010) [104] − 3.66 65% − 1.073kW Air
Yang et al. (2017) [105] 3.24 − 79.56% 5.92% 2.64kW R245fa
Gao et al. (2015) [106] − 5.0 70% − 0.31kW Air
Qiu et al. (2018) [107] 3.5 − 58% − 0.965kW Air
Declaye et al. (2013) [108] 3.95 3.42/4.33 75.7% 8.5% 2.1kW R245a
Lemort et al. (2009) [13] 4.05 5.25 68% − 1.82kW R123
Peterson et al. (2008) [109] 4.57 3.82 50% 7.2% 0.256kW R123

3.2 In�uence of the built-in volume ratio on the expander performance

As already mentioned in the previous section, the built-in volume ratio is one of the most important parameters from

the thermodynamic point of view that a�ects the performance of a scroll expander. Further important �uid parameters
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are the inlet and outlet pressure which are de�ned by the pressure ratio. The matching of the imposed pressure ratio

and the built-in volume ratio is essential in order to avoid under- or over-expansion losses. Along with other in�uencing

factors such as the rotational speed, leakage �ows, friction and heat transfer losses, this adjustment is important to

achieve an e�cient performance. Fig.5 [76] illustrates the pressure-volume diagram of the under-expansion (a) and

over-expansion (b) phenomena. The sections A-B, B-C and C-D-E represent the suction, expansion and discharge

process respectively. ph is speci�ed as the inlet pressure, px as the pressure at the end of the expansion process and pa

as the outlet pressure. ε∗ and ε are de�ned as the real and designed pressure ratio respectively. A pressure gradient

characterised by a higher pressure in the expansion chambers at the time when the expansion process is �nished than

that in the expander outlet pipe leads to under-expansion losses. The energy of the working �uid can not be fully

expanded. In contrast to over-expansion losses which are associated with a back �owing working �uid during the

discharge process. This is induced by a pressure gradient characterised by a higher pressure in the expander outlet

pipe compared to that in the expansion chambers. Over-expansion losses are particularly detrimental to the scroll

expander e�ciency.

Figure 5: Under-expansion (a) and over-expansion (b) [76]

The present section considers experimental investigations of constant wall thickness (excluding the scroll tip area)

scroll expanders and compressors in the order of increasing built-in volume ratios as shown in Tab.2. Note that in

each of the studies considered in this section, the value for the built-in volume ratio was not varied. In other words,

the scroll machines had a �xed built-in volume ratio throughout each investigation.

The test rigs in most of the cited papers were only developed to investigate the scroll expander performance itself and

not the system performance of the entire cycle. Hence, no detailed discussion of the in�uence of the scroll expander

performance on the thermal cycle e�ciency are included in this section. The few available values were listed in Tab.2.

In general, the thermal cycle e�ciency is speci�ed as the ratio between the net work produced by the cycle and the

heat supply to the working �uid and reads

ηcycle =
ẆNet

Q̇Supply
=
ẆExpander − ẆPump

Q̇Supply
(13)

The net work is determined by the di�erence of the produced power output of the scroll expander and the power used

to drive the pump of the cycle.

Low built-in volume ratio (<2.0)

In 2012, Woodland et al. [94] carried out experimental studies of an o�-the-shelf automotive A/C scroll compressor

working as an expander in an ORC with R134a. Although Bell et al. [51] and Hugenroth et al. [93] carried out their

investigations on the same machine in a Liquid-Flooded Ericsson Cycle (LFEC) application, two di�erent values for

the built-in volume ratio were speci�ed in each case. The former determined their value of 1.61 through scroll pro�le

coordinate measurements whereas the latter provided no details how they determined their value of 1.8, but only

assumed the scroll expander built-in volume ratio to be 1.8 [94]. Their results revealed that the maximum isentropic

e�ciency was achieved at an pressure ratio which was slightly higher than the value of the built-in volume ratio. This

is consistent with the �ndings of Lemort et al. [13]. In addition, it can be noted that over-expansion had more adverse

e�ects on the performance than under-expansion.

Mendoza et al. (2014) [95,96] integrated a scroll expander with a built-in volume ratio of 1.9 into an experimental

test rig fed by air and ammonia. An increasing pressure ratio yield a signi�cantly higher isentropic e�ciency for both
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�uids reaching peak values of 60% and 61% at a pressure ratio being higher than the built-in volume ratio. The power

output also increased for an increasing rotational speed and maximum values of 354W and 958W for air and ammonia

has been revealed respectively. Their particular purpose was to make it suitable for absorption power and cooling

cycles which has been successfully proven. Studies on scroll expander implemented in this cogeneration cycle can be

also found in the work of Demirkaya et al. (2011) [110]. Ammonia vapor at superheated conditions improved the cycle

e�ciency at the expense of lower cooling outputs. For the use of ammonia instead of air, Ingley et al. (2005) [111]

claimed that the number of scroll chambers needs to be increased to lower the e�ects of leakages which were responsible

for the low isentropic e�ciency of 18.2% at a rotational speed of 2000rpm and an inlet pressure of 5.52bar in their

experimental studies of a scroll expander fed by air. No commercial solutions of these low built-in volume ratio scroll

expander can be found in the literature.

Medium built-in volume ratio (2.0-3.0)

The maximum shaft power of 2.65kW along with the thermal ORC cycle e�ciency of 5.64% was achieved with a

scroll expander characterised by a built-in volume ratio of 2.27 in the experimental work of Miao et al. (2017) [97].

It can be noted that a larger heat transfer area of the evaporator is necessary to maintain the degree of superheat of

the working �uid at the scroll expander suction port which in turn would lead to the opportunity to impose higher

mass �ow rates to the expander. With the aid of the experimental data, they developed an ORC model including a

semi-empirical scroll expander model which was enhanced by predicting the complex �ow and heat transfer processes

based on the structure parameters of the scroll expander geometry. Hence, less empirical coe�cients were necessary

compared to previous work. A power output of 5.08kW and a thermal cycle e�ciency of 10.42% has been predicted

for a larger built-in volume ratio of 6.

Kane et al. (2003) [98] applied combined topping and bottoming ORCs to a hybrid solar thermal power plant

using R134a and R123 as the working �uids respectively. The system was equipped with two hermetic lubricated scroll

expanders with the built-in volume ratios of 2.3. With an applied pressure ratio range between 1.6 and 4.8 the electric

power produced varied between 3 and 10kW. A peak isentropic e�ciency of 68% was achieved at an imposed pressure

ratio which was 1.2 times the built-in volume ratio as illustrated in Fig.6. Eneftech Innovation [31] (2013) developed

commercial scroll expander to recover waste heat from engine exhaust gases and industrial applications in accordance

to Kane et al.'s work. Air Squared, Inc. [30] provides a commercial scroll expander characterised by a built-in volume

ratio of 2 for lubricated or oil-free expansion of refrigerants.

Figure 6: Variation of isentropic e�ciency with pressure ratio [98]

Experimental work on a hermetic lubricated scroll expander fed with refrigerant R134a was conducted by Zanelli

and Favrat (1994) [12]. The original compressor was characterised by a built-in volume ratio of 2.44. A maximum

overall isentropic e�ciency of 65% was reported for a rotational speed of 3000rpm and a pressure ratio of 3.2 which is

a factor of about 1.3 higher than the built-in volume ratio. The results also exhibited a linear increase of the electric

power with increasing pressure ratio. A maximum power output of 3.5kW was reported.

Wang et al. (2009) [27] conducted an experimental performance of a compliant scroll expander with a built-in

volume ratio of 2.5 for an ORC. To seal the �xed and orbiting scroll axially and to prevent leakage, lubricant at high

pressure was used to generate an external controlled sealing pressure involving an axial force on top of the upper �xed

scroll through a sealed piston assembly. The isentropic e�ciency remained stable for rotational speeds from 2500 to



12

3600rpm and over pressure ratios from 2.65 to 4.84. A peak isentropic e�ciency of 77% and a maximum shaft power

of 1kW were reached. No further investigations of this system can be found in the literature.

Lemort et al. (2012) [99] built a micro-scale ORC system including a hermetic scroll expander with a built-in

volume ratio of 3.0. An overall isentropic e�ciency of 71.03% and a maximum electrical power output of 2.032kW

were measured for the scroll expander working with R245fa. The investigation revealed that over-expansion losses

were responsible for a decrease of the isentropic e�ciency at small pressure ratios. Moreover, the peak in isentropic

e�ciency occurred at an pressure ratio between 3 and 4.5.

For a small-scale ORC system equipped with a given scroll expander geometry, Yang et al. (2015) [100] proposed

to control the pump rotational speed and the expander torque by means of an AC motor to regulate the scroll

expander inlet conditions a�ecting the ORC system performance. Their experimental studies pointed out that a

vapour superheating of 13◦C is essential for the complete vaporisation of liquid droplets before the �uid is inserted

into the expander suction port. These new �ndings were in contrast to previous work which required saturation vapor

conditions at the scroll expander inlet to reach the optimum performance. The system net power output of 1.881kW

included the pump consumption and resulted in a thermal cycle e�ciency of 5.33% at the optimum expander torque

of 15.51Nm and a pump speed of 480rpm. In another work, Yang et al. (2016) [101] emphasised that the ORC

system performance is strongly related to the heat source and environmental temperature which can be captured by

the non-dimensional integration temperature di�erence (∆ T ∗
i,s). It enables the better optimisation of the enthalpy

di�erence de�ning the applied pressure ratio to the expander. Their experimental veri�cation yield an optimum scroll

expander power output of 2.158kW and isentropic and thermal cycle e�ciencies of 75.2% and 5.4% respectively at ∆

T ∗
i,s of 0.282 representing the heat source temperature of 140◦C. The vapor cavitation in the expansion device was

diminished due the reached vapor superheating of 12.7◦C.

In contrast to many other researchers, Feng et al. (2017) [102] investigated the performance of all four key

components such as scroll expander (built-in volume ratio: 3.0), pump, evaporator and condenser and their in�uence

on the overall ORC system performance. An increasing mass �ow rate massively increased the expander isentropic

e�ciency reaching a peak of 85.17 %. The latter was not improved for an increasing heat source temperature, whereas

the performance of all key components was enhanced leading to a maximum thermal cycle e�ciency of 5.14%.

High built-in volume ratio (>3.0)

Yanagisawa et al. (2001) [103] studied an oil-free scroll type expander with a built-in volume ratio of 3.18 driven

by compressed air. The maximum achieved isentropic e�ciency was 60% for the built-in volume ratio of 5.05 and

a rotational speed of 2500rpm. As indicated in the evaluation, leakages mainly a�ected the performance at a lower

rotational speed. Mechanical losses were �gured out to be the main in�uence on the performance for higher rotational

speeds. The pressure decrease during the expansion showed the behaviour of a polytropic process.

Liu et al. (2010) [104] manufactured a scroll expander prototype and carried out an experimental validation of

their mathematical model which also considered suction and discharge pressure losses compared to previous work. An

isentropic e�ciency of 65% and a power output of 1.073kW at a pressure ratio of 3.66 were achieved in the experimental

studies. Manufacturing inaccuracies of the expander prototype and leakages a high and low rotational speeds lead

to the relative low e�ciency and the mismatch of 8.6% between the simulations and the experiments. Zhang et al.

(2017) [76] also validated their scroll expander thermodynamic model by means of air as the working �uid. Their

studies yield an experimental power output of 1.2kW whereas the isentropic e�ciency was just 30.5% which was due

to the high leakages at the relative low selected rotational speed of 1200rpm.

Gao et al. (2015) developed thermodynamic and heat transfer models for ORC systems driven by R245fa on the

basis of the experimentally determined performance data of a scroll expander with a displacement of 66ml/r fed by

air. The isentropic e�ciency varied in the range of 62-70% by increasing the inlet pressure and the rotational speed

simultaneously resulting in less leakages. Qiu et al. (2018) [107] examined the suitability of a scroll compressor driven

in reverse as expander for the integration in a small scale ORC unit by conducting preliminary experiments using air

as the working �uid. It can be noted that a higher power output was generated for higher rotational speeds leading to

a higher adiabatic e�ciency as a result of lower leakages. The numerical simulations of an ORC system fed by R134

and based on the geometrical and experimental data yield a cycle e�ciency of 5.3% and the need for higher built-in

volume ratio of the expander to further improve the thermal e�ciency of the system.

The experimental studies of Yang et al. (2017) [105] revealed an improved ORC system performance for an

increasing pressure drop which is speci�ed as the di�erence between the inlet pressure of the scroll expander (built-in

volume ratio: 3.24) and the pump. The optimum pressure drop was found to be 8.16bar. Increasing values are also

associated with increasing mass �ow rates leading to a maximum shaft power, isentropic e�ciency and thermal cycle
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e�ciency of 2.64kW, 79.59% and 5.92% respectively.

In 2013, Declaye et al. [108] experimentally tested an ORC equipped with an open-drive oil-free scroll expander

fed by R245fa. The built-in volume ratio was 3.95. Because of the low friction losses, a maximum isentropic e�ciency

of 75.7% was accomplished and the maximum delivered power was 2.1kW. The applied pressure ratio to achieve

the maximum isentropic e�ciency varied from 3.42 for the rotational speed of 2000rpm and 4.33 for 3500rpm. The

relocation of the maximum position was mainly in�uenced by mechanical losses and inlet pressure drop at higher

rotational speeds, and by leakages at low rotating speeds and high pressure ratios. An increasing shaft power with an

increasing pressure ratio can be noted from the analysis due to the higher density of the the working �uid at higher

pressure.

Lemort et al. [13] conducted an experimental investigation on an open-drive oil-free scroll expander operating with

R123 and integrated into an ORC. The scroll machine with a built-in volume ratio of 4.05 reached an overall isentropic

e�ciency of 68%. A maximum shaft power of 1.82kW was delivered. The isentropic e�ciency declined extremely at

low pressure ratios due to over-expansion losses.

The experimental investigation presented in the paper from Peterson et al. [109] showed that the scroll expander

with a built-in volume ratio of 4.57 and driven by R123 revealed a maximum generated capacity of 256W and a

maximum isentropic e�ciency of 50% at an pressure ratio of 3.82 and a rotational speed of 1287rpm. It can be seen

that the imposed pressure ratio is lower than the built-in volume ratio. To avoid the excessive leakage in their scroll

expander characterised by a kinematically rigid con�guration, the authors suggested the use of a compliant scroll

device for future investigations.

The product portfolio of Air Squared, Inc. [30] includes commercial scroll expander characterised by built-in

volume ratios of 3.5 and up to 5.7. A power output between 1kW and 10kW can be produced depending on di�erent

displacements per revolution. Scroll expander consisting of a cast iron construction are also o�ered, especially for

high-temperature and high-pressure operation.

In summary, it can be said that higher built-in volume ratios are required for e�cient operation of scroll expander

with a constant wall thickness at higher pressure ratios. The peak isentropic e�ciency was achieved at a pressure

ratio which is slightly higher than the built-in volume ratio, which in turn can produce an increased shaft power since

the inlet pressure and density are higher which causes a higher mass �ow rate in the scroll machine. So it turns out

clearly that there is a signi�cant interest in development of high pressure ratio expanders with a built-in volume ratio

of higher than 3. Furthermore, a high pressure ratio along with a su�cient heat source temperature is particularly

favourable for the overall e�ciency of ORC systems. But apart from a few manufacturers who developed commercial

scroll expander with high built-in volume ratios, almost all the published research in this section was carried out on

scroll compressor which have been modi�ed and driven in reverse. It can be noted that experimental studies of scroll

machines driven by compressed air are a promising tool for assessing the suitability of scroll expander for ORC systems

and other power cycle.

4. Scroll expander with a variable wall thickness

It is of interest to consider if the scroll expander geometry design can be changed by varying the wall thickness in

order to �nd a better and more e�cient scroll expander geometry for high pressure ratios. In the 1990s, researchers

started to develop equations to describe alternative scroll geometries and designed geometrical models to investigate

the working process. Tab.3 provides an overview of di�erent geometry approaches for scroll geometries with variable

wall thicknesses.

Bush and Beagle (1992,1994) [112, 113] provided a general relationship to generate scroll pro�les of almost any

form. Compared to a scroll geometry using an involute of a circle (Fig.7a), the scroll pro�le length (Fig.7b) was

reduced from 5.5 revolutions to 2.5 revolutions by varying the wall thickness whereas the built-in volume ratio of 5.6

remained the same. The bene�ts may include reduced overall tip leakage area, a shorter residence time of the gas

in the machine with less time for tip leakage and detrimental heat transfer. The drawbacks might be the variation

of driving torque and gas forces in the compression process. A few researchers have investigated Bush and Beagle's

proposed geometry [114�117]. Scrolls created by involute of circles with constant and variable wall thicknesses can

be analysed in terms of asymmetric radial and tangential gas pressure forces, asymmetries in the chamber volumes

and non-uniform start-of-suction crank angles by means of the developed thermodynamic model of Gagne and Nieter

(1996) [114]. But their validation has only been carried out against experimental data of a constant wall thickness

scroll compressor. By tapering both scrolls toward the outside, scrolls with variable wall thicknesses as proposed by

Bush and Beagle (1992) [112] can be generated with the Milling Tool Method of Lindsay and Radermacher (2000) [115].



14

Table 3: Scroll geometries made of variable wall thicknesses

Geometry Author Method
approach of

Bush and - Bush and Beagle - theoretical
Beagle (1992,1994) investigations

- Gagne and Nieter - simulation
(1996) program

- Lindsay and - simulation
Radermacher program
(2000)

- Rak et al. - CFD
(2014)

Tojo et al. - Tojo et al. - concept
(1995) (patent)

- Liu et al. - geometric and
(2010,2012) FEM model

Gravesen and - Gravesen and Henriksen - theoretical
Henriksen (1998,2001) equations

- Sha�er and Groll - geometric model
(2012,2013) including scroll tip

- Dickes - deterministic
(2013) model

Bin et al. - Bin et al. - thermodynamic
(2016) model

(a) constant wall thickness (b) variable wall thickness

Figure 7: Scroll pro�les with the same built-in volume ratio [112]

The CFD simulations of Rak et al. (2014) [116,117] revealed that the wall heat transfer coe�cient in the chamber

of a scroll geometry proposed by Bush et al. [112] was up to three times larger compared to a scroll geometry with

a constant wall thickness. A decreased temperature in all working chambers and in the scrolls was achieved with

an internal cooling system. Based on the CFD �ndings, the development of a highly e�cient scroll compressor for

cryogenic applications was planned to be carried out.

Liu et al. (2010,2012) [118, 119] used the geometry approach of Tojo et al. [120] to develop a geometrical and

FEM model for a variable wall thickness scroll compressor. Their studies revealed a better strength and rigidity for

the latter in comparison to a constant wall thickness scroll expander. The suction volume, volume ratio and housing

size were kept constant in both cases. It is also stated that better reliability and higher e�ciency can be achieved and

higher operating pressures could be applied to variable wall thickness scrolls.

Gravesen and Henriksen (1998,2001) [64, 121] developed an 8-dimensional planar curve frame for the generation

and optimisation of scroll geometries. A pair of scrolls was de�ned by an intrinsic equation consisting of �ve scalar

coe�cients, the scroll pro�le length, the radius of circular motion and a scalar length. This allowed the design of

scroll pro�les with variable wall thicknesses and calculation of all geometrical quantities in a closed analytical form.

Examples of these di�erent designs are shown in Fig.8. Sha�er and Groll (2012,2013) [122, 123] generated further

scroll geometries with the parametric representation introduced by Gravesen and Henriksen (2001) [64]. First order,

�rst order with o�set, second and third order scroll curves were obtained and a variety of di�erent scroll involute

geometries consisting of constant or variable wall thicknesses can be de�ned with their analytical solution. Dickes

(2013) [124] applied the frame given by Gravesen and Henriksen [64] to create the geometry of a two-stage/single-shaft

scroll expander with a decreasing wall thickness. The predicted isentropic e�ciency increased by 6.2% in comparison

to a scroll machine consisting of two Copeland scroll expanders in series with a constant wall thickness.
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Figure 8: Scroll pro�les with variable wall thicknesses [64]

Bin et al. (2016) [125, 126] developed a thermodynamic model for a variable wall thickness scroll compressor

generated by combining a circle of involute, high order curve and non-working arc. The model was successfully

validated against measurements and showed a good accuracy for the output power, mass �ow rate and discharge

temperature.

In summary, the literature for scroll machines with variable wall thicknesses is mainly limited to theoretical

works since the research and development of these scroll machine designs is still at an early stage. Apart from the

manufactured single-stage scroll expander prototype of Dickes (2013) [124] and Bin et al.'s (2016) [125, 126] variable

wall thickness scroll compressor for the purpose of validation, no further experimental studies can be found in the

literature. Considering the possible bene�ts of less overall leakage areas, shorter residence time of the gas and less

time for leakages and heat transfer, the scroll machine with variable wall thicknesses could be a promising candidate

to further improve the e�ciency and power output in an ORC system when high pressure ratio is preferred. It has also

the opportunity of opening up new application �elds such as refrigeration cycles and other power cycles in which high

pressure ratios are needed. In contrast, the potential disadvantages of the more complex variable wall thickness scroll

geometry may be a reduced volume �ow rate. It may also decrease the suction chamber volume due to the additional

occupied space of the variable wall thickness scroll pro�les contributing to a lower mass �ow rate at the expander inlet.

Hence, the increase of the inlet pressure which is necessary to apply higher pressure ratios could be prevented. Or

seen from another perspective, the entire scroll geometry and its eccentricity may need to be simultaneously enlarged

to maintain the suction chamber volume leading to an even larger size than conventional designs. Furthermore, the

bene�t of applying higher pressure ratios may result in much higher �ank leakages diminishing the expander e�ciency.

Besides that, the lower number of expansion chambers in a variable wall thickness design may generate higher pressure

gradients between the individual chambers which could even further contribute to high speed �ank leakages. The gas

force and driving torque variations and a bad machinability should be also considered since the advanced 3D printing

technologies have not achieved the desired level of accuracy yet.

5. Scroll expander made of unconventional scroll pro�les

Apart from scroll pro�les formed by an involute of circle, scroll pro�les can be formed with a variety of other geometrical

curves. Montelius (1943) [46] used spirals of Archimedes to de�ne the pro�les of a rotary compressor or expander.

Young and McCullough (1975) [45] �led a patent for a scroll-type positive �uid displacement apparatus created from

involute curves combined with circular arcs. Güttinger (1976) [44] designed a displacement machine for compressible

media characterised by o�set spliced involutes. Muir et al. (1986) [127] developed a scroll-type machine with a rotation

controlling mechanism to limit the relative rotation of the scrolls. Tab.4 lists the studies related to geometries made

of unconventional scroll pro�les.

Li et al. (1996) [128,129] generated three di�erent scroll compressor geometries using involute of circle, square and

line segment scroll pro�les while keeping the suction volume, built-in volume ratio, scroll height and scroll thickness

constant. The most compact scroll compressor design with the least number of working chambers and the shortest

scroll pro�le length was generated by using an involute of a circle scroll pro�le. The performance tests were carried

out for constant operating conditions and the highest driving moment was produced by the circle of involute scroll

design.
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Table 4: Scroll geometries made of unconventional scroll pro�les

Scroll pro�le Author Method Objectives/
Results

spirals of Montelius concept sealing between
Archimedes (1943) (patent) co-operating

spiral surfaces

involute Young and concept e�cient sealing
curves with McCullough (patent)
circular arcs (1975)

o�set spliced Güttinger concept improved
involutes (1976) (patent) construction

rotation contr. Muir et al. concept limit relative
mechanism (1986) (patent) rotation of

scrolls

involute of a circle, Li et al. analytical highest driving
square, line segment (1996) study moment for
scroll pro�les involute of a circle

regular odd, Wang et al. analytical segment and
segment and (2005,2010) study regular even
regular even polygon invol.
polygon invol. best choice

arc-arc-line Wang theoretical/ increased P
unit pro�le (2010,2011) experimental

twin-spiral Peng et al. CAE higher built-in
scrolls (2008, 2012) volume ratio

increased P
Qiang et al. geom. model, higher displ.
(2010,2013) analytical

study
Qiang et al. dynamic model, smaller ηvol

(2013) experimental for multi-spiral
scrolls

Co-rotating Mendoza et al. thermodynamic Pout=1.74kW
scroll machine (2017) model, experimental ηisothermal=34%

Quad orbiting McTaggart (2004) concept Lower level of noise
scroll machine and vibration due to

a better lubrication

The analytical study of L.Wang et al. (2005,2010) [130, 131] revealed that in contrast to regular odd polygon

involutes, the segment and regular even polygon involutes can be used for the generation of scroll pro�les.

G.Wang (2010,2011) [132�134] analysed the experimental performance of a scroll compressor made of a scroll

pro�le which combines several pro�le units comprising a big and a small arc and a straight line respectively. A linear

increase of mass �ow rate and shaft power can be noted for an increasing rotational speed in the lower speed range

up to 1800rpm. Whereas the shaft power further increased linearly for higher rotational speeds, the mass �ow rate

reached its maximum and remained stable. The coe�cient of performance (COP), de�ned as the cooling capacity in

relation to the necessary work supplied to the scroll compressor, and the mass �ow rate were higher compared to a

scroll compressor created by the involute of a circle with a constant wall thickness which had the same scroll height,

thickness and plate diameter.

Experimental studies of a co-rotating scroll machine for a compressed air energy storage application were carried

out for the �rst time by Mendoza et al. (2017) [135]. The expansion process in this scroll machine is driven by

a pure rotational anticlockwise movement of two interleaving scroll involutes [136�140]. Hence, levels of noise and

vibration can be reduced and it can be equipped with two inlet and outlet ports which may lead to reduced suction

pressure losses [135]. A maximum shaft power of 1.74kW and an overall isothermal e�ciency of 34% was achieved for

a scroll machine characterised by the built-in volume ratio of 3.3 and a designed pressure ratio of 4. Moreover, the

opportunity of water injections to reduce internal leakages and to reach a quasi-isothermal expansion process make

it not only suitable for ORC systems but also for absorption power and hybrid absorption cycles. In contrast, the

potential disadvantage of the complex drive mechanism may lead to a higher unreliability. Besides that, one of the

key challenges is the perfect synchronisation of two orbiting scrolls by means of a control unit to ensure a constant

clearance between the moving scrolls which is necessary to avoid increasing �ank leakages.

The quad orbiting scroll concept is a scroll device equipped with four pairs of orbiting and �xed scrolls which

might contribute to lower noise and vibration levels but associated with the potential disadvantage of an elaborate

design [141]. In particular, the much higher weight, size, costs, the complex thermal management accompanied with

the high demand of lubrication and the need of a shared power transmission mechanism might be the reasons why no

further works can be found in the literature.
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Twin-spiral scroll geometry

Peng et al. (2008, 2012) [142,143] used a computer-aided engineering (CAE) tool to investigate the impact of the

non-uniform pressure and temperature �eld on the von Mises stress and deformation of a twin-spiral scroll compressor.

Optimum axial (0.025mm) and radial (0.03mm) sealing gap values were revealed to maximize the e�ciency. The

orbiting and �xed plate of the latter are consisting of two scroll wraps respectively as illustrated in Fig.9. According

to the authors, a higher built-in volume ratio along with a reduced scroll plate diameter can be achieved which results

in a more compact design leading to an improved performance and increased power output.

Figure 9: Twin-spiral scroll geometry [142]

Qiang (2010,2013) et al. [144�146] developed a geometrical model and analytically examined scroll machines with

an arbitrary number of scrolls on its individual scroll. They claimed that the twin-spiral scroll compressor could achieve

a higher isentropic e�ciency and a high working pressure ratio compared to a single-spiral scroll compressor [147,148].

The model did not consider the frictional losses. Qiang et al. [149] found that measurements of the power outputs for

single- and twin-spiral air scroll compressors were in good agreement with the results of their dynamic model. The

volumetric e�ciency of a multi-spiral compressor was lower than that of a single-spiral compressor due to the occupied

space of the scrolls.

Although the studies of scroll expanders made of unconventional scroll pro�les are limited and no commercial

solutions are available yet, it appears that the twin-spiral scroll geometry may have the potential to further improve

the isentropic e�ciency and the power output. It can be a promising candidate to overcome the geometric constraints

of a scroll expander generated by an involute of a circle with a constant wall thickness to make it suitable for particular

applications. But the possible reduction of the volume �ow rate and volumetric e�ciency as a result of the occupied

space of two scrolls on the �xed and orbiting scroll respectively may disadvantage the twin-spiral scroll machine for

ORC systems. Similar to the variable wall thickness design, the accompanying potential reduction of the suction port

may outbalance the positive e�ects of higher built-in volume ratios. Whereas, the increase of the suction port could

massively increase the entire geometry associated with higher leakage, friction and heat transfer losses. Besides that,

the potential shift to higher pressure ratios may also generate high speed �ank leakages. A higher number of scroll on

its individual scroll may also lead to sealing and lubrication issues. Moreover, the working process of twin-spiral scroll

devices is almost unknown due to the lack of available experimental data.

6. Scroll tip geometries

The three most common options to close the scroll curves in the suction area of the scroll expander are shown in

Fig.10. Speci�cally the single arc, dual arc and perfect meshing pro�le (PMP) scroll tip designs. The scroll tip shape

a�ects the area of the suction chamber and this in turn in�uences the built-in volume ratio of the scroll expander.

Moreover, the geometry of the scroll tip may lead to an impact on the �ow rate due to a blockage e�ect. As a result,

a decreased volume ratio can lead to a reduced power output.

Single arc scroll tip design: Blunier et al. (2006,2009) [65, 66] developed analytical expressions to connect the

scroll starting position of the inner involute and the starting position of the outer involute with a single arc to form

the scroll tip geometry which can be either concave or convex.

Dual arc scroll tip design: Hirano et al. (1987) [150] �led a patent for a rotary type �uid machine in which an

inside arc having a radius R and a connecting arc having a radius r were connected with a radially outer involute

curve and a radially inner involute curve respectively to de�ne the scroll pro�le.

Perfect meshing pro�le (PMP): Hirano et al. (1989,1990) [151, 152] used a PMP for the scroll tip shape which



18

was characterised by two arc curves and a single line to reach a zero clearance volume between two scrolls at the

central portion. From a two-dimensional point of view, the two scrolls contact each other either in one point or along

a straight-line.

(a) Single arc scroll tip design (b) Dual arc scroll tip design (c) PMP scroll tip design

Figure 10: Scroll tip design variations [153]

There are other options for design of the scroll tips. The plate of the orbiting scroll possessed a discharge slot

whereas the �xed scroll possessed a discharge port in the work of Zhu et al. (1994) [58]. This design led to an increased

built-in volume ratio with the possibility of application at higher pressure ratio. Liu and Peng (2008) [154] developed

geometric models for scroll compressors with symmetrical and asymmetrical scroll tip designs. In symmetrical designs

the two scroll tip shapes of the �xed and orbiting scroll have identical shape. In asymmetrical designs the scroll tip

shape of the orbiting scroll was thicker than that of the �xed scroll. A smaller volume ratio was achieved for the

asymmetric scroll tip design. Tab.5 lists the references to scroll tip geometries found in the literature.

Table 5: Scroll tip geometries

Scroll tip shape Author

single arc tip - Blunier et al. (2006,2009) [65,66]

dual arc tip - Hirano et al. (1987) [150]
- Tsuji et al. (2010) [155]
- Bell et al. (2012) [156]

PMP - Hirano et al. (1989,1990) [151,152]
- Liu et al. (1992,1994) [157,158]
- Lee and Wu (1993,1995) [159,160]
- Lee (1996) [161]
- Bell et al. (2008,2012) [67,68,162]
- Hao et al. (2010) [163]
- Hirano et al. (2011) [164]
- Song et al. (2015) [165]
- Wei et al. (2015) [34]

dual arc tip and PMP - Liu et al. (2004) [166]
- Liu et al. (2010) [118]
- Bell et al. (2011) [51]

single arc tip, dual arc - Terauchi (1985) [167]
tip and PMP - Bell et al. (2010) [153]

- Sha�er and Groll (2012,2013)
[122,123,168]

- Guo (2016) [75]

E�ects of scroll tip shape variations on the performance

Bell (2011) [51] used dual arc tip and PMP scroll tip design to treat the scroll compressor discharge region

analytically. The PMP can be achieved in both cases which resulted in a larger built-in volume ratio. Sha�er and

Groll (2012, 2013) [122,123,168] extended Gravesen's method to the tip region in their work to generate and compare

the single arc, dual arc and perfect meshing pro�le con�guration. The latter resulted in a higher built-in volume ratio

and an extended and improved compression process. Bell et al. (2010) [153] also compared the single arc, the dual

arc and the perfect meshing pro�le consisting of two arcs and a single line to create a discharge geometry which is

manufacturable and has a su�cient mechanical strength. The latter was chosen due to the lack of robustness of the

single arc scroll tip and the uncommon dual arc scroll tip solution. Guo (2016) [75] studied the scroll expander tip

design with a geometrical model. It can be noted that the built-in volume ratio in a scroll expander consisting of a

dual arc tip with PMP was higher compared to the single arc tip or the dual arc tip without a PMP con�guration.

In summary of this section it can be said that the scroll tip geometry characterised by two arcs and a single line

to reach the PMP at the central portion of the scrolls is the most common and promising solution.
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7. Conclusions

This paper provides a comprehensive review of the literature research for scroll expanders from the geometry

point of view. In particular, the �ow and heat transfer �elds are determined by the scroll geometry and vice versa.

Furthermore, the shape of the scroll pro�les to form the working chambers including highly e�cient surfaces are of

essential signi�cance in a scroll geometry in order to reach the optimum performance in ORC systems.

Geometrical approaches used for compressor models have been successfully integrated in scroll expander models.

Thermodynamic modelling of the expander working process show a good agreement with experimental data. The

survey has also revealed the need for high built-in volume ratios for expander applications in small ORC systems.

The review con�rms that a bigger built-in volume ratio leads to the ability to perform at higher pressure ratio

which in turn produces increased shaft power. However, the increase of the built-in volume ratio is associated with a

large increase of the scroll pro�le length in a scroll expander. With a constant wall thickness, this increase is limited,

because it raises sealing and lubrication problems and the e�ciency decreases as a result of increasing internal leakages,

heat transfer and friction losses.

It is possible to increase the built-in volume ratio without increasing the length of the scroll pro�les by using

scroll geometries with a variable wall thickness. Further evaluation with CFD simulations and experiments should be

carried out since this is not only a promising candidate to improve the performance of ORC systems but may also

open a broad new �eld of applications when a high pressure ratio is preferred.

Scroll pro�les can be formed with a variety of other geometrical curves, such as spirals of Archimedes and twin

spirals. Although the studies made of the twin-spiral geometry are limited, it may have the potential to overcome the

geometric constraints of a scroll expander generated by an involute of a circle with a constant wall-thickness and to

further improve the e�ciency and the power output to make it suitable for particular applications.

From a survey of tip shape studies, the scroll tip shape characterised by two arc curves and a single line to reach

the PMP at the central portion of the scroll suction area appears to be the most promising solution.

Nomenclature

a base circle radius (mm)
A/C Air Conditioning
CAE Computer-Aided Engineering
CFD Computational Fluid Dynamics
CO2 Carbon Dioxide
COP Coe�cient of Performance
FEM Finite element method
h Scroll height (mm)
L Tangential distance between inner and outer involute
LFEC Liquid Flooded Ericsson Cycle
NH3 Ammonia
ORC Organic Rankine cycle
P Power output (W)
PMP Perfect Meshing Pro�le
PR Pressure ratio (-)
p-V Pressure-Volume

Q̇ Heat transfer rate (W)
R22 Chlorodi�uoromethane
R123 2,2-Dichloro-1,1,1-tri�uoroethane
R134a 1,1,1,2-Tetra�uoroethane
R245fa 1,1,1,3,3-Penta�uoropropane
RE Reverse Engineering
ro orbiting radius of the moving scroll (mm)
rv built-in volume ratio
rpm revolutions per minute (rad/s)
t scroll wall thickness (mm)

Ẇ Power (W)
x x-coordinate
y y-coordinate

Greek letters
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αi initial angle of the inner involute (rad)
αo initial angle of the outer involute (rad)
Θ Orbiting angle
ϕe involute ending angle (rad)
ϕi inner involute angle (rad)
ϕo outer involute angle (rad)
ηcycle cycle e�ciency (%)
ηmech mechanical e�ciency (%)
ηs isentropic e�ciency (%)
ηvol volumetric e�ciency (%)

Subscripts

i inner involute
o outer involute
s isentropic
mech mechanical
vol volumetric
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